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[1] We assess the impact of transport of pollution from midlatitudes on the
abundance of ozone in the Arctic in summer 2006 using the GEOS-Chem global
chemical transport model and its adjoint. We find that although the impact of midlatitude
emissions on ozone abundances in the Arctic is at a maximum in fall and winter, in July
transport from North America, Asia, and Europe together contributed about 25% of
surface ozone abundances in the Arctic. Throughout the summer, the dominant source of
ozone in the Arctic troposphere was photochemical production within the Arctic, which
accounted for more than 50% of the ozone in the Arctic boundary layer and as much as
30%–40% of the ozone in the middle troposphere. An adjoint sensitivity analysis of the
impact of NOx emissions on ozone at Alert shows that on synoptic time scales in both the
lower and middle troposphere, ozone abundances are more sensitive to emissions between
50°N and 70°N, with important influences from anthropogenic, biomass burning, soil, and
lightning sources. Although local surface NOx emissions contribute to ozone formation,
transport of NOx in the form of peroxyacetyl nitrate (PAN) from outside the Arctic and from
the upper troposphere also contributed to ozone production in the lower troposphere.
We find that in late May and June the release of NOx from PAN decomposition
accounted for 93% and 55% of ozone production at the Arctic surface, respectively.

Citation: Walker, T. W., et al. (2012), Impacts of midlatitude precursor emissions and local photochemistry on ozone
abundances in the Arctic, J. Geophys. Res., 117, D01305, doi:10.1029/2011JD016370.

1. Introduction

[2] The Arctic contains a fragile ecosystem that is expec-
ted to be sensitive to changes in climate and to transported
air pollution from midlatitudes [Law and Stohl, 2007;

Jacobson, 2010]. Tropospheric ozone, which is both a
greenhouse gas and an air contaminant with adverse effects
on the health of humans and other biota, is therefore of
critical importance. Despite the paucity of local sources of
O3 precursors such as nitrogen oxides (NOx = NO + NO2),
the Arctic troposphere at times has large concentrations of
O3, which exhibit a strong seasonality. This seasonality,
including a springtime maximum in the free troposphere, is
poorly understood [Monks, 2000; Law and Stohl, 2007] and
reflects a combination of local production, stratospheric
influence, and transport from a variety of midlatitude sour-
ces of precursors, including emissions from combustion at
the surface and from lightning in the upper troposphere.
[3] Modeling studies on transport into the Arctic have

traditionally focused on passive tracers [Eckhardt et al.,
2003], carbon monoxide [Klonecki et al., 2003; Lamarque
and Hess, 2003; Duncan and Bey, 2004], and aerosols
[Koch and Hansen, 2005; Stohl, 2006]. Recent work by
Shindell et al. [2008] presented a multimodel analysis of
ozone and other gaseous species but did not elaborate on the
source of precursor emissions, whether anthropogenic, bio-
mass burning, or lightning. Study of the loading of the
Arctic troposphere with reactive nitrogen (NOy = NOx +
peroxyacetyl nitrate (PAN) + methacryloyl peroxy nitrate
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(MPAN) + peroxy propionyl nitrate (PPN) + NO3 + 2N2O5 +
HNO4 + HNO3) species and their impacts on local ozone
production is also lacking [Quinn et al., 2008]. The spring
maximum in high-latitude tropospheric ozone and the sum-
mertime budget of ozone production are not well understood
[Law and Stohl, 2007] and the impact of midlatitude surface
emissions on Arctic pollutant abundances is contentious
[Koch and Hansen, 2005; Stohl, 2006;Hirdman et al., 2010].
[4] Trends in the Arctic over the past decade show that

tropospheric ozone is increasing [Oltmans et al., 2006;
Helmig et al., 2007; Kivi et al., 2007], although changes on
decadal time scales may be related to changes in the lower
stratosphere [Tarasick et al., 2005], or the phase of either the
North Atlantic Oscillation [Eckhardt et al., 2003] or the
Arctic Oscillation [Kivi et al., 2007]. Particulate nitrate
concentrations at the surface, which correlate with perox-
yacetyl nitrate (PAN) concentrations in the Arctic, also
exhibit an increasing trend over time [Quinn et al., 2007].
[5] Previous studies have found that the sensitivity of the

Arctic surface to midlatitude anthropogenic emissions is
largest in winter and spring, with Eurasian sources being the
dominant influence [Klonecki et al., 2003; Eckhardt et al.,
2003; Wang et al., 2003; Duncan and Bey, 2004]. More
recent work by Shindell et al. [2008] further indicates that in
the Arctic midtroposphere, ozone abundances are most
sensitive to transport from midlatitudes in spring and sum-
mer, with an important contribution from East Asia. Trans-
port from the stratosphere into the Arctic troposphere also
peaks in spring, which can provide both ozone and NOx to
the upper troposphere [Liang et al., 2009].
[6] Lightning NOx emissions are a large uncertainty in

the global NOx budget, with estimates ranging from 2 to
8 Tg N yr�1 [Schumann and Huntrieser, 2007]. The mid-
latitude to tropical partitioning of the source is also unclear
[Huntrieser et al., 2008]. Remote sensing observations of
global lightning flash distributions can provide improved
spatial distributions of lightning NOx emissions [Sauvage
et al., 2007; Walker et al., 2010]. Furthermore, satellite
observations of O3 in the free troposphere when assimilated
into a chemical transport model provide a valuable constraint
on the background ozone distribution resulting in part from
lightning emissions [Martin et al., 2007; Parrington et al.,
2008, 2009].
[7] While NOx has a short atmospheric lifetime in the

lower troposphere that limits its effect on ozone production
to an area near to its emissions source, partitioning into long-
lived reservoirs of reactive nitrogen such as peroxyacetyl
nitrate (PAN) and its structural analogues permits midlati-
tude NOx emissions to effect ozone production far from their
sources [Singh, 1987]. PAN is long-lived at low tempera-
tures, and acts to redistribute the ozone producing capacity
of NOx to areas where NOx emissions may be small [Moxim
et al., 1996; Levy et al., 1999; Walker et al., 2010]. PAN is
the dominant species in the high-latitude budget of reactive
nitrogen [Singh et al., 1992; Bottenheim et al., 1993; Talbot
et al., 1994]. Beine and Krojnes [2000] find that most PAN
decomposition in the Arctic occurs during the summer, and
this releases a significant amount of NOx that enhances
ozone production [Fan et al., 1994]. However, the effects of
this decomposition on ozone production has not yet been
quantified over the course of a full season.

[8] We employ the GEOS-Chem global chemical trans-
port model (CTM) to quantify the budget of tropospheric
ozone in the Arctic in summer. In particular, we are inter-
ested in understanding the impact of long-range transport of
PAN on ozone abundances in the Arctic. We exploit satellite
observations of tropospheric ozone from the Tropospheric
Emission Spectrometer (TES) to provide an improved
description of midlatitude ozone abundances in the model to
better assess the fidelity of the model simulation of transport
into the Arctic. We also use the adjoint of the GEOS-Chem
model to characterize the sensitivity of ozone abundances in
the Arctic to precursor emissions at middle and high lati-
tudes throughout spring and summer. We focus on summer
2006 because previous studies [e.g., Parrington et al., 2008;
Zhang et al., 2008; Walker et al., 2010] have evaluated the
GEOS-Chem midlatitude simulation for this period using
TES data and aircraft observations. We also take advantage
of surface observations of PAN at Alert in 2001 to evaluate
the model simulation of PAN.
[9] We begin in section 2 with a description of the

observational data and modeling tools used in this study. In
section 3 we use observations from the TES instrument to
assess the fidelity of the modeled transport into the Arctic
and then present an analysis of the impact of transport of
ozone from midlatitude continental source regions on the
Arctic ozone budget. In section 4 we quantify the impact of
reactive nitrogen on ozone production in the Arctic tropo-
sphere. Finally, in section 5 we conduct a detailed sensitivity
analysis of ozone in the Arctic to particular precursor NOx

emissions at middle and high latitudes.

2. Observations and Modeling

2.1. Surface Observations

[10] We employ surface observations of ozone and PAN
from a high-latitude site at Alert, Canada (82°N, 62°W) to
evaluate model performance. Measurements of ozone were
reported as hourly average mixing ratio from a commercial
instrument based on UV absorption [Bottenheim et al.,
2002]. PAN measurements are recorded every half hour
with a gas chromatograph instrument with electron capture
detection [Bottenheim et al., 1993].
[11] Figure 1 shows the daily average ozone values as

measured at the Alert station throughout 2001 (in black).
Ozone accumulates during winter in the absence of photo-
chemically driven loss processes, reaching maximum con-
centrations in spring. In the spring, concentrations episodically
decrease rapidly to very low values as a result of rapid ozone
depletions at the surface, linked to bromine radical chemistry
[Fan and Jacob, 1992; Bottenheim et al., 2002, 2009]. In early
summer surface ozone concentrations decrease and remain
low throughout the summer.

2.2. Ozonesondes

[12] Ozonesonde data from the World Ozone and Ultra-
violet Radiation Data Centre (WOUDC) provide a source of
independent observations of free tropospheric ozone. Data
from high-latitude sites at Eureka, Canada (80°N, 86°W) and
Ny-Ålesund, Norway (79°N, 12°E) from 2005 and 2006 are
used to validate the simulated ozone field and gauge
improvements in model performance (World Ozone and
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Ultraviolet Radiation Centre (WOUDC), retrieved on 10
December 2009 from http://www.woudc.org/.) Launches of
electrochemical cell (ECC) sondes at these sites were
roughly weekly at Eureka and Ny-Ålesund, except at Eureka
during the Canadian Arctic Atmospheric Chemistry Exper-
iment (ACE) Validation Campaign around polar sunrise and

at Ny-Ålesund during stratospheric ozone loss campaigns
(e.g., Match) during winter when launches during both
periods were more frequent.
[13] One year of observations in 2005 are shown in

Figure 2 (top). Eureka launched 67 sondes and Ny-Ålesund
launched 82 in 2005. The ozone values are averaged into
monthly bins here. Ozone depletion near the surface also
appears in the Eureka sonde record in April where moder-
ately low surface values (<30 ppbv) persist until autumn, but
in the middle and upper troposphere ozone concentrations
peak in the spring. Ozone concentrations remain high at
these altitudes through the summer and reach a minimum in
winter.

2.3. Tropospheric Emission Spectrometer

[14] The TES instrument [Beer et al., 2001] is a high-
resolution infrared Fourier spectrometer on board NASA’s
Aura satellite. The Aura satellite was launched in July 2004
into a Sun-synchronous polar orbit with a local equator
crossing time of 13:45 and a repeat cycle of 16 days. The
instrument observes in the nadir at wavelengths from 650 to
3050 cm�1 with an apodized spectral resolution of 0.1 cm�1.
TES currently operates in global survey mode, taking
observations every 220 km along track with an instrument
field of view of 8 km � 5 km at the surface.
[15] Ozone profiles are retrieved from TES radiances

using an optimal estimation approach [Bowman et al., 2002,
2006; Worden et al., 2004]. Ozone abundances are expres-
sed as the natural logarithm of the volume mixing ratio in the
retrievals, which are performed on a 67-level vertical grid

Figure 1. Seasonal cycle of ozone at the surface at Alert
(82°N, 62°W) in 2001. Red symbols indicate simulated
values from the baseline simulation; black symbols are daily
average values of the observations. Vertical error bars repre-
sent the standard deviation in the observations over the
course of the day.

Figure 2. Seasonal cycle of ozone profiles above (left) Eureka (80°N, 86°W and (right) Ny-Ålesund (79°
N, 12°E) in 2005. (top) World Ozone and Ultraviolet Radiation Data Centre (WOUDC) ozonesonde data
(67 soundings at Eureka and 82 at Ny-Ålesund). (bottom) The monthly ozone values at this location from
the baseline simulation (v8-01-04) in GEOS-Chem.
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with spacing of approximately 1 km. On average, TES
ozone retrievals contain between 3 and 4 degrees of freedom
for signal, fewer than 1.5 of which are contributed by the
troposphere in extratropical retrievals. TES ozone retrievals
have been validated with sonde data [Worden et al., 2007;
Nassar et al., 2008; Boxe et al., 2010] and lidar data
[Richards et al., 2008] and show a 10%–15% bias in the free
troposphere. Retrieved TES ozone and carbon monoxide
profiles from July to August 2006 are incorporated into the
analysis through the assimilation process described in
section 2.4.

2.4. GEOS-Chem Chemical Transport Model

[16] We use the GEOS-Chem global chemical transport
model (http://www.geos-chem.org/). The model is driven by
assimilated meteorological fields from the Goddard Earth
Observing System (GEOS-4) from the NASA Global Mod-
eling and Assimilation Office. The fields have a spatial
resolution of 1° � 1.25° with 55 vertical levels, but they are
degraded to the CTM resolution of 4° � 5°. The model
includes a detailed NOx�Ox�hydrocarbon chemical mecha-
nism which was first described by Bey et al. [2001], with
updates by several recent studies [e.g., Fiore et al., 2002;
Martin et al., 2002, 2003; Evans and Jacob, 2005]. The
stratospheric source of ozone is represented by the linearized
ozone (LINOZ) parametrization by McLinden et al. [2000].
Emissions of lightning NOx are initially estimated according
to Price and Rind [1992], with the vertical distribution pre-
scribed by Pickering et al. [1998]. Anthropogenic emissions
are based on the Global Emissions Inventory Activity
(GEIA) [Benkovitz et al., 1996] and overwritten with upda-
ted regional inventories where available.
[17] In this study, we use versions v7-02-04 and v8-01-04

of GEOS-Chem; v8-01-04 is used for our baseline simu-
lation and for much of the analysis presented here,
whereas v7-02-04 is used for the assimilation of the TES
data. Version v8-01-04 corrects a problem with excessive
stratosphere-troposphere exchange near the polar tropo-
pause. Version v8-01-04 also incorporates a significant
improvement to the global horizontal distribution of light-
ning NOx emissions, in which estimated distribution of
lightning flashes is scaled to resemble that observed by the
Optical Transient Detector and Lightning Imaging Sensor
(OTD-LIS) in a method similar to that employed by Sauvage
et al. [2007].
[18] The two model versions also have significant differ-

ences in their anthropogenic and biomass burning emissions
inventories. Anthropogenic emissions in v7-02-04 of GEOS-

Chem use the GEIA inventory. GEIA is overwritten in
the United States by the Environmental Protection Agency
National Emission Inventory (EPA/NEI99), modified accord-
ing to Hudman et al. [2007]. Global anthropogenic emissions
are scaled to the simulation year or as far as 1998 according
to fuel consumption statistics [Bey et al., 2001]. Biomass
burning emissions are monthly averages derived from a four
year climatology of remote sensing data [Duncan et al.,
2003]. A summary of the differences in the precursor
emissions between the two models is given in Table 1.
[19] In v8-01-04, global anthropogenic emissions are from

the Emission Database for Global Atmospheric Research
(EDGAR, v3.2 [Olivier and Berdowski, 2001]) for NOx, CO,
and SO2. The global inventory is overwritten by regional
inventories over the United States (EPA/NEI99 with mod-
ifications by Hudman et al. [2007]), Europe (EMEP
[Vestreng and Klein, 2002]), East Asia (Streets [Streets et al.,
2003, 2006]), Mexico (BRAVO [Kuhns et al., 2005]), and
Canada (CAC, Environment Canada; see http://www.ec.gc.
ca/pdb/cac/cac_home_e.cfm). Global emissions are scaled
forward to the simulation year or as far as 2005 according to
more recent fuel consumption statistics [van Donkelaar et al.,
2008]. Biomass burning emissions in v8-01-04 use the
GFED2 emissions inventory [van der Werf et al., 2006].
Simulations in this study use emissions and meteorology
specific to the year the observations to which we are com-
paring were taken. Table 2 shows the total NOx, CO, and
volatile organic carbon (VOC) emissions for 2006.
[20] Version v8-01-04 of GEOS-Chem (the baseline sim-

ulation) reproduces well many of the observed features of
the Arctic ozone distribution. Figure 1 compares a year of
ozone mixing ratios at Alert in 2001 to the daily averaged
modeled values. Error bars represent the standard deviation
of the hourly measurements and capture the variability over
the course of each day. GEOS-Chem simulates well the
seasonal cycle of ozone, capturing the buildup of con-
centrations throughout winter as well as the summer mini-
mum. In the spring, observations of ozone fall to low values
as a result of rapid ozone loss at the surface because of the
previously mentioned catalytic destruction by bromine
radicals [Fan and Jacob, 1992; Bottenheim et al., 2002,
2009]. The version of GEOS-Chem used in this study does
not include these bromine reactions in its chemical mecha-
nism, and thus the model does not capture the low ozone
values in spring. Excluding the springtime ozone observa-
tions yields a model bias relative to the ozone measurements
of �1.1 ppbv (�4%). Figure 2 shows a comparison between
the model and ozonesonde measurements above Eureka and

Table 1. Description of Simulations Performed With the GEOS-Chem Model

Simulation Version Description

Baseline v8-01-04 Lightning NOx emissions use regional OTD-LIS scaling. Surface emissions from EDGAR
are overwritten by recent regional emission inventories (EMEP, Streets 2006, NEI99,
CAC, BRAVO). Biomass burning emissions from GFED2.

Old emissions v8-01-04 Lightning NOx emissions use regional OTD-LIS scaling. Surface emissions from GEIA
are overwritten with NEI99. Biomass burning emissions from Duncan et al. [2003].

No PAN v8-01-04 Same emissions as baseline run, but with conversion between NOx and PAN turned off.
TES assimilation v7-02-04 Lightning NOx emissions are not scaled to OTD-LIS. Surface emissions from GEIA are

overwritten with NEI99. Biomass burning emissions from Duncan et al. [2003].
Assimilation of TES O3 and CO profiles equatorward of 60° latitude.

Assimilation control v7-02-04 Same emissions as assimilation run, but with assimilation turned off.
Tagged Ox v8-01-04 Same emissions as baseline run.
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Ny-Ålesund in 2005. Although the focus of our analysis in
of summer 2006, we compare the model simulation here
with ozonesonde data from Eureka and Ny-Ålesund in 2005
because the more complete data record at Ny-Ålesund in
2005 enables us to better examine the model simulation over
the seasonal cycle. The model captures the free tropospheric
maximum in the spring, but the maximum occurs earlier in
spring and is broader in the model. In summer the model
slightly underestimates the ozone abundances in the mid-
troposphere, with mean summertime biases around 500 hPa
of 11% above Eureka and 5% above Ny-Ålesund. In
section 3.2 we examine the seasonal dependence of the
impact of the midlatitude source regions on ozone at
Eureka and Ny-Ålesund.

2.5. Adjoint Model of GEOS-Chem

[21] The adjoint of the GEOS-Chem model was initially
described by Henze et al. [2007], and is based on GEOS-
Chem version v8-02-01. The adjoint model is a computa-
tionally efficient tool that calculates the gradient of model
outputs (e.g., metrics of species concentrations) to all model
inputs (e.g., emissions) around the model state. The gra-
dients may be used together with observations in variational
data assimilation, or in inverse modeling to determine the
relative change required in the model inputs to effect a
desired output state. The GEOS-Chem adjoint was initially
developed for inverse modeling of aerosol precursors [Henze
et al., 2007, 2009]. It has since been applied for inverse
modeling of CO [Kopacz et al., 2009, 2010] and tropo-
spheric ozone [Zhang et al., 2009]. Most recently it has been
used for assimilation of space-based tropospheric ozone
observations from the TES instrument [Singh et al., 2010].
Most components of the GEOS-Chem adjoint model are
derived using automatic differentiation algorithms [Giering
and Kaminski, 1998; Sandu et al., 2003; Daescu et al.,
2003]. The adjoint of the advection operator uses a contin-
uous approach, where the same advection scheme is solved
as in the forward model, but the winds are reversed, an
approach favored over discrete differentiation for the type of
advection scheme employed in GEOS-Chem [Henze et al.,
2007; Hakami et al., 2007; Gou and Sandu, 2011].
[22] We perform a set of adjoint simulations to probe the

sensitivity of ozone concentrations above Alert to emissions
of NOx from various sources. Simulations are performed to
calculate sensitivities of both the lower (surface to 850 hPa)
and middle (850 to 500 hPa) troposphere above Alert in the
first two weeks of each month from April to August, 2006.
The resulting sensitivities represent the fractional change in

the ozone concentration above Alert due to a unit change in
the emissions in each model grid box.

3. Results and Discussion

3.1. Evaluation of Transport of Ozone Into the Arctic
in GEOS-Chem

[23] We assimilate TES ozone data into GEOS-Chem to
evaluate the model simulation of ozone transport into the
Arctic. The assimilation system is described by Parrington
et al. [2008]. It is based on version v7-02-04 of GEOS-
Chem and employs a suboptimal sequential Kalman filter
which ingests the TES profiles of tropospheric ozone in a 6
h analysis cycle along the TES orbit track. We assimilate
TES data for July and August 2006, equatorward of 60°N.
The bias in the TES data, as estimated by Nassar et al.
[2008], was removed before assimilation of the data. As
described by Parrington et al. [2008], the initial forecast
error is taken as 50% of the initial forecast field and hori-
zontal correlations in the forecast error covariance matrix are
neglected. The analysis increment above 100 hPa is set to
zero so as to constrain only tropospheric O3. As shown in
Figure 3, the assimilation significantly increases the ozone
abundance throughout the free troposphere in the extra-
tropics, compared to the control run without TES assimila-
tion (referred to as the “assimilation control”). Parrington
et al. [2008] showed that over North America the assim-
ilation reduced the model bias relative to ozonesondes from
10%–25% to less than 5% between 300 and 800 hPa. The
TES assimilation was also evaluated byWorden et al. [2009]
over North Africa, the Middle East, and Asia. They com-
pared the TES assimilation in GEOS-Chem with assimilated
ozone data from the Microwave Limb Sounder (MLS) and
the Ozone Monitoring Instrument (OMI) in the GEOS-4 data
assimilation system at NASA GMAO. They found that
assimilation of TES data into GEOS-Chem reduced the bias
in the model relative to the OMI and MLS assimilated fields
at GMAO from 6.8 ppbv to 1.4 ppbv in the upper tropo-
sphere across the region, suggesting that the TES assimila-
tion provided an improved description of tropospheric ozone
in the model, that is consistent with the information from the
OMI and MLS satellite instruments. Since the TES assimi-
lation strongly constrains the distribution of midlatitude
ozone, we can validate the meridional transport into the
Arctic in the model by assimilating TES data outside the
Arctic to provide a midlatitude boundary condition for
ozone.

Table 2. Emissions From Anthropogenic Source Inventories Used in GEOS-Chema

Inventory Domain Total NOx (Tg N/yr) Total CO (Tg C/yr) Total VOC (Tg C/yr)

Old emissions (GEIA) Global 24.0 142.2 47.4
Baseline (EDGAR) Global 27.1 188.3 48.2
EPA/NEI99 United States �1.2 �1.8 �0.3
CAC Canada +0.1 �0.4 �0.3
BRAVO Mexico �0.1 �0.4 �0.1
EMEP Europe +0.5 �12.4 �5.0
Streets East Asia +3.1 +56.7 +4.5

aThe old emissions and baseline rows give global total anthropogenic NOx, CO, and volatile organic carbon (VOC) emissions from those simulations,
including any regional inventories used. Regional inventories overwrite the global inventories as described in the text. Changes in regional emissions
are shown relative to the old emissions simulation. A negative change indicates that emissions are lower in the baseline simulation. Values are based on
emissions from April applied throughout the entire year.
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[24] As seen in Figure 3, the TES assimilation shows large
increases in ozone in the Arctic relative to the assimilation
control run, even though no TES data were ingested into the
assimilation poleward of 60°N. Figure 4 compares the ver-
tical profiles of ozone from the baseline (green), assimilation
(red), and assimilation control (blue) runs at Eureka and
Ny-Ålesund in July. The mean model bias below 300 hPa
relative to the ozonesondes is reduced from �9.9 ppbv
(�16%) in the assimilation control run to �3.5 ppbv (�6%)
at Eureka with the TES assimilation, and from �9.4 ppbv
(�16%) to �2.4 ppbv (�5%) at Ny-Ålesund. The con-
centrations near the surface at these two sites show little
change with the assimilation. The agreement with the TES
assimilation and the ozonesondes in the Arctic suggests that
the meteorological fields driving the model (v7-02-04 and
v8-01-04) provide an unbiased description of transport into
the Arctic.
[25] Figure 3 also demonstrates that the baseline simula-

tion (version 8-01-04 without assimilation) compares well
with the TES assimilation. In the middle troposphere of the
midlatitudes, between 20°N and 50°N, the mean bias in
ozone between the two model simulations is 0.9 ppbv. The
high-latitude ozone distribution in the baseline simulation is

also consistent with the TES assimilation, as are the ozone-
sonde observations, as seen in Figure 4. The differences in
the mean abundance of ozone in the Arctic summer between
the baseline simulation and the TES assimilation are less
than 5%. The agreement between the baseline simulation
and the TES assimilation in the Arctic suggests that the
baseline model is providing a reliable description of trans-
port of midlatitude ozone into the Arctic. This gives us
confidence that the tagged ozone analysis presented below
gives a meaningful assessment of the impact of the midlat-
itude source regions on Arctic ozone abundances.
[26] Parrington et al. [2008] and Jourdain et al. [2010]

suggested that the underestimate of ozone in the assimila-
tion control run is due mainly to an underestimate of light-
ning NOx (LNOx) emissions in v7-02-04 of GEOS-Chem.
To assess the extent to which the improvements seen in
Figure 3 are due to the changes in the LNOx source, we ran
version v8-01-04 of GEOS-Chem with the same surface
emissions as in v7-02-04, but kept the OTD-LIS scaling of
the LNOx emissions. This run is labeled “Old emissions” in
Table 1. Table 3 shows that the increases in ozone obtained
with the TES assimilation relative to the assimilation control
run are comparable in the middle (400–750 hPa) and upper

Figure 3. Monthly mean ozone concentrations for July 2006 in the middle troposphere (model level 9,
approximately 6 km altitude) (top) for the assimilation control, (middle) for the Tropospheric Emission
Spectrometer (TES) assimilation runs in v7-02-04, and (bottom) for the baseline simulation in v8-01-04.
The difference between the Figures 3 (top) and 3 (middle) shows the impact of assimilating TES ozone
profiles.
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(above 400 hPa) troposphere to those increases obtained
with the improved LNOx source (the main difference
between the old emissions and assimilation control runs). In
the middle and upper troposphere the TES assimilation
increased ozone by 14% and 33%, respectively, whereas the
new LNOx source enhanced ozone by 19% and 33%,
respectively. This suggests that in the free troposphere, the
TES assimilation is indeed largely correcting the underesti-
mate in midlatitude ozone due to the lightning precursor
emissions in v7-02-04.

3.2. Impact of Midlatitude Continental Source Regions
on Arctic Ozone

[27] We conducted a tagged ozone analysis to quantify the
contribution of ozone from midlatitude continental source
regions to the budget of ozone in the Arctic. In the tagged
ozone simulation the ozone chemistry is linearized using
production rates and loss frequencies archived from the
baseline run. This allows us to use separate tracers to track
odd oxygen (Ox = O3 + NO2 + 2NO3 + PAN + MPAN +

PPN + 3N2O5 + HNO4 + HNO3) produced in the different
source regions shown in Figure 5. The Arctic region shown
in Figure 5 includes everything north of 60°N, including
parts of northern Canada, Scandinavia, and Russia.
[28] Figures 6 and 7 show the fractional contribution to the

simulated ozone distribution above Eureka and Ny-Ålesund,
respectively, from the six regions (the stratosphere, Asia,
Europe, North America, Siberia, and the Arctic) that repre-
sent the dominant contributions to the ozone budget. Trans-
port from other source regions provide contributions of less
than 5% and are not examined here. The corresponding total
Ox distributions at these sites are shown in Figure 2 (bottom).
[29] The stratospheric tracer has its maximum influence at

Eureka in early spring, and its contribution increases with
altitude. Little stratospheric influence reaches the surface in
the summer and autumn, consistent with Lagrangian studies
of stratospheric influence at Arctic surface sites [Stohl, 2006;
Hirdman et al., 2010]. However, analysis of long-term
ozonesonde records in the Arctic show statistically signifi-
cant correlations in ozone anomalies that link the lower

Table 3. Differences in the Mean Ozone Concentrations North of 60°N in the Lower, Middle, and Upper Troposphere Between Pairs of
Forward Model Sensitivity Simulationsa

Simulations Arctic LT Arctic MT Arctic UT

TES assimilation - assimilation control 1.0 ppbv, 3.6% 6.6 ppbv, 14% 21 ppbv, 33%
Old emissions - assimilation control 2.0 ppbv, 7.1% 9.1 ppbv, 19% 21 ppbv, 33%
TES assimilation - baseline 0.8 ppbv, 3.0% �2.9 ppbv, �5.1% �0.1 ppbv, �0.1%
Baseline - no PAN 1.8 ppbv, 6.2% �1.1 ppbv, �1.9% �3.4 ppbv, �3.9%

aLT, lower troposphere (surface to 750 hPa); MT, middle troposphere (750 to 400 hPa); UT, upper troposphere (400 hPa to tropopause).

Figure 4. Vertical profiles of mean ozone mixing ratio for July–August 2006 above (left) Eureka and
(right) Ny-Ålesund. Ozonesonde observations are shown in black, with error bars showing the standard
deviation of the observations. Values from GEOS-Chem v7-02-04 without assimilation are shown in blue
(assimilation control simulation). Values from the assimilation run are shown in red, and values from
v8-01-04 (baseline simulation) are shown in green. The horizontal dotted black line denotes the mean
tropopause pressure for this period.
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stratosphere to the troposphere all the way to the surface
[Tarasick et al., 2005]. It was suggested by Terao et al.
[2008] that the correlations in the observational record
could reflect variations in large-scale subsidence down into
the Arctic lower troposphere.

[30] The European, North American, and Asian contribu-
tions maximize in spring and fall when intercontinental
transport is most active [Stohl, 2001; Fiore et al., 2009]. In
summer, transport times to the Arctic are longer, and air
transported to the Arctic from midlatitudes will climb along

Figure 6. Percent contribution to the ozone profile above Eureka in 2006 due to ozone produced in the
stratosphere and in the lower troposphere over Asia, Europe, North America, Siberia, and the Arctic. The
contributions were estimated using the tagged ozone simulation, in which separate tracers are specified for
ozone produced in each of the source regions shown in Figure 5.

Figure 5. Region definitions for tagged ozone simulation. Midlatitude regions discussed in Figures 6 and
7 are colored. The Arctic region is defined as everything poleward of 60°N.
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isentropic surfaces, effectively isolating the Arctic lower
troposphere [Stohl, 2006]. As a result, only high-latitude
sources in regions such as Siberia, Europe, and North
America are expected to have much influence on surface
ozone abundances in the Arctic. Pollutants transported from
lower latitudes will influence the Arctic at higher altitudes
[Eckhardt et al., 2003]. Consequently, we find that the Asian
contribution (mainly from East Asia) in the Arctic tropo-
sphere in summer is larger in the upper troposphere. Over
both Eureka and Ny-Ålesund the Asian contribution is less
than 10% throughout the troposphere, but the influence is
greater over Eureka than over Ny-Ålesund. Stohl [2006]
identified three pathways for transport to the lower Arctic
troposphere: low-level lateral transport, fast low-level
transport followed by ascent in the Arctic, and ascent outside
the Arctic followed by lateral transport, then descent inside
the Arctic. Emissions from northern source regions such as
Europe and from boreal fires have access to the first pathway
[Stohl et al., 2007], which can be especially efficient during
the positive phase of the North Atlantic Oscillation
[Eckhardt et al., 2003; Stohl et al., 2007]. Asian pollutants
begin at a higher potential temperature, and so have access
mainly to the third pathway which can take 15–20 days.
[31] In summer at Eureka (Figure 6) the European influ-

ence is small, less than 8% throughout the troposphere.
Transport from North America and local production in the
Arctic provide the dominant contributions to local ozone
abundances. Over Ny-Ålesund (Figure 7) European sources
have a much stronger influence. The North American and
European sources each account for about 10%–15% of the

ozone abundances at the surface in summer, with a slightly
larger contribution from Europe. The greater European
influence at the surface at this site is consistent with previous
studies [Duncan and Bey, 2004; Stohl, 2006]. However, the
European contribution is confined to the lower troposphere,
whereas the North American influence extends into the
middle troposphere.
[32] Ozone produced within the Arctic is limited to the

sunlit summer months. At Eureka and Ny-Ålesund this local
source accounts for more than 50% of the ozone in the lower
troposphere and as much as 30%–40% of the ozone in the
middle troposphere. As mentioned above, this production is
driven mainly by precursor emissions at high latitudes.
Below we use the adjoint of the GEOS-Chem model to
examine in greater detail the sensitivity of this local ozone
source to emissions of NOx, a key ozone precursor.

3.3. Sensitivity of Arctic Ozone to NOx Emissions

[33] The adjoint model of GEOS-Chem is used to calcu-
late the sensitivity of ozone in either the lower or middle
troposphere above Alert to monthly mean NOx emissions. A
separate adjoint simulation is performed for the first two
weeks of each month between April and August 2006.
Sensitivities are calculated for every model grid box, and
represent the fractional change that would occur in ozone
above Alert for a fractional change in the emissions in a
particular grid box. This approach provides rapid, detailed
information about which types of emissions and which
locations are impacting a particular site at a particular time.

Figure 7. Same as Figure 6, but for the ozone profile above Ny-Ålesund.
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[34] Figure 8 shows maps of the sensitivities calculated by
the adjoint model. Figure 8 (left) shows the sensitivity of
ozone in the middle troposphere (850–500 hPa) above Alert
to NOx emissions from fossil fuel combustion, biomass
burning, lightning, and from soils in the first two weeks of
June 2006. Figure 8 (right) shows the sensitivities in the first
two weeks of July 2006. If the sensitivity at a particular
location is a, and the emissions at that location were
changed by a fractional amount b, then the fractional change
in the cost function (here, the Ox abundance in the middle
troposphere above Alert) will be ab. Because the sensitivi-
ties reflect the influence of atmospheric transport, the maps
depend somewhat on the synoptic conditions during the
chosen 2 week simulation period. In the first two weeks of
June, North America (mainly western Canada) was the
dominant source region for NOx that influenced ozone
abundances over Alert. In particular, ozone over Alert was
most sensitive to anthropogenic and biomass burning emis-
sions from northern Alberta. The greatest sensitivity to
emissions in Eurasia was to anthropogenic emissions from
western Russia and Scandinavia. In contrast, in the first two
weeks of July, ozone abundances over Alert were most
sensitive to NOx emissions from biomass burning and
lightning in central Russia. There was weaker sensitivity to
NOx emissions from soils in central Russia and from fossil
fuel combustion in Scandinavia and the United Kingdom.
[35] To better compare the relative importance of the dif-

ferent sources of NOx, the zonally summed sensitivities for
ozone in the lower and middle troposphere over Alert in the

first two weeks of June, July, and August 2006 are shown in
Figure 9. Ozone abundances in the lower troposphere at
Alert are most sensitive to NOx emissions between 55°N and
70°N. Throughout summer there was strong sensitivity to
fossil fuel emissions at these latitudes, with comparable
sensitivity to soil emissions near 70°N. The sensitivity to
biomass burning emissions peaks in July and is comparable
to that for fossil fuel emissions near 60°N. In the middle
troposphere, ozone was most sensitive to anthropogenic NOx

emissions between 50°N and 60°N, but in July the sensi-
tivity to emissions from lightning and biomass burning
increased, and biomass burning emissions near 60°N had the
greatest influence on the ozone abundances. By August, the
greatest sensitivity in the middle troposphere was to
anthropogenic emissions outside the Arctic, between 50°N
and 55°N, and to lightning emissions within the Arctic,
between 65°N and 70°N.
[36] When interpreting Figures 8 and 9, it is important to

note that the sensitivity analysis is only as accurate as the
ozone simulation in GEOS-Chem. If our knowledge of the
distribution of the ozone precursor emissions is incom-
plete, or if there are missing processes in the chemical
mechanism in the model, the sensitivity analysis will be
biased. However, the good agreement between the surface
observations and the modeled ozone abundances at Alert
suggests that the model is providing a reliable description
of the main processes controlling the ozone distribution.
Our analysis indicates that on synoptic time scales the
local ozone source in the Arctic shown in Figures 6 and 7

Figure 8. Example maps of the sensitivity of Ox concentration in the middle troposphere above Alert to
various types of NOx emissions. From top to bottom, the plots show the sensitivity to anthropogenic, bio-
mass burning, lightning, and soil NOx emissions. Sensitivities are shown for the first 2 weeks of (left) June
and (right) July of 2006. The color scale indicates the fractional amount by which Ox in the middle tropo-
sphere above Alert would change in response to a perturbation in emissions at a particular location.

WALKER ET AL.: SOURCES OF ARCTIC OZONE D01305D01305

10 of 17



reflects mainly the influence of anthropogenic and soil
emissions of NOx in the Arctic, together with more vari-
able contributions from biomass burning and lightning at
high latitudes. On longer time scales, the region to which
ozone at Alert is sensitive extends further equatorward,
and because different source regions may be included in
the region of influence, the relative importance of the
different emissions types may change.

3.4. Impact of PAN Decomposition on Ozone
Production in the Arctic

[37] Local production of ozone in the Arctic lower tropo-
sphere accounts for more than 50% of the ozone budget, but
emissions of ozone precursors at high latitudes are small.
The release of NOx from the decomposition of PAN, which
acts as a long-lived reservoir for NOx, is thought to enhance
ozone production in the Arctic summer [Fan et al., 1994;
Beine and Krojnes, 2000]. Long-range transport of PAN
from lower latitudes therefore enables the displacement of
the ozone-producing capacity of NOx over long distances
[Singh, 1987; Singh et al., 1992; Fan et al., 1994]. We
examine here the impact of NOx from PAN decomposition
on the ozone budget. We isolate this impact by comparing
the baseline run with a simulation of GEOS-Chem with the
PAN to NOx interconversion turned off. Turning off this
reaction allows us to separate the influence of this transport
pathway (by taking the difference with the baseline run) in a
similar way to determining the influence of an emissions
source by turning off that emissions source in the model and

comparing to the baseline simulation [Moxim et al., 1996;
Levy et al., 1999; Walker et al., 2010].
[38] The baseline simulation gives a good representation

of PAN at the surface in the Arctic. Figure 10 shows a year
of PAN daily mean mixing ratios measured at Alert in 2001
compared to the values in the baseline simulation. PAN data
from this site were only available until 2001, so simulations
with emissions appropriate to that year were used for this
comparison. PAN concentrations are a minimum in the
summer and increase throughout the dark winter. PAN con-
centrations also fall precipitously from their spring maximum
to very low values that persist through the summer, which is
consistent with the seasonal cycle observed in the European
Arctic [Beine and Krojnes, 2000]. Agreement between
modeled and observed PAN is good, with a mean model bias
in the daily average PAN concentrations of �5.4 pptv (5%).
[39] A number of observations suggest that peroxyacetyl

nitrates (PAN + MPAN + PPN) constitute the largest frac-
tion of reactive nitrogen (NOy) in the Arctic lower tropo-
sphere [Singh, 1987; Bottenheim et al., 1993] and at higher
altitudes as well [Talbot et al., 1994; Alvarado et al., 2010].
Qualitatively, GEOS-Chem reproduces this aspect of the
NOy budget, although recent aircraft observations suggest
that the partitioning between nitric acid and PAN in GEOS-
Chem is biased [e.g., Hudman et al., 2007; Walker et al.,
2010; Alvarado et al., 2010]. Hudman et al. [2007] com-
pared the model to aircraft observations of PAN over North
America in summer and found that the model reproduced
well the data in the lower troposphere, but underestimated

Figure 9. Sensitivity of Ox in percent in the lower (top) and middle (bottom) troposphere above Alert to
various sources of NOx precursor emissions, summed zonally. Sensitivities are shown for the first 2 weeks
of June (left), July (middle), and August (bottom) of 2006.
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abundances in the upper troposphere by about 30%.
Alvarado et al. [2010] examined NOx and PAN abundances
in boreal fire plumes and found that the model PAN
accounted for as much as 45% of the NOy in the fresh
plumes, but the model overestimated the HNO3 to PAN ratio
relative to the observations, even after correcting the parti-
tioning at the biomass burning source. Alvarado et al. [2010]

suggested that either the simulated emissions of acetalde-
hyde, an important PAN precursor, are too low, that the
biomass burning emissions is injected at too low an altitude
in the model, or that the simulated scavenging of nitric acid
is underestimated. Millet et al. [2010] used remote sensing
constraints in GEOS-Chem to estimate a global source of
acetaldehyde four times greater than is used here, but with a
large uncertainty in the ocean exchange. Nitric acid is often
overestimated in global models such as GEOS-Chem, and
insufficient scavenging is thought to be the reason [Bey et al.,
2001]. However, for the purposes of this study, the ability of
the model to reproduce many of the features in the yearlong
PAN and ozone observations at Alert lends confidence that
the ozone production in the lower troposphere described here
does not depend on the exact partitioning of NOy in the upper
troposphere in the model.
[40] Figure 11 (top) shows the zonal mean net production

of peroxyacetyl nitrates in May 2006. While the maximum
appears at midlatitudes near the surface, the production
remains slightly positive in the Arctic midtroposphere. PAN
can be cotransported with other species during winter and
spring [Beine and Krojnes, 2000], or it can be produced in
the local Arctic environment from PAN precursors transport
from elsewhere. The remote middle troposphere still con-
tains ample precursors to the formation of peroxyacyl radi-
cals, such as acetone [Brühl et al., 2000; Staudt et al., 2003].
We conducted an adjoint sensitivity analysis of the PAN
chemistry and found that among peroxyacyl radical pre-
cursors, the modeled PAN in the Arctic was most sensitive
to acetone abundances. In the model, acetaldehyde levels
also persist in the Arctic middle troposphere until April, but

Figure 10. Seasonal cycle of PAN at the surface at Alert
(82°N, 62°W) in 2001. Red symbols indicate simulated
values from the baseline simulation; black symbols are daily
average values of the observations. Vertical error bars repre-
sent the standard deviation in the observations over the
course of the day.

Figure 11. Zonal mean plots during May 2006 of net production of (top) peroxyacetyl nitrates, (middle)
the concentration of NOx due to transport by peroxyacetyl nitrates, and (bottom) ozone production due to
transport by peroxyacetyl nitrates. The color bar for net PAN production is saturated in the lower
midlatitudes.
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are rapidly depleted to mean concentrations of 20 pptv by
June, whereas acetone concentrations remain at a back-
ground level of about 1 ppbv throughout the summer. The
simulation of acetone in this version of GEOS-Chem is
known to be biased high; however, the impact of this bias on
the PAN concentrations in the Arctic lower troposphere is
small and a full discussion of the model acetone budget is
beyond the scope of this work.
[41] In the Arctic, the peak in PAN production at around

600 hPa coincides with the peak in organic precursor
abundances. Throughout the middle and upper troposphere
in the Arctic, PAN production represents a sink for NOx

(Figure 11, middle). On the other hand, the Arctic lower
troposphere in May is a region of net PAN destruction, and
therefore a source of NOx and ozone as shown in Figures 11
(middle) and 11 (bottom), respectively.
[42] Ozone produced by locally released NOx is not static,

but evolves through the spring and summer. Figure 12 (left)
shows vertical profiles of net ozone production for April
through August 2006 in the baseline simulation, averaged
across the Arctic. Except in April, the Arctic boundary layer
exhibits net production of ozone. As shown in Figure 13,
this production is driven by surface NOx concentrations of
about 50 pptv in July. There is also net ozone production
throughout spring and summer in the upper troposphere,
above 500–600 hPa. In contrast, the lower troposphere
between about 850 and 600 hPa, is a net sink for ozone.

This picture of Arctic ozone production is consistent with
previous studies [Fan et al., 1994; Cantrell et al., 2003;
Liang et al., 2009]. Liang et al. [2009] suggested that the
increase in NOx concentrations, and thus the ozone produc-
tion in the upper troposphere, is driven by transport of NOx

from the stratosphere. However, as shown in Figure 13, we
find that emissions of NOx from lightning provides a signif-
icant source of upper tropospheric NOx.
[43] Figure 12 (right) shows the change in the net ozone

production when the reaction that interconverts NOx and
PAN is removed from the chemical mechanism in the model.
The changes were obtained by taking the difference of the
“no PAN” and baseline simulations. Figure 12 shows that
NOx supplied through PAN was providing up to 0.25 ppbv/d
of ozone near the surface in May, when this effect has the
greatest impact at the surface. This accounted for 93% of the
total ozone production at the surface in May. In June, NOx

from PAN accounted for 55% of the total production at the
surface, whereas by August the impact was negligible. In all
months in the middle and upper troposphere, above about
600 hPa, suppressing the conversion of NOx to PAN resulted
in a slight increase in net ozone production of about 12%,
since PAN production acts as a NOx sink at these altitudes.
Figure 12 (bottom) shows the effect of this chemical pathway
on the mean Arctic ozone concentrations. From May to
August, NOx supplied through PAN provides an additional

Figure 12. Vertical profiles of (top) net ozone production and (bottom) ozone concentrations averaged
north of 60°N for months from April to August 2006. (left) The net ozone production and ozone concen-
trations from the baseline run and (right) the change in the net ozone production and ozone concentrations
as a result of the suppression of the PAN to NOx interconversion.
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2 ppbv of ozone to the Arctic boundary layer, which
accounts for up to 10% of the total ozone abundance.

4. Conclusions

[44] We have conducted an analysis of the budget of
ozone in the Arctic troposphere in summer 2006 using the
GEOS-Chem model. In particular, we focused on quantify-
ing the ozone budget at Eureka, Ny-Ålesund, and Alert,
where there are good observational records. When we
assimilated TES ozone data to constrain the modeled ozone
distribution south of 60°N, the model reproduced well the
ozonesonde observations in the Arctic, indicating that the
poleward transport of midlatitude ozone in the model is
reliable. We found that although the impact of midlatitude
emissions on ozone abundances in the Arctic is at a maxi-
mum in fall and winter, in July transport from North
America, Asia, and Europe together contributed about 25%
of surface ozone abundances in the Arctic. As expected,
surface ozone abundances at Eureka were influenced more
by transport from North America than from Europe, which
accounted for 11% and 5% of local surface ozone abun-
dances, respectively. In contrast, at Ny-Ålesund transport of
ozone from North America and Europe contributed about
10%–15% each to local ozone abundances. Transport of
ozone from Asia had the least impact on the Arctic tropo-
sphere. Throughout the summer, the dominant source of
ozone in the Arctic troposphere was photochemical pro-
duction within the Arctic, which accounted for more than
50% of the ozone in the Arctic boundary layer and as much
as 30%–40% of the ozone in the middle troposphere.
[45] To better under the processes contributing to sum-

mertime ozone abundances in the Arctic, we used the adjoint
of GEOS-Chem to perform a sensitivity analysis of the

impact of NOx emissions on ozone at Alert. NOx is a key
ozone precursor and we found that in both the boundary
layer and middle troposphere, ozone abundances at Alert
were most sensitive to NOx emissions between 50°N and
70°N. Throughout the summer there was strong sensitivity
to anthropogenic emissions at these latitudes, although soil
emissions of NOx in the Arctic, near 70°N, also had a
strong influence on surface ozone abundances at Alert. As
expected, the influence of biomass burning and lightning
was more variable. The sensitivity of middle tropospheric
ozone above Alert to lightning emissions at times excee-
ded that to anthropogenic emissions. In the boundary layer
and in the middle troposphere, the sensitivity to biomass
burning peaked in the July, when it was comparable to the
sensitivity to anthropogenic emissions. We found that in
June ozone abundances in the middle troposphere over
Alert were most sensitive to anthropogenic and biomass
burning emissions from northern Alberta, Canada, whereas
in July the greatest sensitivity was to biomass burning and
lightning NOx emissions from Central Russia.
[46] Although local surface emissions of NOx contributed

significantly to ozone production within the Arctic boundary
layer, transport of NOx in the form of PAN from outside the
Arctic and from the upper troposphere also contributed to
ozone production in the lower troposphere. We found that in
late May and June, the release of NOx from PAN decom-
position accounted for 93% and 55%, respectively, of the
ozone production at the Arctic surface. By July, the fraction
of ozone production at the surface associated with PAN
decomposition had decreased to 8%. In the upper tropo-
sphere, the production of PAN, which acts as a sink for NOx,
resulted in about a 12% decrease in ozone production,
averaged from June through August.

Figure 13. Vertical mean profile of NOx at 70°N in July 2006. The blue line shows the baseline simula-
tion, the red line shows the “no-PAN” simulation, and the green line shows the baseline simulation with
the lightning NOx source turned off.
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[47] Our results suggest that although the Arctic lower
troposphere is more isolated in summer than at other times
during the year, transport of ozone from midlatitude source
regions does impact surface ozone abundances in the Arctic.
An important question that needs to be examined is how
climate-related changes in atmospheric transport pathways
will influence summertime ozone abundances in the Arctic.
There are also climate-related implications for the strong
sensitivity that we find in ozone with respect to high-latitude
emissions of NOx from soils and lightning. Although these
are natural sources of NOx, it is important in both an air
quality and climate context to understand how changes in
climate will influence the contribution of these sources to
background ozone levels throughout the Arctic.
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