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Abstract. We have analysed the sensitivity of the tropo- sions (FLAMBE) inventory through assimilation of CO ob-
spheric ozone distribution over North America and the Northservations from the Measurements Of Pollution In The Tro-
Atlantic to boreal biomass burning emissions during the sum-posphere (MOPITT) satellite instrument. The CO inversion
mer of 2010 using the GEOS-Chem 3-D global troposphericshowed that, on average, the FLAMBE emissions needed to
chemical transport model and observations from in situ andbe reduced to 89 % of their original values, with scaling fac-
satellite instruments. We show that the model ozone distributors ranging from 12 % to 102 %, to fit the MOPITT observa-
tion is consistent with observations from the Pico Mountaintions in the boreal regions. Applying the CO scaling factors
Observatory in the Azores, ozonesondes across Canada, atal all species emitted from boreal biomass burning sources
the Tropospheric Emission Spectrometer (TES) and Infrareded to a decrease of the model tropospheric distributions of
Atmospheric Sounding Instrument (IASI) satellite instru- CO, PAN, and N@ by as much as-20 ppbv, —50 pptv,
ments. Mean biases between the model and observed ozored —20 pptv respectively. The modification of the biomass
mixing ratio in the free troposphere were less than 10 ppbvburning emission estimates reduced the model ozone distri-
We used the adjoint of GEOS-Chem to show the model ozondsution by approximately-3 ppbv (-8 %) and on average im-
distribution in the free troposphere over Maritime Canadaproved the agreement of the model ozone distribution com-
is largely sensitive to NQemissions from biomass burning pared to the observations throughout the free troposphere, re-
sources in Central Canada, lightning sources in the centratlucing the mean model bias from 5.5 to 4.0 ppbv for the Pico
US, and anthropogenic sources in the eastern US and soutMountain Observatory, 3.0 to 0.9 ppbv for ozonesondes, 2.0
eastern Canada. We also used the adjoint of GEOS-Chem tm 0.9 ppbv for TES, and 2.8 to 1.4 ppbv for IASI.

evaluate the Fire Locating And Monitoring of Burning Emis-
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1 Introduction studies of the outflow of North American ozone precursor
emissions and their impact on the tropospheric ozone distri-
Tropospheric ozone is an important atmospheric constituenbution over the North Atlantic have been performeféla-
in the contexts of climate, air quality, and tropospheric chem-toy et al.(1996 andKasibhatla et al(1996 presented 3-D
istry. The main sources of tropospheric ozone are the oxi-model analyses of the summertime tropospheric ozone dis-
dation of carbon monoxide (CO) and volatile organic com- tribution over the North Atlantic during the NARE campaign
pounds (VOCs) in the presence of nitrogen oxides {NO period. More recent analysis used the GEOS-Chem chem-
and transport from the stratosphere. Removal of ozone fronistry transport model to evaluate the transport of North Amer-
the troposphere is through dry deposition and photochemican pollution outflow across the Atlantic and its subsequent
ical destruction. Tropospheric ozone has a photochemicaimpact on surface ozone over Eurojpdt al., 2002).
lifetime ranging from a few days in the planetary bound- The main focus of these previous studies has been
ary layer (PBL) to several days and weeks in the free tropo-on the transport of ozone precursor emissions, from
sphere, where it can be subject to intercontinental transporanthropogenic sources, out from the North American
and affect tropospheric composition far from the source re-PBL and over the Atlantic. Measurements made dur-
gion. The ozone distribution over the North Atlantic is of ing ICARTT did, however, sample plumes of Canadian
particular interest in this respect as it is strongly influencedbiomass burning outflow along the eastern seaboard and
by the transport of precursor emissions, both natural and anever the North Atlantic. These measurements showed
thropogenic in origin, from the North American continen- an unusual mixture of organic compounds within NO
tal PBL and subsequent chemical processes in the outfloWfNO + NO, + PANs + HNG; + HONO + NQ; + 2N,Os + or-
(e.g.Fehsenfeld et §12009. Quantifying the influence of ganic nitrates) that existed only within biomass burning
the different parameters that affect the North Atlantic tropo- plumes over the AtlanticLigwis et al, 2007). Much of this
spheric ozone distribution is important as this outflow andNOy was held as peroxyacetyl nitrate (PAN) but with an
its subsequent chemical transformation can have an impacibundance higher than expected and that was highly sen-
on tropospheric composition and air quality further down- sitive to slight changes in altitude and temperature. Mea-
wind, e.g. over EuropeDerwent et al.2004. In this paper  surements of ozone, CO, NQand NG, have been made at
we evaluate the tropospheric ozone distribution over Norththe Pico Mountain Observatory in the mid-Atlanticapina
America and the North Atlantic during the summer of 2010 et al, 2006 Val Martin et al, 2006 Helmig et al, 2008.
and its sensitivity to ozone precursor emissions, particularlyYears with high boreal fire activity have been shown to
from boreal biomass burning sources, using the GEOS-Cherincrease ozone mixing ratios in the free troposphere over
numerical model of atmospheric chemistry and transport andhis site by up to 10 ppbvL@pina et al. 2006 with pho-
in situ and satellite observations. tochemically aged biomass burning plumes influencing tro-
A number of previous studies have focussed on the dispospheric oxidant chemistry after 1-2 weeks of transport to
tribution of tropospheric ozone, and the influence of North the region Helmig et al, 2008. In situ measurements of
American pollution, over the North Atlantic. The first long- biomass burning outflow close to boreal source regions in
term measurements of surface level ozone across the AtNorth America were made during the Arctic Research of
lantic Ocean were made from ship-based measurements ithe Composition of the Troposphere from Aircraft and Satel-
the 1970s and 19808\inkler, 1988. The North Atlantic lites (ARCTAS) campaign in the summer of 2008. Analysis
Regional Experiment (NARE)Rehsenfeld et 311996 was  of the fresh plumes observed during ARCTAS showed lit-
an airborne and ground-based measurement campaign cotie evidence of ozone formation in the aircraft, satellite, and
ducted in the spring and summer of 1993 to measure the dismodel resultsAlvarado et al. 2010. Correlations between
tribution of tropospheric ozone and its precursors over theozone and CO were observed in some of the plumes (9 out
region. The first intensive measurements of the tropospheriof 34) with an average ozone enhancement of +G43199 %
ozone distribution over the North Atlantic were made during consistent with a previous analysis of biomass burning out-
NARE with daily ozonesondes launched from Iceland, New-flow over CanadaMauzerall et al.1996. Observations of
foundland, Bermuda, and the Azoré3li{mans et a.1996. biomass burning plumes by the TES satellite instrument dur-
In 2004, the International Consortium for Atmospheric Re- ing ARCTAS (Alvarado et al, 2010 and over Siberia in the
search on Transport and Transformation (ICARTH¢lfsen-  summer of 2006\{erma et al.2009 showed some evidence
feld et al, 2006 sampled North American pollution outflow of ozone production in the smoke plume but also showed
as it was transported across the North Atlantic with airborneozone depletion and were unable to attribute ozone changes
measurements made from the Azoreswis et al, 2007 and  to the fire emissions.
Europe Real et al. 2007). In situ measurements of ozone  The quantifying the impact of BOReal forest fires on Tro-
and its precursors have also been made in the lower Atlantipospheric oxidants over the Atlantic using Aircraft and Satel-
free troposphere from the Pico Mountain Observatory on thdites (BORTAS) project is the most recent study of the tro-
peak of Mt. Pico in the Azores at 384N, 28.40 W, 2225m  pospheric composition over the North Atlantic, combining
altitude Honrath et al. 2004 Helmig et al, 2008. Model model outputs with in situ and satellite observations of key
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tracers of boreal biomass burning and tropospheric oxidantjuantify the impact of boreal forest fires on oxidant chem-
chemistry. The initial phase of the BORTAS study took istry over the temperate and subtropical Atlantic Ocean; and
place in the summer of 2010, consisting of ground-based an@4) detect, validate and quantify the impact of boreal biomass
ozonesonde measurements of biomass burning outflow, anldurning on global tropospheric composition using data from
is described in the following section. The second phase of thespace-borne sensors. Central to BORTAS is a measurement
BORTAS study took place in the summer of 2011 and built campaign with the UK Facility for Airborne Atmospheric
on the first phase with an aircraft measurement campaign inMeasurements (FAAM) BAe146 research aircraft, based out
cluding instrumentation to fully evaluate the speciation of of Halifax, Nova Scotia, Canada, supported by a variety of
NOy and the chemistry within plumes of boreal biomass ground-based measurements at Dalhousie University in Hal-
burning outflow as they are transported over the North At-ifax and ozonesondes launched by Environment Canada from
lantic. a number of sites across eastern Canada. The aircraft mea-
This paper evaluates the tropospheric ozone distributiorsurement campaign was originally scheduled to take place in
over North America and the North Atlantic Ocean in the July/August 2010 but was postponed until July/August 2011,
summer of 2010 using the GEOS-Chem chemical transportiue to disruption of air traffic over the Atlantic Ocean by
model (CTM) in conjunction with in situ and satellite obser- the eruption of the Eyjafjalléjkull volcano in Iceland dur-
vations. The paper also investigates the influence of boreaihg spring 2010. Although the aircraft measurement cam-
biomass burning emissions on the tropospheric ozone distripaign was postponed, the support measurements went ahead
bution using satellite observations to constrain the biomasss planned through July/August 2010 and make up phase
burning source estimates. The paper is arranged as followsA of the project, referred to as BORTAS-A from here on
An overview of the BORTAS project and boreal biomass in. The support measurements of relevance to the work
burning activity over the period of the first phase of the presented in this paper is a network of seven measurement
project in the summer of 2010 is presented in S&ckect.3 sites across central and eastern Canada from which daily
presents an overview of the GEOS-Chem model of chem-0zonesondes were launched between 12 July and 4 August
istry and transport used in this analysis; Sdqtresents the inclusive, the original dates of the BORTAS-A aircraft cam-
mean 3-D tropospheric ozone distribution for the first phasepaign. The location of the ozonesonde launch sites, along
of the BORTAS campaign with output from the GEOS-Chem with the time of the daily launches and the number of sondes
CTM evaluated against measurements made by ozonesofaunched from each site, are listed in Tafhiland shown in
des launched from sites across Canada and by in situ obsekig. 2a. The satellite data central to analysis of the BORTAS-
vations made at the Pico Mountain Observatory, and satelA campaign period are ozone observations from the Infrared
lite observations made by the Tropospheric Emission SpecAtmospheric Sounding Instrument (IASI) and Tropospheric
trometer (TES) and Infrared Atmospheric Sounding Instru-Emission Spectrometer (TES), and CO observations from the
ment (IASI); evaluation of the sensitivity of the model tro- Measurements Of Pollution In The Troposphere (MOPITT)
pospheric ozone distribution to the model inputs, with a par-instrument.
ticular focus on boreal biomass burning emission estimates, Additional support measurements made at Dalhousie
which we constrain through an inversion of CO observationsUniversity included the Dalhousie University Raman Li-
from the Measurements Of Pollution In The Tropospheredar Duck et al, 2007, which provided continuous, under
(MOPITT) satellite instrument, is presented in Ségtwe clear sky conditions, measurements of tropospheric aerosol
conclude in Secb. profiles throughout the campaign period along with ground-
based measurements of particulate matter and its specia-
tion, wind profiling, surface ozone and total column of a
2 The BORTAS-A measurement campaign number of atmospheric tracers. Further satellite observa-
tions for BORTAS data analysis were retrieved profiles of
The analysis of the summer 2010 tropospheric ozone distriozone, CO, and organic species associated with biomass
bution, presented here, is part of a multi-national project,burning outflow from the Atmospheric Chemistry Experi-
led by the University of Edinburgh, aimed at Quantifying ment Fourier Transform Spectrometer (ACE-FTS) but are
the impact of BOReal forest fires on Tropospheric oxidantsbeyond the scope of this work and have been analysed in
over the Atlantic using Aircraft and Satellites (the BORTAS other papers (e.Jereszchuk et al2011).
project, http://www.geos.ed.ac.uk/research/eochem/bgrtas/
The overarching scientific aims of the BORTAS project are2.1 Boreal biomass burning activity during BORTAS-A
to: (1) sample biomass burning outflow from boreal North
America over the western boundary of the North Atlantic us- Boreal biomass burning activity during the BORTAS-A cam-
ing ground-based, balloon, and aircraft measurements; (2paign is described by the Fire Locating And Monitoring of
describe the observed chemistry within plumes using numerBurning Emissions (FLAMBE) inventoryReid et al, 2009
ical models of atmospheric chemistry and transport, payingo estimate the total carbon emissions from boreal biomass
particular attention to the Nand organic chemistry; (3) burning sources during the summer of 2010. The FLAMBE
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Table 1. Location of ozonesonde launch sites during the BORTAS-A measurement campaign, the typical sonde launch time at each site in

hours UTC, and the number of ozonesondes launched from each site between 12 July and 4 August 2010. The right-hand column reports thq
mean and median of the model minus ozonesonde bias in the troposphere (from the surface to 10 km). The distribution of the launch sites
across Canada is shown in F&a.

Launch site Longitude Latitude Launchtime Number Mean (median) model bias
°W °N uTC ppbv

Bratt’s Lake, SK 104.7 50.2 14 22 1.1(4.1)

Egbert, ON 79.8 44.2 17 21 7.8(9.4)

Walsingham, ON 80.6 42.6 17 17 13.0(11.9)

Montreal, QC 73.4 45.5 17 26 0.6 (2.8)

Goose Bay, NL 60.1 53.5 11 22 —-0.9(0.2)

Sable Island, NS 60.0 44.0 23 22 4.1 (5.0)

Yarmouth, NS 66.1 43.9 23 23 2.8 (4.8)

inventory provides hourly estimates of carbon and aerosollThe Eastern Siberia region is generally the largest contribu-
emissions based on fire data from geostationary and polator to the total boreal carbon emissions apart from a three
orbiting satellite platforms. Active fire data from the Geo- day period between day numbers 192 and 195 (11 to 14
stationary Operational Environmental Satellite (GOES) plat-July) when the North American emissions are larger. The
forms, and the two Moderate Resolution Imaging Spectro-carbon emissions from boreal North America generally re-
radiometer (MODIS) instruments on the NASA EOS Aqua main fairly constant at less than kg with peak values of
and Terra platforms, are combined with a 1kfnkm land ~ 2x10%kg on days 194 (13 July) and 205 (24 July). The
use database. MODIS active fire data are extrapolated fronboreal North American carbon emissions are largely domi-
the roughly 4-times daily observations using a diurnal cyclenated by the Central Canada region until day 208 (27 July)
that releases 90 % of the total emissions between 09:00 anethen the North American emissions show an increase up to
19:00 local time Reid et al, 2004. The FLAMBE inven-  2x10'3kg while the Central Canada emissions remain fairly
tory was also used in the analysis presented here to provideonstant at approximately8L0t2 kg. The total carbon emit-
global biomass burning emission estimates for the GEOSted from 1 July to 4 August 2010 is 1xA 0 kg for the bo-
Chem CTM described in the next section. real region, 2.% 10 kg for North America, 1.&10kg for
Figure 1 shows the daily distribution of GOES and Central Canada, and 680" kg for Eastern Siberia.

MODIS active fire data used by the FLAMBE inventory and
the estimated total carbon emissions, in kg, between 1 Jul
and 4 August 2010. Figurga shows the daily distribution
of fire hotspots, sampled on a horizontal grid with a reso-

lution of 0.5 latitudex0.67 longitude, across the northern Analysis of the impact of boreal biomass burning on tro-

extra—trc_)pics. O_nly the bioma§s burning emissions for the bo'pospheric chemistry over the BORTAS-A campaign period
real region (defined as all latitudes polewgrd of BOblue g performed with the GEOS-Chem CTM. The model pro-
box in Fig.1a) are evaluated here. Subregions of the boreal;ijeq o effective tool for evaluating the chemical state of

region are defined for boreal North America (750" W, the atmosphere and is used in the analysis to estimate the
S0°—75'N), Central Canada (12090 W, 52-62’ N), and global tropospheric ozone distribution and integrate differ-

Eastern Siberia (116180 E, 50°~75’ N) denoted by gold, ent observations available over the campaign period. GEOS-

red and green boxes in Figja respectively. Fires in Alaska, Chem is a global 3-D model driven by assimilated meteoro-
southern Central Canada, and eastern Canada were mojgyi o) ghservations from the NASA Goddard Earth Observ-
prominent in the first half of the campaign period, with later ing System version 5 (GEOS-5) from the Global Modeling

fires in British Columbia and northern Saskatchewan in Cen'and Assimilation Office (GMAO). The meteorological fields

tral Carjada._ Flrgs over Easter.n. Slbena} bgrnqd throughouttlave a horizontal resolution of 0.fatitudex0.67 longitude
the period with widespread activity continuing into the be- it 75 |evels in the vertical, and a temporal resolution of
ginning of August. 6 h (3 h for surface fields). In the work presented here we
Figurelb shows timeseries of the daily total carbon emis- use v8-02-04 of GEOS-Chem with a horizontal resolution
sions over the defined time period for each region. Emis-of 2° latitudex2.5° longitude. Biomass burning emission
sions over the whole boreal region increase steadily fromestimates used in the model are from the FLAMBE inven-
values of approximately £8kg at the beginning of July to  tory (Reid et al, 2009 described in the previous section. The
a peak value of almost 140" kg on day 211 (30 July). FLAMBE carbon emissions are aggregated to the horizontal

% The GEOS-Chem global 3-D chemistry transport
model
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Fig. 1. Daily distribution of GOES and MODIS active fire used in the FLAMBE inventory and the estimated total carbon emissions, in kg,
from 1 July (day 182) and 4 August (day 216) 2010. R&tshows the distribution of fire hotspots across the northern extra-tropics as a
function of day of year. Plotb) shows timeseries of the daily total carbon emitted for the boreal region (latitud®s N), boreal North
America (170-5C° W, 50°-75° N), Central Canada (12690° W, 52°-62 N), and Eastern Siberia (136180 E, 5¢-75" N). Line colours

in plot (b) correspond to the boxes shown in plaj in which total emissions for each region are defined.

resolution of the model simulation and scaled for individual (NPRI) Criteria Air Contaminants (CAC) emission estimates
gas and aerosol phase biomass burning tracers using emifr Canada. We use Asian anthropogenic emission estimates
sion factors fromAndreae and Merlg2001). The gas phase prepared for the NASA INTEX-B mission in 200&ifang
species emitted by biomass burning in the model arg,NO et al, 20091, and European emission estimates are from the
CO, lumped> =C4 alkanes, acetone, methyl ethyl ketone, European Monitoring and Evaluation Programme (EMEP)
acetaldehyde, lumped =C3 alkenes, propane, formalde- inventory. Biogenic emissions of isoprene and other non-
hyde, and ethane. Aerosols emitted by biomass burning aremethane VOCs are from the Model of Emissions of Gases
SO, NHg, organic carbon, and black carbon. The biomassand Aerosols from Nature (MEGAN) version 2 Genther
burning emissions are distributed uniformly throughout theet al, 2006. The lightning source of NQin GEOS-Chem
PBL using boundary layer heights from GEOS-5. Anthro- is estimated from lightning flash rates calculated using deep
pogenic emission estimates in the model are provided forconvective cloud top height®(ice and Rind 1992 pro-
North America on a regional basis by the Environmental Pro-vided from GEOS-5, locally redistributed using a seasonally
tection Agency (EPA) National Emissions Inventory 1999 varying climatology of lightning flash counts observed from
(NEI99) updated for the eastern United StateRidman  space by the Optical Transient Detector (OTD) and the Light-
et al, 2007 for the US; the Big Bend Regional Aerosol and ning Imaging Sensor (LISSauvage et al2007); the verti-
Visibility Observational (BRAVO) study for Mexicouhns cal distribution of the source is imposed accordingrtok-

et al, 2009; and the National Pollutant Release Inventory ering et al.(1999. Emissions of N@ from soil sources

www.atmos-chem-phys.net/12/2077/2012/ Atmos. Chem. Phys., 12, 2@0BS§ 2012
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altitudes of 2.2, 5.5, and 8.9 km respectively), across North
America and the North Atlantic averaged over the BORTAS-
A campaign period. The model ozone distribution at 750 hPa
shows an area of relatively high ozone mixing ratios (be-
tween 60 and 75 ppbv) localised predominantly over the east-
ern US and extending across the North American Basin to
the 60 W meridian. Background model ozone mixing ra-
tios across the rest of the domain at this level are in the
range 40-60 ppbv (Figa). The mid-tropospheric, 500 hPa,
ozone distribution similarly shows relatively high ozone val-
ues &75ppbv) across the eastern US and North American
Basin along with plumes extending across the ocean equa-
torward of 50 N, with peak values of approximately 80 ppbv
between 30W and western Europe. Moderate model ozone
values (60-70 ppbv) are shown across Canada at this pres-
sure level, with an apparent north-south gradient in ozone
mixing ratio reflecting the relatively larger sources of ozone
precursors across the US. We found using a model calcula-
tion that tagged ozone produced in the boreal (latitudes pole-
ward of 50 N) and non-boreal regions, not shown, that this
gradient results from more numerous and stronger ozone pre-
cursor emissions in the non-boreal regions. At 310 hPa the
model ozone distribution is dominated by high mixing ra-
tios (>95 ppbv) over the eastern Atlantic ocean and centred
on the Azores. Across North America moderately elevated
ozone mixing ratios (90-95 ppbv compared to background
values of 80-90 ppbv) extend along the US-Canada border
and along the east coast of the US and Canada up°thl.50
Localised areas of ozone at these moderately elevated values
are also seen at the higher latitudes to the west and east of
Hudson Bay, and to the west of Iceland.

launch sites used during the BORTAS-A campaign across Canada, In the following sub-sections we evaluate the model ozone

listed in Tablel, and the Pico Mountain Observatory in the mid-
Atlantic.

are estimated using the scheme describedNang et al.
(1998. The stratospheric ozone distribution is described
by a linearized ozone (Linoz) parameterizatidnclinden

et al, 2000. For the inversion of MOPITT data presented
in Sect.5.2 a CO only version of the model is used in
which secondary chemical sources of CO through oxidatio

of methane and non methane volatile organic compounds ar

treated followingDuncan et al. (2007 in which the sub-
sequent production of CO is assumed to be instantaneou
This source of CO is modelled by increasing the primary

CO emissions from combustion by 19 % and 11 % for emis-

sions from fuel combustion and biomass burning, respec
tively (Duncan et a].2007).

4 Model and observed tropospheric ozone distribution
over North America and the North Atlantic

Figure2 shows the mean model tropospheric ozone distribu-biomass burning and the Maritime provinces.

n

distribution against in situ measurements from ozonesondes
and the Pico Mountain Observatory, and observations from
the TES and IASI satellite instruments.

4.1 GEOS-Chem vs. ozonesonde profiles

Ozonesondes are balloon borne instruments that provide pre-
cise, vertically resolved, measurements of the atmospheric
ozone mixing ratio during the balloon ascent through its

electro-chemical reaction in an aqueous solution of potas-
&um iodide. The inherent response time of the measure-
ment is about 20-30s and corresponds to a vertical resolu-

Yion of 100-150 m for a balloon ascent of 4-5nis The

accuracy of ozonesonde measurements in the troposphere is
typically smaller than 10 %Tthompson et a).2011). A de-

tailed overview of the observing capabilities of ozonesondes,
and their role in measurement campaigns over recent years
was recently presented Bjhompson et al2011).

Throughout the BORTAS-A campaign daily launches
of ozonesondes were performed from seven launch sites
distributed across Canada between the sources of boreal
FigQee

tion at 750, 500, and 310 hPa (corresponding to approximatand Tablel show the ozonesonde launch sites used during
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Fig. 3. Mean model and observed tropospheric ozone profiles over each of the ozonesonde launch sites listed.inBlati#edashed

lines show the mean ozonesonde profile at each site and red solid lines show the mean spatially and temporally co-located GEOS-Chen
ozone profile to each ozonesonde. Error bars show thestendard deviation. The bottom right plot is the mean ozone profile from all

153 ozonesondes launched throughout the campaign.

BORTAS-A with their location and the total number of cation of each ozonesonde profile (Talje In general, the
ozonesondes launched from each site during the campaigtiases are withint30 ppbv ¢-50 %) throughout the tropo-
Figure3 shows mean ozonesonde profiles, averaged over thephere at each site. Those sites noted above for showing
GEOS-Chem vertical levels, and the co-located (in space relatively higher bias in the PBL, i.e. Bratt's Lake, Eg-
and time) model ozone profiles for the individual launch bert, Walsingham, and Yarmouth, all show a persistent posi-
sites. In general the mean bias between the ozonesondé/e model bias below 2 km throughout the BORTAS-A cam-
and model ozone profiles is less than 10 ppbv throughout th@aign period although the biases at Egbert are shown to be
lower and free troposphere. In the upper troposphere (allower than at the other three sites. The overestimate in the
titudes above 8 km) the model generally shows a relativelymodel ozone mixing ratios in the PBL shows peak values at
large 10 ppbv) negative bias compared to all ozonesondehe surface for all sites apart from Yarmouth, where the peak
locations except Walsingham. The largest mean model bibias appears to be between 500 and 1500 m, also shown in
ases in the lower troposphere tend to occur below 2 km andrig. 3. Differences in the free troposphere at each launch
are generally positive, in some cases in excess of 10 ppbwsite show a mixture of positive and negative biases over the
and are most prominent at Bratt's Lake, Egbert, Walsinghamgourse of the campaign period. The mean and median bi-
and Yarmouth. In the free troposphere at all sites, the meamses at each site are shown in Table The largest mean
bias is within5 ppbv. At each launch site, both positive (no- positive biases are seen at Walsingham, Egbert, Sable Island,
tably at Walsingham and Sable Island) and negative (Goos&armouth, and Bratt's Lake and correspond to biases rela-
Bay) biases are shown in the free troposphere but differencesve to the observations of 27.2 %, 20.1%, 10.7 %, 10.1 %,
in the under- or over-estimates of the model ozone distribu-and 16.7 % respectively. These relatively large mean pos-
tion do not show any apparent geographical dependence. Thiéve biases can be attributed to one or two profiles show-
comparison for Bratt's Lake is unusual in that it shows bothing a substantially larger positive model bias throughout the
positive (below 4 km) and negative (above 5km) biases. Attroposphere. Smaller mean biases at the other launch sites
all launch sites, the mean GEOS-Chem and ozonesonde prguggest that relatively large biases between individual model
files agree within 1» standard deviation of the mean at each and ozonesonde profiles are more episodic and localised in
level, with the model and observations showing comparablenature. At Goose Bay and Montreal, the mean relative biases
variability. are 4.2% and 4.7 % respectively.

Figure4 shows the variability in the absolute differences Differences between the model ozone distribution and the
between model ozone profiles co-located to the time and loozonesonde measurements can potentially be attributed to
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Fig. 4. Time-height cross-sections of the daily ozone differences between GEOS-Chem and ozonesonde profiles over each of the ozonesond
launch sites (Tabl&) during the BORTAS-A measurement campaign (12 July to 4 August 2010). White indicates no data present.

small-scale vertical structures which can be measured byath et al, 2004 Helmig et al, 2008 and has considerable
the ozonesondes and which are not properly resolved by thpotential for sampling photochemically aged air originating
model. The inability of the model to capture these struc-from boreal biomass burning sources. We evaluate time se-
tures could be related to the relatively coarse vertical resties of model ozone, CO, and N@utput against the corre-
olution of the model levels (approximately 0.7 km in the sponding 1 h average measurements from the Pico Mountain
free troposphere and 1km in the upper troposphere), th®bservatory. Ozone was measured using a commercial ul-
coarse horizontal resolution of the model, or missing emis-traviolet absorption instrument (Thermo Environmental In-
sions/processes in the model. The potential for attribut-struments, Inc., Franklin Massachusetts, Model 490yén
ing these differences to the model emissions, transport, andt al, 2006 Helmig et al, 2008. These data have a pre-
chemistry will be assessed in Sectian cision of smaller than 1 ppbv and an accuracy of less than
+1-2 % similar to the re-calibrated accuracy=8 % pre-

4.2 GEOS-Chem vs. Pico Mountain Observatory data  Viously reported for 30 min averaged ozone data. Mea-
surements of CO were made using a modified commercial

Measurements of ozone and other trace gas (CO, NG, NO nondispersive infrared absorption instrument (Thermo Envi-
NOy, NMHC) and aerosol species were made a’t the” picgonmental, Inc., Model 48C-TL), calibrated daily with stan-
Mountain Observatory throughout the summer of 2010 indards referenced to the NOAA GMD standa@ixen et al.

support of BORTAS-A. The Pico Mountain Observatory is 2009. Owen et e}l.(2006 reported the 2 precision and
situated on the peak of Mt. Pico in the Azores in the mid- 2ccuracy of 30-min average CO data to bedtppbv and

Atlantic, 38.47 N, 28.40 W, at an altitude of 2,225 mHon- 0 % respectively. NQ(NO and NQ) was determined by
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@ ‘ is 6.8 ppbv (14 %) relative to the observations and is com-
l0[ T O miain Observatory r=046 parable to the mean model biases relative to the ozonesonde
measurements presented in the previous section. The model
only captures approximately 22 % of the observed variability
(r = 0.47) reflecting the limited ability of the coarse hori-
zontal resolution of the model output to capture the observed
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:*% g %ﬁa* T g - ;gf variability. The model does capture some of the higher ob-
200 P N . served peak values, for example on days 192 (11 July), 204
185 19 195 20 205 210 o5 (23 July), and 214 (2 August). Figu®b shows that the
Day of year model generally captures the observed CO trend with a corre-
o ‘ (b) ‘ ‘ lation coefficient of 0.55 and mean relative bias between the
. X o] model and observations ef1.5 ppbv (1.9%). The com-
2o i LS - ) NS parison between the model and observedN&). 5¢, gen-
5 100 4 i,%;; . f:“’% . i1 hg‘%ﬁ erally shows agreement at low mixing ratios (values between
S L oel 5\% ;;‘;‘“% Lo T 3 and 5 pptv) but with a mean bias 60.015 ppbv and cor-
© Mgl 3 1 %f# : : %%gs F 2 relation coefficient of 0.06 indicating the limited ability of
C :: i;; TRy 0 the model to capture the relatively large observed variability,
E 1 particularly around days 188 (7 July), 202 (21 July), and 209
185 190 195 200 205 210 215 (28 July). The standard deviation of the observed,N©
Doy of yeer 0.032 ppbv compared to a standard deviation of 0.009 ppbv
o5 ‘ © ‘ ————— for the model NQ.
020F R . E 4.3 GEOS-Chem vs. satellite observations
%0'155* . ) N 1 We extend the evaluation of the model ozone distribution
2 oo - ‘; . Lo e o across North America and the North Atlantic with a com-
SRR O TR parison against tropospheric ozone profiles retrieved from
OOSM%%x%E };fﬁ 3 %}@i s?@é% nadir viewing infrared satellite instruments. Satellite obser-
0.00 .

185 19 105 200 205 210 pop vatiqns are beneficial to the _analysis presented here as they
Day of year provide data over large spatial scales, however the data can
_ ] _ be noisy and difficult to interpret without a model. The model
Fig. 5. Time series ofa) ozone (b) CO, and(c) NOx measured at dgzone distribution is compared against tropospheric ozone
; _ bservations from the Tropospheric Emission Spectrometer
model output (red symbols), from 4 July to 4 August 2010 inclusive. (TES) and the Infrared Atpmogpheric Sounding ?nstrument
The correlation coefficient, between the observed and model time (IASI). Ozone profiles retrieved from satellite measurements
series is given in each plot. ) . . L
g P are an estimate of the atmospheric state which is generally
expressed as follows:

an automated Ng, system developed at Michigan Techno-
logical University as described byal Martin et al.(20086.
The 2o precision of 30-min average N@lata from this sys-  whereX is the retrieved ozone profil&; is the a priori pro-
tem has been reported to be less than 14 pptv with a potentidile applied in the retrievalx is the true ozone profile is
bias of 4 pptv Yal Martin et al, 2006. the averaging kernel, andis the measurement noise. Vari-
Figure5 shows the time series of 1 h average ozone, COables with bold lower case characters are vectors and those
and NG mixing ratios measured at the Pico Mountain Ob- with bold upper case characters are matrices. The averag-
servatory between 4 July and 4 August 2010 inclusive, andng kernels provide the sensitivity of the retrieved state to
the time series of the corresponding model outputs, cothe true state of the atmosphere. The trace of the averag-
located in time, elevation, and geographical coordinates, tang kernel matrix gives a measure of the number of inde-
each measured value. The ozone measurements, shown frendent pieces of information available in the measurements,
Fig. 5a, over this time period are all within the range of 20.4 more commonly referred to as the degrees of freedom for sig-
to 81.8 ppbv and have a mean of 42.3 ppbv with a standarahal (DOFS) Rodgers2000. Ozone profile retrievals from
deviation of 11.9ppbv. The model ozone timeseries tendgshe TES and IASI satellite datasets considered here are ex-
to be at the higher end of the measured values and showgressed in terms of natural logarithm of volume mixing ra-
less variability reflected in a mean of 49.6 ppbv in the rangetio (In(VMR)) and partial column VMR, respectively. Com-
37.8 to 71.0 ppbv and a standard deviation of 6.0 ppbv. Theparison of the model ozone output against satellite data is
mean relative bias between the model and observed ozongresented in terms of In(VMR). The IASI averaging kernels

X=Xa+A(X—Xa) +& Q)
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Fig. 6. Averaging kernels (unitless) for ozone profile retrievals made by TES and IASI co-located to Halifax, NS on 16 July 2010.

are converted from partial column VMR to In(VMR) follow- Geophysical parameters are retrieved from the measured ra-
ing Appendix A ofZhang et al.(2010. For a retrieval in  diances based using a Bayesian framework that solves a con-

In(VMR), Eqg. (1) can be written: strained least squares probleBogvman et al.2006 on a
A ) ) forward model grid with 67 vertical levelSTES Science
InX =Inxa+A’(InX—InXa) + & (2)  Team 2009 with a thickness of approximately 0.6-0.7 km

in the troposphere. The TES data were filtered based on the
mean and root mean square of the radiance residual and on
the cloud top pressure of each profile, followiRgrrington

et al. (2008 and TES Science TearfR009. We use TES

Xi —Xai global survey level 2 data version 4 (V004), geographical
®3) coverage of these data during the summer of 2010 did not

extend poleward of 50N. TES V004 ozone profile retrievals

with the same relationship holding betwegrandx,;. The  were validated against ozonesondes during the spring and
eIementszzlfj of the averaging kernel for a In(VMR) retrievel summer phases of ARCTAS and found to be biased high in
A’ are then related to the elementsof the averaging kernel  the troposphere by up to 159%dgxe et al, 2010, compa-

Letting x; denote the VMR for layet, which is thei-th ele-
ment ofx, and assuming that the difference betweeand
xai IS relatively small so that

Inx; —INxa; =~

Xai

for a partial column VMR retrievaA by: rable to the 3—10 ppbv bias reported for the V002 retrievals
at northern mid-latitudesNassar et al.2008. TES ozone

a = (@)a. . (4) profile retrievals have been used in a number of studies eval-

h Xaj " uating biomass burning outflow in the boreal regions over

Fi 6sh ina k Is f il i OISiberia {ferma et al, 2009 and North America Alvarado
f lgurteh STE\I;S avder&%?g terr;e S orl oz(;)r;e protiies re|r|evet et al, 201Q Boxe et al, 2010, and outflow from African
rom the an ata for a cloud-iree Scene Close 10y, 354 burning over the Atlantic Oceado(rdain et aJ.

Halifax, NS, on 16 July 2010. The IASI averaging kernels : .
. 2007 and IndonesiaBowman et al.2009. Ozone profiles
have been converted from partial column VMR to In(VMR) retrieved from the TES data, for cloud-free conditions over

using Eq. 4). T_he averaging kernels_ are C°'°“T co_ded to the North Atlantic, are typically characterized by the averag-
indicate the relative sensitivities of retrieval levels in different ing kernels shown in the left-hand plot of Fig. A DOFS
layers of the atmosphere: 0-5km (red); 5-10km (green)Value of 1.07 for the troposphere (for a tropopause defined as
and 10-16km (blue). the 120 ppbv ozone isopleth), compared to a value of 4.12 for
the full profile, indicates that there is a single piece of inde-
pendent information retrieved with the averaging kernels for

The TES instrumentBeer et al. 2001 is a high resolu- the 0-5km atmospheric layer (red lines in Fiy.showing

tion imaging infrared Fourier-transform spectrometer (FTS), € Peak sensitivity to be between 3 and 4 km.

launched aboard the NASA EOS Aura satellite in July 2004. Figure 7 shows the comparison of the GEOS-Chem and
The Aura satellite is in a polar Sun-synchronous orbit with TES ozone mid-tropospheric distribution (600—400 hPa, ap-
a repeat cycle of 16 days. TES utilises a nadir-viewingproximately 4—-6 km) averaged over the BORTAS-A cam-
geometry and an instrument field-of-view at the surface ofpaign period over North America and the North Atlantic.
8kmx5km to observe spectral radiances in the range 650-The model output was sampled at the time and location of
3050cnT! at an apodized spectral resolution of 0.1dm  each retrieved TES ozone profile and incorporates the TES

431 TESQG
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GEOS-Chem O, [ppbv] The TES data show the highest ozone mixing ratios over

100 the Atlantic Ocean, at approximately50/ and westward of
30° W. The biases between the GEOS-Chem and TES ozone
distributions are approximately evenly distributed between
positive and negative values across North America and the
North Atlantic. The mean and median of the model minus
TES ozone bias across the domain shown in Figre—0.3

60 and—0.1 ppbv in the range-40.8 to +34.6 ppbv.

o 43.2 IASIOs
60°N
55°N
50°N
45°N
40°N
35°N

The 1ASI instrument Clerbaux et al. 2009 is a Fourier
transform spectrometer with a 2cm optical path differ-
ence covering a spectral range from 645-2760tmt an
apodized spectral resolution of 0.5t It observes the at-
mosphere in the nadir with an instantaneous field-of-view of
four 12 km diameter pixels at the sub-satellite point scanned
in a west-east swath of approximately 2200 km, perpendicu-

65°N

60N [ lar to the satellite orbit track. IASI was launched on the Eu-
;:E ropean Metop satellite, which is in a sun-synchronous orbit
45N with an equator crossing at 0930 and 2130 local time, in Oc-
432:3 © tober 2007. Tropospheric ozone profiles are retrieved from

oW 60°W oW ’ the 1ASI radiance measurements with the FORLI retrieval
algorithm (version 20100406) based on using an optimal es-
Fig. 7. Comparison of the mean mid-tropospheric (600-400 hPa)timation methodology developed for nadir viewing thermal
gfgne distributions modelled by GEOS-Chem and observed by theq.4req soundersoheur et al.2005 Boynard et al.2009
pospheric Emission Spectrometer a.nd the difference (model Mon a retrieval grid with 40 vertical levels and vertical reso-
nus observed). The model ozone profiles have been smoothed . - . .
the TES averaging kernels and the TES bias has been removed tion of 1km in the troposphere. qune profiles retrieved
described in the text. The plots show the mean daytime ozone averf-rom the IASI data were found to be biased low by approx-
aged over 12 July to 4 August 2010. imately —8 % in the lower troposphere, below 6 km, com-
pared to ozonesondes at northern mid-latitudes in 2D@8 (
four et al, 2017). IASI data were used in studies of biomass
observation operatodones et a].2003. A bias of +7.5%, burning outflow in the Mediterranean during the summer of
calculated as the mean of the biases reported in Table 2007 Coheur et al.2009. The averaging kernels for an
of Boxe et al.(2010, excluding those from Barrow, is re- 1ASI ozone profile retrieval are shown in the right-hand plot
moved from the TES ozone profiles and is assumed to bef Fig. 6. In contrast to the TES ozone averaging kernels,
constant throughout the troposphere. This bias is compaan ozone profile retrieved from the IASI measurements gives
rable with the bias calculated for the model compared tolower values of DOFS for both the full and tropospheric pro-
the ozonesonde and Pico Mountain Observatory data prefiles (3.33 and 0.55 respectively) with the sensitivity for the
sented earlier. The bottom panel of Figshows the GEOS- 0-5km layer peaking at approximately 6km. The differ-
Chem minus TES ozone difference. The ozone output fromences in sensitivity between the IASI and TES ozone profile
the model sampled in the TES observation space showsetrievals reflects the relatively coarse resolution of the IASI
the highest mixing ratios equatorward of°40 and centred  spectra compared to TES.
over the eastern US and North Atlantic Basin comparable Figure 8 shows the comparison of the GEOS-Chem and
to the model mixing ratios shown in Fi@b. Across the IASI mid-tropospheric ozone distributions (600-400 hPa, ap-
Atlantic Ocean, the model generally shows moderate (approximately 4-6 km) averaged over the BORTAS-A cam-
prox. 60 ppbv) ozone mixing ratios with increased valuespaign period over North America and the North Atlantic. Re-
eastward of 30W and equatorward of £N. Relatively high  trieved IASI ozone profiles with tropospheric DOFS less than
ozone mixing ratios %75 ppbv) over the Great Lakes re- 0.5 have been filtered out of the analysis. The model output
gion and eastern Atlantic Ocean are also evident althouglwvas sampled at the time and location of each valid retrieved
not as prominent as shown for the 500 hPa pressure level iPASI ozone profile and smoothed with the IASI averaging
Fig. 2b. The TES observations do not show such a promi-kernels. The |IASI averaging kernels are converted from a
nent latitudinal gradient in the ozone mixing ratio, although partial column retrieval to In(VMR) using Equati@has de-
they do capture the outflow from the North American PBL, scribed above. A mean bias profile that linearly increases
with relatively high ozone values shown across the domainin altitude from—15 % at the lowest retrieval level te5 %
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GEOS-Chem O, [Ppbv] their highest £ 50-60 ppbv), and the closest agreement pole-

100 ward of 50 N and eastward of 90N, where the ozone mix-
ing ratios are relatively low<£30 ppbv). The mean and me-
dian of the model minus IASI ozone bias across North Amer-
ica and the North Atlantic are +1.9 and +2.3 ppbv in the range
—23.5t0 +10.4 ppbv.

5 Adjoint analysis of model inputs

In the previous section we evaluated the 3-D model tropo-
spheric ozone distribution over North America and the North
Atlantic using in situ and satellite observations. Although
the model shows reasonable agreement with the observa-
20 tions, with mean biases less than 14 % for all datasets, we
want to identify which model processes and parameters need
to be changed to give the optimal agreement between the
GEOS-Chem - IASI [ppv] model and observations, assuming that the model transport
‘ ‘ and chemistry are unbiased. In the following section we
analyse the sensitivity of the model ozone distribution to the

0 emission estimates of ozone precursors used in the model
-20 and compare their relative influences. We use the GEOS-
35N : » : L= 40 Chem adjoint for sensitivity calculations to evaluate the rela-
90°W 60°W 30°W

tive contributions of different emissions sources to the model
Fig. 8. Same as Fig7 for the ozone distribution observed by the ozone distribution over the North Atlantic and data assim-

Infrared Atmospheric Sounding Instrument, and the model ozond!ation to evaluate the CO emission estimates used by the

profiles have been smoothed by the IASI averaging kernels and théor‘{vard model. The adjoint of GEOS-Chem was first .de—
IASI bias has been removed. scribed byHenze et al(2007) and the version used here in-

cludes model code updates to version v8-02-04 of GEOS-
Chem. The model inputs are the same as described for the
. GEOS-Chem model in Sec8. The GEOS-Chem adjoint

at 8km, and with values of 0% and +10% at 9 and 10km has previously been applied in model sensitivity studies for

respectively, ba;ed on comparison to o_zoneso_nde profil_es %Ilobal aerosol sourcesiénze et al.2007) and attribution of
northern mid-latitudes in 2008 and consistent with the vallda-Ozone pollution in the western UgIfang et al, 20093, and

pon against ozonesondes preser)tec[lujour et al.(2011), for inversion of global CO emissions with satellite observa-
is added to the IASI ozone profiles. The bottom panel Oftions (Kopacz et al. 2010

Fig. 8 shows the GEOS-Chem minus IASI ozone difference. The adjoint model approach provides an efficient means

The model ozone output sampled in the IASI observat|onfor analysing the sensitivity of the model output to each of

sp3c7e STF?V;? ahslnr:nar d|str|but_|o_n to tT_at shawn n FK;JSI' the model inputs by evaluating the gradient of a cost func-
and 7 wi e higher ozone mixing ratios (approximately tion J with respect to the input parameters (e.g. emission es-

2(3' pptpv)oacross I:t)h? Us, dNCf)rg(INAtlantI(t:hBaar;,tr?nd eZStlerr}imates, initial conditions). For a sensitivity analysis, the cost
antic Dcean. Foleward o smoothing ot th€ MOCEl ¢, +tion can be simply defined as a set of model predictions

ozone Ouprt with trt]ﬁ IA,‘\ISI S]V‘;rgg'qg kgrnels Lﬁads tr? lower of a particular model state variable, e.g. trace gas profile or
ozone values over the Nor antic Ocean than shown a ntegrated column amourt;

500 hPa in Fig2b, centred around 3@, due to the peak
sensitivity of the 1ASI ozone retrievals being slightly above /= Y _ g(0) (5)

this level. At the higher latitudes over Canada moderately — ©€%

high ozone mixing ratios (40—-60 ppbv) are shown of similar where Qs is the set of times at which the cost function is
order of magnitude at 500 hPa in Figh. The mean ozone evaluated.

distribution observed by IASI shows a similar pattern to that When observations of a particular state variablgd are

of the GEOS-Chem output sampled in the IASI observationavailable, the cost function balances the model and observed
space. The GEOS-Chem minus IASI ozone differences shovgtate, and the input parameter, e.g. emission inventpjy, (
the model to be higher than the observations over the majoragainst a priori knowledge of that parametigy)( and is gen-

ity of the geographical region shown. The largest disagreeerally defined as:

ment between the model and IASI are across the central US 1

_ _ Te1 _ 1 _ Te1ly_
and central Atlantic Ocean, where the ozone values are a{_ECEZQ[H(C) Cobsl SppdH(©) C‘“’SHE['D Pal’ S, P —Pal ®)
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whereH is the observation operator which transforms the Biomassuring @ Lighring
model profile into the observation space taking into account o : :
the characteristics of the observations (e.g. the averaging kers,
nels for a profile retrieved from satellite data§ens and S, =
are the observational and a priori error covariance matriceSs
respectively and will be described belo® is the domain o}
(in time and space) over which model predictions and ob-
servations are available. The superscripts T aiiddenote
matrix transpose and inverse operations respectively.

The optimal solution for the parameter to be estimated _

minimizesJ in Eq. 6) so that the gradient of the cost func-

55°N

70N
65°N
60°N
55°N
50°N
45°N
40°N
35°N

70N
65°N
60°N
55°N

tion with respect to the model state vector is zero: sow s

aJ(C) 40°N 40°N

VeJ = =0 7 BN BN
o) == )

Solution of the optimization problem requires the gradients
of J with respect to the model state vector, and these are ef-»»
ficiently calculated using the adjoint method. The derivation
of the adjoint of GEOS-Chem is described in detaiHBnze N

50°N

70°N
65°N
60°N
55°N
50°N

et al.(2007).
The adjoint variable at any given timestep is the sensi- ... , . , N , ) , i
tivity of the cost function with respect to the model state A EOW W W W

vector (e.gA? = V,oJ gives sensitivity to initial conditions; 0D 03 w0 107
Ag =V, J gives sensitivity to other model parameters such Fi

Lo . g. 9. Normalised cost function sensitivity of model free
as emission estimates).

tropospheric (approximately 750-250hPa) ozone profiles over
ozonesonde launch sites in Maritime Canada (@) NOx emis-
sions estimates associated with biomass burning, lightning, anthro-

o . . ... .. _pogenic, and combined aircraft/biofuel/soil sources; &mdCO
The sensitivity of the model tropospheric ozone distribution emissions estimates associated with biomass burning and anthro-

over the BORTAS-A campaign period to the model input pa- pogenic sources over the BORTAS-A campaign period (12 July to
rameters is evaluated using the adjoint of GEOS-Chem dea August 2010). The ozonesonde launch site locations (Goose Bay,
scribed above. The cost function for these adjoint sensitivitySable Island, and Yarmouth from Tallpare denoted by red trian-
calculations, described by Edp)( is the sum of the model gles in each plot.
ozone distribution in the free troposphere (between the top
of the PBL and the tropopause, typically 750-250 hPa at
northern mid-latitudes) above the three ozonesonde launcbstimates extends across North America but the sensitivity is
sites in Maritime Canada (i.e. Goose Bay, Sable Island, andess than half the peak values over the main anthropogenic
Yarmouth, see Tabl&). The forward and backward simu- source regions. We find that biomass burning is the next
lations are performed from 12 July to 4 August 2010, andmost significant N@ emission source, with the peak sensi-
the cost function is evaluated at every hour throughout theivity localised to the main biomass burning region in Central
simulation. Canada. The adjoint simulation also illustrates (not shown
Figure 9 shows the sensitivity of the model ozone distri- here) some sensitivity of the free tropospheric ozone distri-
bution over Maritime Canada to the NN@mission estimates bution to biomass burning NOemissions over Alaska and
from biomass burning, lightning, anthropogenic, and com-Eastern Siberia, but is greatly reduced compared to the Cana-
bined aircraft, soil and biofuel sources, and CO emissiondian source. The model ozone shows sensitivity to light-
estimates from biomass burning and anthropogenic sourcesing NG, emissions which, although smaller in magnitude
The location of the ozonesonde launch sites, where the costompared to the anthropogenic and biomass burning sensi-
function is initialized, are shown by red triangles. The sensi-tivity, cover a large area of North America with peak sen-
tivities shown have been normalised by dividing the gradientsitivity shown to be over the central US, to the west of the
of the cost function by the cost function so that relative in- Great Lakes, and extending into the eastern US and Central
fluence of the different emission sources can be compare@€anada. The combined sensitivity to N@missions from
against each other. The largest model ozone sensitivity i®ther sources (i.e. aircraft, soil, and biofuel) is considerably
to anthropogenic N@emission estimates, centred over the lower than that for the anthropogenic, biomass burning, and
northeastern US and southeastern Canada, in Quebec atightning sources. For the CO emissions, shown in Big.
Nova Scotia. The influence of the anthropogenic emissiorthe largest ozone sensitivity is to the biomass burning sources

5.1 Sensitivity calculations
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Fig. 10. Mean Northern Hemisphere CO emissions from biomass burning and anthropogenic sources (mole@sescaveraged over
12 July to 4 August 2010. Biomass burning emissions are from the FLAMBE inverReig et al, 2009. Anthropogenic emissions in the
model are as those described in S8ct.

in Central Canada. The peak sensitivity to biomass burninghe atmosphere in the nadir with a group of four pixels with
CO emissions is approximately half that of the ozone sensi-an instantaneous field-of-view of 22 kt22 km at the satel-
tivity to the biomass burning NQemissions. lite sub-point, which are scanned across the orbit track in
Figure 9 highlights some of the key potential sources of a swath approximately 650 km wide. The EOS Terra plat-
uncertainty in the model ozone chemistry and their rela-formis in a Sun-synchronous orbit with a 10.30 local equator
tive contributions. In the remaining sections of this papercrossing time and a repeat cycle of 16 days, which combined
we evaluate ozone precursor emissions from biomass burrwith the MOPITT sampling, provides almost global cover-
ing sources in order to isolate its associated uncertainty irege every 3—4 days. A full instrument description is given
the model ozone distribution. Although the anthropogenicby Drummond et al(2010. In this work we use vertical
sources of NQ show the largest sensitivities, further quan- profiles of CO mixing ratio retrieved using version 4 (V4) of
tification of their contribution is beyond the scope of the the MOPITT operational processing algorithDegter et al.
work presented here and will be evaluated in future work2010. In this product, CO profiles are based solely on radi-
within the context of the BORTAS-B measurement campaignances in the thermal infrared 4.7 um band and are retrieved

in summer 2011. as quantities of logy(VMR) on a 10-level vertical pressure
grid. Validation of the MOPITT V4 CO retrievals against
5.2 Biomass burning emissions aircraft flask samples over North America show a bias of ap-

proximately 1% in the lower troposphere and up-t6 %

We evaluate the FLAMBE biomass burning emissions usedn the mid-troposphere, with a drift in the bias of between
in the model through a global inversion of satellite observa-approximately 1 and 2 % per yeddgeter et al.2010.

tions of CO. Although Fig9 showed the ozone sensitivity to ~ Figure10shows the mean Northern Hemisphere CO emis-
biomass burning CO emissions to be smaller than to thg NO sion estimates from the FLAMBE inventory averaged for the
emissions, CO has a considerably longer photochemical life BORTAS-A campaign period. Biomass burning in the boreal
time, of several weeks compared to several hours fog,NO regions feature prominently with the largest emissions, in ex-
making it a more reliable tracer of biomass burning outflow cess of 16*molecules cm?s™1, shown in Central Canada,
on a global scale. Emissions of NGand other species emit- Eastern Siberia, and western Russia. T@saows the total

ted by biomass burning sources, are related to the the canass of carbon emitted from biomass burning, in the con-
emissions through emission factors (eAmdreae and Mer-  text of other emission sources of CO, over the BORTAS-A

let, 2001) and in this way can be altered by the same scalingcampaign period. The mass of carbon emitted is shown for

determined for CO from the inversion. the globe versus the boreal regions (all latitudes poleward of
Satellite observations of CO are available from a number20” N), and for the North America (1700 50° W, 50° to

of different platforms and measurement techniques. We usé> N), Central Canada (1200 90" W, 52° to 62 N), and

CO observations made by the Measurements Of Pollution IrfEastern Siberia (120to 180 E, 50’ to 75°N) regions de-

The Troposphere (MOPITT) instrument as they have beerfinedin Fig.l_. For all regions the biqmass burning emissions

extensively used in inversions with GEOS-Chem in previousare the dominant source, accounting for more than 75 % of

studies (e.gArellano et al, 2006 Fortems-Cheiney et al. the total CO emissions. The total mass of nitrogen emitted as

2009 Jones et a).2009 Kopacz et al. 2009 201Q Gonzi NOy from different sources is shown in Talewith boreal

et al, 2011 Jiang et al. 2013). The MOPITT instrument biomass burning sources accounting for more than 60 % of

is a gas correlation radiometer, launched aboard the NASANE total NG emissions over North America, and 80 % over

EOS Terra satellite in December 1999. MOPITT observesEastern Siberia.
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Table 2. Total CO emissions over the BORTAS-A campaign period (12 July to 4 August 2010) in units of Tg C. Values in italics have units
of 103TgC.

CO emission source  Global BorealNorth America Central Canada Eastern Siberia

Biomass burning 100.4 9.8 274.4 85.3 259.6
Anthropogenic 314 0.3 7.0 1.4 1.4
Biofuel 5.0 0.1 0.8 0.2 0.2
Monoterpenes 3.8 0.3 13.9 1.7 6.4
Total 140.5 10.5 296.1 88.6 267.5

Table 3. Total NOy emissions over the BORTAS-A campaign period (12 July to 4 August 2010) in units of Gg N. Values in italics have units
of 1073 Gg N.

NOy emission source  Global Boreal North America Central Canada Eastern Siberia

Biomass burning 1552.4 155.0 3779.0 1132.7 4404.6
Anthropogenic 1670.8 25.9 623.3 196.3 86.7
Lightning 765.5 26.3 961.0 174.6 685.0
Soil 574.7 12.4 533.0 34.0 203.6
Fertilizer 81.7 15 17.4 0.2 3.2
Aircraft 35.1 1.4 101.1 35 9.1
Biofuel 62.4 1.7 11.9 2.6 2.8
Total 47427 2243 6026.6 1543.8 5395.0

Previous studies using the FLAMBE inventory have Figure 11 shows the results of the CO inversion for
shown the CO emissions to be a factor of approximatelyJuly 2010. Figurella and b show the a priori and
two too high when compared to aircraft observations froma posteriori Northern Hemisphere emissions, in units of
the spring Fisher et al.2010 and summerAlvarado et al, moleculescm?s~1, for the combined contributions from
2010 phases of the ARCTAS campaign in 2008. Optimizing biomass burning, anthropogenic, biofuel, and monoterpene
the CO emissions used in the model simulations presentedources. Figur&lc shows the unitless scaling factors derived
earlier in this work is desirable for two reasons: (1) quan-fromthe MOPITT CO inversion. In general the CO inversion
tifying the amount of ozone production and transport from decreases the total CO emissions across the Northern Hemi-
the biomass burning source; and (2) reducing the uncertaintgphere, reflected by scaling factors of less than 1 in Fig.
in the model ozone distribution associated with the reportedThe distribution of the scaling factors reflects the location of
over-estimation of the biomass burning source. We opti-the a priori CO emissions with the lower values of the scal-
mized the monthly CO emissions estimates for May-Augusting factors (i.e. where the emissions are estimated to have
2010 using an inverse modelling approach with the GEOS-+the largest over-estimate) coincident to the biomass burning
Chem adjoint described above. In the inversion MOPITT COemissions sources, particularly in the boreal regions. The
observations are averaged over thdaditudex5° longitude = mean scaling factor over the Northern Hemisphere is 0.86 in
horizontal resolution of the model. The observation error co-the range 0.09 to 1.15 and the total CO emitted from biomass
variance matrixSyps is defined as a uniform error of 20% burning over the BORTAS-A measurement period is reduced
and is assumed to be diagonal at tlHe8° resolution used by 47 Tg C (53 %) from the value reported in Tal2lewith
for the inversion Kopacz et al. 2010. The a priori error  the largest decrease over sub-tropical Africa. Mean scaling
covariance matrixS, includes a uniform error of 50% for factors for the boreal region and the North America, Central
combustion sources and 25 % for the global oxidation sourceCanada, and Eastern Siberia regions defined for Faye
following Kopacz et al(2010, and are assumed to be un- 0.89 (in the range 0.12-1.02), 0.92 (0.22-1.02), 0.72 (0.22—
correlated. The CO emissions are assumed to be optimize@.99), and 0.82 (0.20-1.01) respectively reducing the total
when the inversion has converged to a solution or when theCO emitted from biomass burning sources in these regions
twentieth iteration of the inversion process has been reachedjuring BORTAS-A by 1.2 (12 %), 66.5 (24 %), 36.5 (43 %),
when the change in the cost function is less than 1-2%. and 9.6 TgC (4 %) respectively. The mean scaling factor

of 0.72 for the Central Canada region is almost double the
scaling factor of 37.5% applied to the amount of biomass
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Fig. 11. Mean Northern Hemisphere a priori and a posteriori CO emissions from all sources and scaling factors derived from the assimilation
of MOPITT V4 CO observations for July 2010. Pldts and(b) respectively show the a priori and a posteriori CO emissions andg)lot

shows the scaling factors. Pl@t) shows histograms of the mean MOPITT minus model biases averaged over the northern extra-tropics for
the first (black dashed line) and twentieth (red solid line) iterations of the MOPITT inversion.

consumed to match model CO profiles, using FLAMBE, to FLAMBE inventory at each timestep are multiplied by the
aircraft measurements taken during the ARCTAS summemonthly scaling factors and the CO, NG&nd other biomass
campaign in 2008Alvarado et al.2010. The scaling fac- burning emissions are in turn modified through the emissions
tor applied byAlvarado et al.(2010 is within the range of factors fromAndreae and Merle2001). Emissions of non-
scaling factors calculated for this region from the MOPITT biomass burning sources are not affected. Figlifesnd11
CO inversion. Figurd1d shows the histogram of the relative show that CO emission estimates from biomass burning and
bias between the MOPITT and model CO total columns afteranthropogenic sources across the Northern Hemisphere are
the first (black dashed line) and twentieth (red solid line) iter- generally distinct from each other and that the anthropogenic
ations of the CO inversion. The mean MOPITT minus modelemission estimates dominate in regions where they coincide.
CO bias after the first iteration is4.0 % with a standard de- Figure 12 shows the mean model distributions of ozone,
viation of 14.7 %, which is reduced to +2.5 % with a standard CO, PAN, and NQ at 500 hPa averaged over the BORTAS-
deviation of 5.9 % after the twentieth iteration, indicating an A campaign period from the simulation with the scaled
improved fit of the model CO to the observations. The dis- FLAMBE inventory (top row) and the change in the model
tribution of the CO bias after the twentieth iteration shows tracer distributions over the simulation with the original
a higher frequency of zero bias compared to the distributionbjomass burning emission estimates (bottom row). The
after the first iteration. model tracer distributions with the scaled biomass burning
emissions all show a decrease across North America and the
5.3 Impact on model ozone and precursor distributions ~ North Atlantic, apart from N@, which shows a decrease
across North America and almost zero difference over the At-
We evaluate the sensitivity of the model ozone distributionlantic Ocean eastward of 6UV. All tracers show the largest
to the FLAMBE biomass burning inventory using revised changes (as much as3 ppbv (8 %) for ozone,—20 ppbv
biomass burning emission estimates that are optimised t§d—30 %) for CO,—50 pptv (40 %) for PAN, and-20 pptv
agree with MOPITT CO column observations as described(—40 %) for NQ,) localised to the boreal biomass burning
in the previous section. The scaling factors derived fromsources in Central Canada. For the ozone, CO, and PAN dis-
the MOPITT inversion performed af 45° horizontal res-  tributions the largest differences are shown to extend pole-
olution above are first regridded per unit area to a resolutiorward from the main source region in northern Saskatchewan
of 2°x2.5°. The total carbon emissions from the a priori and eastward across Hudson Bay to northeast Canada and
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Fig. 12. Model ozone, CO, PAN, and N@istributions across North America and the North Atlantic at 500 hPa averaged over the BORTAS-
A campaign period, 12 July to 4 August 2010. The top row shows the mean distributions from the model simulation with the scaled FLAMBE
inventory derived from the MOPITT CO inversion. The absolute differences compared to the model outputs with the original FLAMBE
emissions are shown in the bottom row.

the North Atlantic. The largest differences (less than half thethe retrieved ozone profiles have been taken into account as
peak values over the fire regions for all tracers) are generdescribed in Sectd.3.1and4.3.2

ally poleward of 56N with smaller differences across the  The ozonesonde comparison shows a positive bias
rest of the domain, with the exception of NQvhichis more  {houghout the troposphere decreasing from +9 ppbv be-
localised to the source region with only smaller differencesyyeen 0.5-1 km to almost Oppbv at 6km. Above 8km,
across Maritime Canada. The differences associated Withhe pias becomes negative decreasing 16 ppbv at 10 km.
scaling the non-boreal biomass burning emissions (€.9. in th&caing the biomass burning emission estimates downwards

southern and eastern US) are more prominent in the 0zongs gescribed above leads to a better agreement between the
and CO distributions than for PAN and NOThe peak mean  mean model and ozonesonde profiles in the lower tropo-

PAN and NQ mixing ratios are centred over the eastern Ussphere, below 5km, and between 6.5 and 8 km with a mean
and are approximately a factor of 2 for PAN, and 4 forNO  pias of almost 0 ppbv. At altitudes between 5 and 6.5 km the
h!gher than thelr res_pectlve distributions over the Canadiangqyction in the ozone profile, where the original bias was
biomass burning regions. O ppbv, leads to a slight negative bias up-t@ ppbv. The

To evaluate the impact of scaling the biomass burningmean difference, averaged from 0-10 km, of the bias is re-
emission estimates on the model ozone distribution, we calduced from 2.96 ppbv for the original simulation to 0.88 ppbv
culate the mean and standard deviation of the differences bder the scaled simulation. The TES comparison shows a neg-
tween the model ozone profiles, from the original and scaledative bias between 2 and 6 km, with values as lowappbv,
simulations, and the ozonesonde, TES, and IASI observaand a positive bias above 6 km which increases to more than
tions. Figurel3 shows the mean and standard deviation pro-20 ppbv at 10km. The mean and median of the bias are
files of the differences, in ppbv, between the model 0zonel.98 ppbv and 0.04 ppbv, respectively, which are reduced to
and (a) ozonesondes, (b) TES, and (c) IASI. In all cased.94 ppbv and-0.73 ppbv with the optimised biomass burn-
model ozone profiles are sampled at the time and location ofng emission estimates. The IASI comparison shows a pos-
each observation with black dashed lines showing the origi-tive bias throughout the troposphere up to 8-8.5km, with a
nal model simulation and red solid lines showing the simula-peak value of 3.6 ppbv, and a negative bias—&ppbv at
tion with the scaled biomass burning emissions. The thickerlO km, in the upper troposphere with both a mean and me-
central lines in each plot show the mean profile with the thin-dian of the bias of 2.8 ppbv, respectively, which are reduced
ner outer lines showing the mean plus and minus tlke 1- to 1.4 ppbv and 1.1 ppbv with the optimised biomass burning
standard deviation. In Fig.3a and b the reported biases in emission estimates. For each comparison the change in the
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Fig. 13. Mean difference profiles (ppbv) of the model ozone outpufatpozonesonde(b) TES, and(c) IASI data averaged over the
BORTAS-A campaign period (12 July to 4 August 2010). The model output is sampled at the time and location of the observed profiles for
each dataset. Black dashed lines show the mean difference of the model output with the original FLAMBE inventory to the data and red solid
lines show the difference of the model output with the scaled FLAMBE emissions derived from the MOPITT CO inversion. The thinner
outer lines in each plot show thedlstandard deviations.

mean bias is within the &-variability. The mean bias com- pact on the tropospheric oxidant chemistry over the North

pared to the Pico Mountain Observatory observations, no#tlantic.

shown, is also decreased from 5.54 ppbv to 3.95 ppbv aver- \ye ysed the adjoint of GEOS-Chem to calculate the sen-

aged over the BORTAS-A campaign period. sitivity of ozone in the free troposphere over ozonesonde
launch sites in the maritime provinces of Canada to biomass
burning NG, emissions relative to other sources of NO

6 Conclusions emission in July 2010. Having identified the model ozone
sensitivity to biomass burning emissions, the adjoint of

We have presented an evaluation of the tropospheric 0zon@EOS-Chem was further used to optimize the FLAMBE
distribution over North America and the North Atlantic dur- Piomass burning inventory used in the GEOS-Chem simula-
ing the summer of 2010 and its sensitivity to boreal biomasgions through an inversion of MOPITT CO profile data using
burning emissions. We used the GEOS-Chem CTM to cal-2 4-D yar|at|0nal assimilation frameyvork. The MOPITT (6{0)
culate the global 3-D tropospheric ozone distribution andinversion shov_vs that the FLAMBE inventory ove_restlmates
compared it against in situ observations from ozonesondef® CO emissions throughout the Northern Hemisphere and
across Canada and the Pico Mountain Observatory in th&he calculated sc_almg factors show that in the bqreal regions
mid-Atlantic Ocean, and satellite observations from TES andhe® FLAMBE emissions need to be scaled to as little as 22 %
IASI. We showed that the model ozone distribution has a@nd 20 %, or mean scalings of 72 % and 82 %, of their orig-
mean bias of less than 10 ppbv throughout the tropospheré'rﬁal yalues across Canada gnc_i Eastern Siberia, resp_ectively.
We also compared model CO and N6utputs against ob- Scalln_g 0zone precursor emissions from the FLAM_BE inven-
servations made at the Pico Mountain Observatory and found®"Y With the monthly factors calculated by the CO inversion
that while the model CO had some agreement with the obin @ full chemistry forward simulation reduced the model
servations, with a mean bias of1.8 %, the model NQwas mixing ratios of CO and N@ which are directly emitted
biased low by-44.5 % and did not capture the observed vari- Py biomass burning, and PAN which, although not directly
ability. The model underestimate of the variability in the €Mitted, is strongly influenced by biomass burning by con-
observed N@ mixing ratios illustrates that while the model Version of NQ in the outflow, at 500 hPa by up to approxi-

is capable of simulating the distribution of longer lived tro- Mately—50% in the average values calculated over a three
pospheric species such as ozone and CO, the distributio€€k period between 12 July and 4 August 2010.

of shorter lived species, such as NGs not fully resolved We showed the impact of the optimized FLAMBE in-
which in turn could account for some of the differences in theventory on the model ozone distribution was small rela-
model ozone distribution when compared against observative to the directly emitted tracers, with decreases of up to
tions. The discrepancy between the model and observgd NO—3 ppbv or—8 % averaged over the BORTAS-A campaign
was beyond the scope of this paper and will be addressed iperiod. The change in the model ozone, and its mean differ-
further work under the BORTAS project when evaluating the ence compared to the ozonesonde, TES, and IASI observa-
composition of boreal biomass burning plumes and their im-tions, decreased by approximately 2—3 ppbv throughout the
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