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[1] Daily ozonesondes were launched from 14 North American sites during August 2006,
providing the best set of free tropospheric ozone measurements ever gathered across
the continent in a single season. The data reveal a distinct upper tropospheric ozone
maximum above eastern North America and centered over the southeastern USA.
Recurring each year, the location and strength of the ozone maximum is influenced by the
summertime upper tropospheric anticyclone that traps convectively lofted ozone, ozone
precursors and lightning NOx above the southeastern USA. The North American summer
monsoon that flows northward along the Rocky Mountains is embedded within the
western side of the anticyclone and also marks the westernmost extent of the ozone
maximum. Removing the influence from stratospheric intrusions, median ozone mixing
ratios (78 ppbv) in the upper troposphere (>6 km) above Alabama, near the center of the
anticyclone, were nearly twice the level above the U.S. west coast. Simulations by an
atmospheric chemistry general circulation model indicate lightning NOx emissions led to
the production of 25–30 ppbv of ozone at 250 hPa above the southern United States
during the study period. On the regional scale the ozone enhancement above the
southeastern United States produced a positive all-sky adjusted radiative forcing up to
0.50 W m�2.

Citation: Cooper, O. R., et al. (2007), Evidence for a recurring eastern North America upper tropospheric ozone maximum during

summer, J. Geophys. Res., 112, D23304, doi:10.1029/2007JD008710.

1. Introduction

[2] Tropospheric ozone is a central trace gas that influ-
ences the oxidizing capacity of the troposphere, and is also a

strong greenhouse gas, especially in the upper troposphere
where ozone changes have a greater impact on surface
temperatures [Forster and Shine, 1997; Intergovernmental
Panel on Climate Change, 2001, 2007]. Much of the
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tropospheric ozone burden is produced from anthropogenic
emissions [Levy et al., 1997; Hauglustaine et al., 1998],
resulting in widespread ozone increases since the late 1800s
[Marenco et al., 1994; Staehelin et al., 1994; Lamarque et
al., 2005; Oltmans et al., 2006]. The increase of ozone since
preindustrial times has produced a global average radiative
forcing of 0.35 W m�2. The positive radiative forcing of
tropospheric ozone is comparable to that of halocarbons,
and twice that of N2O, but lower than the radiative forcing
from CO2 and CH4 [Intergovernmental Panel on Climate
Change, 2001, 2007]. The Intergovernmental Panel on
Climate Change assigns a level of understanding of ‘‘me-
dium’’ to tropospheric ozone’s radiative forcing, because of
its shorter lifetime compared to other greenhouse gases and
its large spatial and seasonal variability. The lack of a
global-scale free tropospheric ozone monitoring network
has prevented researchers from collecting in situ data that
can reveal the full spatial and temporal variability of
tropospheric ozone on a global or even continental scale.
[3] A recent development in our understanding of tropo-

spheric ozone is the discovery of a summertime ozone
maximum within the upper tropospheric anticyclone above
the southern United States. The existence of this feature was
first suggested by Li et al. [2005]. Output from their
chemical transport model indicated that the ozone enhance-
ment would be the result of convective lofting of surface
ozone, and in situ production by anthropogenic NOx,
lightning NOx, and in part by HOx radicals produced from
convectively lifted formaldehyde that originates from bio-
genic isoprene. The ozone could be produced over many
days because of the trapping of the ozone precursors in the
semipermanent upper tropospheric anticyclone located
above eastern North America during summer. Verification
of the study was limited by the availability of just five
ozonesondes from Huntsville, Alabama. While these sondes
did indicate enhanced upper tropospheric ozone, the exis-
tence of a horizontally extensive but isolated upper tropo-
spheric ozone maximum could not be confirmed because of
the lack of an ozone measurement network across North
America.
[4] During summer 2004 the INTEX Ozonesonde Net-

work Study (IONS) experiment provided ozonesondes from
multiple sites across eastern North America plus one up-
wind site at Trinidad Head, California [Thompson et al.,
2007b]. Cooper et al. [2006] combined the IONS ozone-
sondes with ozone profiles from MOZAIC commercial
aircraft at several US and Canadian airports, and ozone
profiles from a lidar in southern California, to produce a
more comprehensive set of free-tropospheric ozone profiles
across North America. Once the model-calculated strato-
spheric ozone contribution had been removed from all
tropospheric profiles the data did reveal an upper tropo-
spheric ozone enhancement above southeastern Texas, in
agreement with Li et al. [2005]. On average the upper
troposphere of eastern North America contained an addi-
tional 16 ppbv of ozone compared to the west coast, with a
maximum enhancement of 24 ppbv above Houston, Texas.
A detailed study of NOx sources indicated that lightning
produced 78–95% of the NOx in the upper troposphere
above eastern North America, and that 69–84% of the
ozone enhancement was due to in situ ozone production
from lightning NOx (ozone production rates of 3–4 ppbv/d)

with the remainder due to transport of ozone from the
surface or in situ ozone production from other sources of
NOx. Recent work by Hudman et al. [2007] reaches similar
conclusions regarding the upper tropospheric NOx budget.
[5] To learn more about the North American free tropo-

spheric ozone distribution, an additional phase of the IONS
experiment was conducted during August 2006, which
measured for the first time the free tropospheric ozone
distribution across North America in a single season, and
also provided the best free tropospheric ozone data set ever
collected across the continent. This ozonesonde network
was specifically designed to quantify (1) the background
ozone that flows into western and southern North America,
(2) the ozone exported from North America in polluted air
masses, and (3) the enhanced ozone mixing ratios in the
upper tropospheric anticyclone above the southern USA.
[6] The purpose of the present study is to use the

unprecedented spatial and temporal coverage of the August
2006 IONS data to (1) support the recent studies that
indicate the presence of an upper tropospheric ozone
enhancement above eastern North America during summer
and (2) further our understanding of the feature’s spatial
extent, interannual variability, and its relationship to the
North American Monsoon. The analysis begins with an
examination of tropospheric ozone across North America
using high-quality ozonesonde measurements and a particle
dispersion model to remove any recent influence from the
stratosphere. An atmospheric chemistry general circulation
model is then used to simulate tropospheric ozone produc-
tion above North America to gauge the impact of lightning
NOx emissions on the upper tropospheric ozone enhance-
ment. We then examine the transport patterns that maintain
the upper tropospheric ozone maximum and its interannual
variability. Finally, we employ a radiative transfer model to
estimate the influence of the ozone maximum on the
adjusted radiative forcing at the tropopause above the
southern United States.

2. Method

[7] The 410 ozone profiles utilized in this study were
measured exclusively by balloon-borne ozonesondes
equipped with electrochemical concentration cell sensors
that have an accuracy of about 10% in the troposphere
[Newchurch et al., 2003; Thompson et al., 2007a; Smit et
al., 2007]. Table 1 lists each of the 14 ozonesonde sites, the
number of profiles and the launch periods. Most of the
profiles (96%) occurred during August 2006, with a few
occurring in late July or early September. To maximize the
sample size, three of the sites contain a combination of
profiles from nearby sites: Texas Coast contains profiles
from downtown Houston and the research vessel R. H.
Brown that patrolled nearby Galveston Bay and adjoining
portions of the Texas coast; Ontario has profiles from the
towns of Walsingham and Egbert (190 km apart); Mid-
Atlantic has profiles from Beltsville, Maryland and Wallops
Island, Virginia (170 km apart).
[8] The FLEXPART Lagrangian particle dispersion mod-

el was used to determine the transport histories of the air
masses sampled by each ozonesonde as well as the quantity
of ozone that originated in the stratosphere over the previ-
ous 20 d [Stohl et al., 1998, 2005]. The model calculates the
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trajectories of a multitude of particles and was driven by
ECMWF wind fields with a temporal resolution of 3 h
(analyses at 0000, 0600, 1200, 1800 UTC; 3-h forecasts
at 0300, 0900, 1500, 2100 UTC), horizontal resolution of
1� � 1�, and 90 vertical levels. Nested ECMWF windfields
of 0.36� resolution and 90 vertical levels were used for the
area between 108–27�W and 9–54�N. Particles are trans-
ported both by the resolved winds and parameterized sub-
grid motions. To account for convection, FLEXPART uses
the parameterization scheme of Emanuel and Živković-
Rothman [1999], which is implemented at each 15-min
model time step, and is intended to describe all types of
convection. Verified by Forster et al. [2007], the scheme
produces convective precipitation amounts that are in
relatively good agreement with observations both in the
tropics and extratropics. It also improves the agreement
of FLEXPART simulations with airborne tracer measure-
ments compared to simulations without the convection
parameterization.
[9] FLEXPART simulates well stratosphere-to-troposphere

transport processes, and has been used to determine a
15-year global climatology of stratospheric intrusions
[James et al., 2003]; the morphology and lifetimes of
midlatitude stratospheric intrusions that penetrate all the
way to the lower troposphere and marine boundary layer
above the tropical North Pacific Ocean [Cooper et al.,
2005]; and the influence of stratospheric ozone on the upper
troposphere above North America [Cooper et al., 2006]. In
the present study the quantity of stratospheric ozone impact-
ing each ozone profile in the troposphere was calculated
using the FLEXPART retroplume technique [Stohl et al.,
2003], as described by Cooper et al. [2006]. Briefly, 40,000
back trajectory particles were released from each 500 m
layer of each ozone profile. The number of particles that
entered the stratosphere over the previous 20 d was tabu-
lated along with their potential vorticity (PV) values. To
estimate the amount of stratospheric ozone carried by each
particle, the mass of each particle was scaled by the O3/PV
ratio of the lower stratosphere, as determined from the
ozonesondes and ECMWF analyses. To account for the fact
that the PV value for a given particle changes over time this
calculation was averaged over each day that the particles
were in the stratosphere. Once the particles left the strato-
sphere the ozone was allowed to decay with a 90-d e-folding

lifetime. These values were integrated over all 40,000
particles in a given retroplume to yield the quantity of
stratospheric ozone influencing a particular 500 m layer of
an ozone profile. To verify the modeled results, the ratio of
modeled/measured ozone values was calculated for all
IONS ozonesonde profiles for each 500 m layer in the
stratosphere (PV > 2). The geometric mean of all the point-
by-point ratios of modeled/measured ozone was 0.95. A
correction was applied to remove this small (5%) low bias.
The standard error of the modeled stratospheric ozone
compared to measured ozone was a factor of 1.5, similar
to the standard error reported in other FLEXPART studies
[Cooper et al., 2005, 2006]. Overall the influence from the
stratosphere was similar during 2006 and 2004, with slightly
more influence above Ontario and Sable Island during 2006
[Cooper et al., 2006].
[10] The ECHAM5/MESSy1 atmospheric chemistry gen-

eral circulation model [Jöckel et al., 2006] was used to
calculate ozone at 250 hPa above North America during the
summers of 2004 and 2006. The Modular Earth Submodel
System (MESSy) describes atmospheric chemistry and
meteorological processes in a modular framework for the
lower and middle atmosphere up to an altitude of 80 km,
and applies a relatively high resolution around the tropo-
pause of about 500 m. The chemical mechanism includes
104 gas phase species and 245 reactions including hetero-
geneous reactions on sulfate aerosol and PSC-particles
calculated by the MECCA submodel. The model includes
biogenic emissions, anthropogenic surface emissions, air-
craft emissions and 2.2 Tg a�1 of global lightning NOx

emissions. MESSy is coupled to the ECHAM5 general
circulation model with 2.8� � 2.8� horizontal resolution,
90 vertical levels from the surface to 0.01 hPa, and a 15-min
time step [Giorgetta et al., 2006]. The model is nudged
toward the analysis data from the European Center for
Medium-Range Weather Forecasting operational forecast
model [Lelieveld et al., 2007].
[11] A radiative transfer model [Portmann and Solomon,

2007] was used to calculate the adjusted radiative forcing at
the tropopause above Huntsville, Alabama in comparison to
the upwind sites. In this study adjusted radiative forcing is a
measure of the extra heat (in W m�2) input into the
troposphere due to the changes in ozone and is found by
computing the negative of the change in flux at the tropopause

Table 1. Summary of Upper Tropospheric FTO3 Measurements Above North America During Summer 2006 and Summer 2004a

Site
(With Abbreviation) Dates in 2006

Number of Profiles
in 2006

2006 10–11 km
Median FTO3

(Standard Deviation)

2006 >6 km
Median FTO3

(Standard Deviation)

2004 10–11 km
FTO3

(Standard Deviation)

2004 >6 km
FTO3

(Standard Deviation)

Barbados (BAR) 26 Jul to 30 Aug 25 50 (12) 58 (17) NA NA
Boulder (BOU) 26 Jul to 31 Aug 32 53 (20) 54 (18) NA NA
Bratt’s Lake (BRA) 1–30 Aug 29 36 (33) 52 (25) NA NA
Huntsville (HUN) 29 Jul to 29 Aug 30 87 (17) 78 (22) 66 (24) 61 (30)
Kelowna (KEL) 2–30 Aug 27 48 (27) 50 (22) NA NA
Mexico City (MEX) 22 Aug to 15 Sep 21 58 (11) 57 (15) NA NA
Mid-Atlantic (MDA) 1–30 Aug 23 74 (17) 69 (20) 64 (31) 64 (30)
Ontario (ONT) 1–30 Aug 35 52 (24) 56 (22) 58 (24) 59 (20)
Narragansett (NAR) 27 Jul to 30 Aug 29 53 (28) 54 (23) 68 (23) 63 (25)
Sable Island (SAB) 1–31 Aug 28 71 (20) 65 (21) 56 (23) 58 (19)
Socorro (SOC) 1–25 Aug 25 63 (21) 63 (19) NA NA
Table Mtn (TAB) 1–31 Aug 31 35 (22) 40 (24) 48 (23) 45 (26)
Texas coast (TXC) 1–31 Aug 44 75 (20) 76 (21) 73 (12) 70 (18)
Trinidad Head (TRI) 27 Jul to 30 Aug 31 43 (23) 42 (20) 39 (23) 45 (24)

aSummer 2004 data from Cooper et al. [2006].
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after stratospheric temperatures have relaxed to the perturba-
tion. The stratospheric adjustment is usually computed using
the fixed dynamical heating (FDH) approximation. If strato-
spheric temperatures are not adjusted then the forcing is called
the instantaneous radiative forcing. A line-by-line (LBL)
radiative transfer model is used [Portmann et al., 1997] to
compute the instantaneous radiative forcing. Then the strato-
spheric temperatures are relaxed using the FDH approximation
and a time-marching relaxation technique using the longwave
heating rate changes output from the LBL calculation. The
radiative forcing model used in the stratospheric adjustment
calculation is the CCM-IR2 code [Briegleb, 1992]. The
calculations used cloud parameters obtained from the ISCCP
data set [Rossow and Schiffer, 1999], and line parameters

obtained from theHITRAN2000 compilation [Rothman et al.,
2003], including later corrections.
[12] Our methodology for computing the adjusted radia-

tive forcing at the tropopause above Huntsville is as
follows. First, using unfiltered ozonesonde measurements,
median ozone, temperature, and humidity profiles were
constructed for Huntsville, and the upwind site of Table
Mountain during August 2006 between the surface and
35 km. The upper tropospheric ozone profile above Hunts-
ville during 2006 was perturbed so that the ozone was set
equal to the upper tropospheric ozone above the upwind site
of Table Mountain. The unperturbed and perturbed Hunts-
ville 2006 ozone profiles were input into the radiative transfer
model to compute the adjusted radiative forcing above
Huntsville due to the upper tropospheric ozone enhancement.

3. Results

3.1. Upper Tropospheric Ozone Distribution
Above North America

[13] A list of the fourteen ozonesonde sites and their
three-letter identifiers used throughout this study are pre-
sented in Table 1. Figure 1a shows the median ozone values
at these sites, for profiles measured only within the tropo-
sphere, defined as the region of the atmosphere with
isentropic potential vorticity values less than 1 potential
vorticity unit (pvu). In general, the median tropospheric
ozone profiles in Figure 1a show less ozone in the upper
troposphere at the upwind sites of Table Mountain, Barba-
dos, Trinidad Head and Mexico City. The greatest upper
tropospheric ozone values are found in eastern North
America at the Texas Coast, Huntsville, Mid-Atlantic and
Sable Island sites. Upper tropospheric ozone is clearly
enhanced above eastern North America, but how much of
this ozone is actually produced within the troposphere?
[14] We have been conservative in our definition of the

troposphere, which does not consider the 2–3 km thick
transition layer that exists between the troposphere and
stratosphere [Hoor et al., 2002; Pan et al., 2004]; this
definition also filters out fresh stratospheric intrusions.
However regions of the troposphere with pvu values less
than 1 can still contain relatively large quantities of aged
stratospheric ozone, especially in the upper troposphere.
This stratospheric influence confounds our ability to quan-
tify the ozone at each site that is produced within the
troposphere. For example, on the west coast upper tropo-
spheric (>6 km) ozone has a north–south gradient, with
greater values at Kelowna, British Columbia, lower values
at Trinidad Head in northern California and lower values
still at Table Mountain in southern California (the location
of each site is shown in Figure 2a). As would be expected,
and as will be shown below, much of this gradient is due to
a stronger stratospheric influence at higher latitudes.
[15] Figure 1b shows the median ozone values at each site

once the stratospheric influence as calculated by FLEX-
PART has been removed. This quantity of ozone that has
been filtered for stratospheric ozone is termed filtered
tropospheric ozone (FTO3). The ozone in these profiles
was either produced in the troposphere or has an aged and
well-mixed stratospheric origin greater than 20 d old. The
median FTO3 values for the upper troposphere (>6 km) are
reported for each site in Table 1. At all sites the FTO3 values

Figure 1. (a) Median ozone profiles for all measurements
during summer 2006 that occurred within the troposphere
(PV < 1.0 pvu). (b) Same as in Figure 1a but for the FTO3
quantity which has the influence from stratospheric-origin
ozone removed.
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are less than the unfiltered values, with the greatest reduc-
tions at the northern sites which are closer to the polar jet
stream and the associated stratospheric intrusions. The
median quantity of stratospheric ozone within the tropo-
sphere above 6 km ranged from 3 ppbv at Barbados to
20 ppbv at Bratt’s Lake.
[16] To illustrate the distribution of the FTO3 above North

America we focus on the 10–11 km layer which has the

greatest contrast in FTO3 mixing ratios from west to east
and is the highest layer for which we have adequate data
availability within the troposphere at the three west coast
sites. Figure 2a is a contour plot of the median 10–11 km
ozone values produced solely from the unfiltered ozone
measurements at the 14 measurement sites. Figure 2a is
only for broad illustrative purposes and while it depicts the
large-scale ozone distribution, the interpolation of data
between widely spaced data points means little emphasis
should be placed on the exact location of these features,
especially the smooth ozone gradient between Huntsville
and Barbados. Because Figure 2a contains measurements
made in both the troposphere and stratosphere, the greatest
values are along the northern boundary because of both
a common occurrence of low tropopause heights and
frequent stratospheric intrusions. Despite its southerly loca-
tion, Huntsville exhibits a distinct regional peak in ozone.
Figure 2b contours the ozone measurements that were
made just within the troposphere. The greatest values are
above Huntsville, with an enhancement extending up
the east coast. When just the FTO3 values are contoured
(Figure 2c) the east coast enhancement is much weaker,
but the greatest FTO3 values are still above Huntsville
(87 ppbv). In comparison to the five upwind sites of
Barbados, Mexico City, Table Mountain, Trinidad Head
and Kelowna, the Huntsville FTO3 enhancement in the 10–
11 km layer ranges from 29 ppbv (compared to Mexico
City) to 52 ppbv (compared to Table Mountain). When
considering the entire upper troposphere (>6 km) the
FTO3 enhancement above Huntsville ranges from 20 ppbv
(compared to Barbados) to 38 ppbv (compared to Table
Mountain), as shown in Table 1.

3.2. Supporting Evidence From a
Chemical Transport Model

[17] For the 2006 time period we conducted a simulation
of North American tropospheric and stratospheric ozone
using the ECHAM5/MESSy1 atmospheric chemistry gen-
eral circulation model, with the standard run including
2.2 Tg a�1 global lightning NOx emissions [Jöckel et al.,
2006]. Results from the standard run are shown in Figure 3,
depicting average August 2006 ozone at 250 hPa from all
sources (Figure 3a), from just the stratosphere (Figure 3b)
and from all tropospheric sources (Figure 3c). Figure 3c was
produced by subtracting the stratospheric component from
the distribution of ozone from all sources to leave the
tropospheric component. Figure 3c is not directly compa-
rable to the FLEXPART calculated FTO3 in Figure 2c for
two reasons: (1) The FTO3 ozone quantity can still contain
very aged and well mixed stratospheric ozone older than
20 d and (2) the FTO3 in Figure 2c is averaged just for the
times when the measurements were made within the tropo-
sphere, while the ECHAM5/MESSy1 results are averaged
over all times in August 2006, regardless of whether or not
the 250 hPa surface was in the troposphere or stratosphere.
As a result the tropospheric ozone values at high latitudes in
Figure 3c are very low because the 250 hPa surface in this
region is often in the stratosphere.
[18] While Figure 2c and Figure 3c are not directly

comparable, the ECHAM5/MESSy1 results in Figure 3c
confirm the presence of an upper tropospheric ozone
maximum above the southern USA. However, the

Figure 2. Median ozone mixing ratios during August
2006 at all 14 measurement sites between 10 and 11 km for
(a) all measurements regardless of location in the tropo-
sphere or stratosphere, (b) measurements only within the
troposphere (PV < 1 pvu), and (c) measurements only
within the troposphere less the calculated quantity of ozone
from the stratosphere (FTO3).
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ECHAM5/MESSy1 model places the ozone maximum
above Texas rather than Huntsville, and the maximum upper
tropospheric ozone values are 60–65 ppbv, much less than
the 87 ppbv FTO3 above Huntsville. Part of the discrepancy
could be due to the very aged stratospheric ozone still
present in the FTO3 quantity. However, most of the dis-
crepancy can be explained by an underestimate of lightning
NOx in the standard model simulation, as confirmed by the
analysis of Tost et al. [2007], which indicates that the
standard model underestimates the lightning flash frequency
associated with the American monsoon convection.
[19] We conducted 2 sensitivity tests to gauge the impact

of lightning NOx on the upper tropospheric ozone enhance-

ment. The first sensitivity test set global lightning NOx

emissions to zero. The result is still an ozone maximum
above the southern USA, in agreement with the calculations
made by Cooper et al. [2006], but ozone mixing ratios are
quite low at 40–50 ppbv (Figure 4a). The source for the
more modest ozone enhancement is direct transport of
ozone from the surface to the upper troposphere and in situ
production of ozone from anthropogenic and biogenic NOx

emissions that recirculate in the upper tropospheric anticy-
clone. The second sensitivity test increased global lightning
NOx emissions from 2.2 Tg a�1 to 6.6 Tg a�1. The extra
NOx enhanced the ozone maximum above the southern
USA compared to the standard run and produced maximum
ozone values in the 65–75 ppbv range. These values are
close to the 75 ppbv FTO3 above the Texas Coast, but still
less than the 87 ppbv FTO3 at 10–11 km above Huntsville.
While lightning NOx emissions of 6.6 Tg a�1 are within the
currently accepted range of 5 ± 3 Tg a�1 [Schumann and
Huntrieser, 2007], the North American modeled lightning
NOx emissions may still be underestimated, as discussed by
Hudman et al. [2007]. Comparison between the two sensi-
tivity tests indicates that lightning NOx contributes 25–30
ppbv of ozone to the upper tropospheric ozone maximum
above the southern USA.

Figure 3. Model calculated (a) mean ozone mixing ratios
at 250 hPa during August 2006, subdivided into (b) the
contribution of ozone transported from the stratosphere and
(c) the contribution of ozone formed within the troposphere
(thus Figure 3a = Figure 3b + Figure 3c). Note stratospheric
conditions prevail north of the jet stream (north of strong
ozone gradients) and tropospheric conditions to the south.

Figure 4. As in Figure 3c but for (a) global lightning
emissions set to zero and (b) global lightning emissions
increased by a factor of 3.
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3.3. Influence of Transport Patterns on the
Ozone Maximum

[20] The North American Monsoon and the upper tropo-
spheric anticyclone dominate transport patterns above
southern and eastern North America during summer and

play a key role in producing the upper tropospheric ozone
maximum. We illustrate the influence of transport with
Figure 5, which shows the mean column pathways of all
FLEXPART retroplumes released within the upper tropo-
sphere (6–12 km) above the 14 measurement sites, orga-

Figure 5. Average column residence time (arbitrary units) for all retroplumes released between 6 and
12 km within the troposphere above each site (white dot): (a) Kelowna, (b) Trinidad Head, (c) Table
Mountain, (d) Mexico City, (e) Barbados, (f) Bratt’s Lake, (g) Boulder, (h) Socorro, (i) Texas coast,
(j) Huntsville, (k) Mid-Atlantic, (l) Narragansett, (m) Ontario, and (n) Sable Island. Each plot also
indicates the median FTO3 mixing ratio between 6 and 12 km above each site.
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nized to first show the upwind sites from north to south
(Figures 5a–5e), followed by the inland western North
America sites (Figures 5f–5h), the southern USA sites
(Figures 5i–5j) and finally the sites in the northeast USA
and eastern Canada (Figures 5k–5n). Beginning at the west
coast we find the lowest upper tropospheric FTO3 values of
all 14 sites are above Table Mountain (40 ppbv). Figure 5c
shows that the main source region is the subtropical and
tropical eastern Pacific. In contrast the most northerly west
coast site, Kelowna (50 ppbv), has an average retroplume
that crosses midlatitude Asia and the North Pacific Ocean
(Figure 5a), resulting in an extra 10 ppbv FTO3. Trinidad
Head which lies between Kelowna and Table Mountain has
FTO3 (42 ppbv) similar to Table Mountain but a transport
pathway (Figure 5b) more similar to Kelowna. However,
Trinidad Head does have a greater frequency of transport
events from the lower tropical troposphere than Kelowna,
resulting in a greater number of low FTO3 events above
Trinidad Head, while Kelowna has a greater influence from
the lower troposphere of Europe and Asia resulting in more
pollution episodes above Kelowna. Overall these three west
coast sites have the lowest upper tropospheric FTO3 mixing
ratios of all 14 sites, as expected given their location upwind
of fresh North American emissions.
[21] Continuing with our analysis of sites upwind of

eastern North America we find the upper troposphere above
Barbados has more FTO3 (58 ppbv) than the west coast
sites. This is a very important upwind site, carefully chosen
to characterize the background ozone entering North Amer-
ica from the tropical North Atlantic Ocean and Africa
(Figure 5e). The final upwind site, Mexico City, is located
west of Barbados with similar FTO3 mixing ratios (57 ppbv),
but a source region primarily influenced by Central America
and the Gulf of Mexico (Figure 5d). It is interesting to note
that these two southerly sites have greater ozone mixing
ratios than the west coast sites that have a stronger influence
from Asian emissions. Mexico City is influenced by ozone
production from the widespread lightning above Central
America (Figure 4), while Barbados appears to receive
influence from ozone produced from lightning emissions
in tropical Africa that are comparable in magnitude to North
America during June, July and August [Christian et al.,
2003].
[22] Focusing now on the three inland sites of western

North America, Bratt’s Lake in southern Canada has FTO3

(52 ppbv) and transport pathways (Figure 5f) similar to
Kelowna. On the eastern edge of the Rocky Mountains
FTO3 above Boulder is 54 ppbv, 12–14 ppbv greater than
Trinidad Head and Table Mountain to the west. The Boulder
air masses either originate over the subtropical and tropical
eastern Pacific, or are influenced by the North American
Monsoon which advects lightning NOx emissions north-
ward into the southern USA along the Rocky Mountains on
the western edge of the semipermanent upper tropospheric
anticyclone (Figure 5g). The increase in FTO3 compared to
the west coast sites is mainly due to the influence from the
monsoonal flow. In contrast, the Socorro, New Mexico site
south of Boulder is almost entirely affected by the monsoon
flow. Socorro has 9 ppbv more FTO3 (median value of
63 ppbv) than Boulder, and 23 ppbv more FTO3 than Table
Mountain located directly to the west. The increase of FTO3

(6 ppbv) between Mexico City and Socorro is mainly

attributed to ozone production within the upper troposphere
as air masses move northward with the monsoon flow and
recirculate above southern North America (Figure 5h), as
indicated by the ECHAM5/MESSy1 model (Figure 4b).
This result shows that the western boundary of the upper
tropospheric ozone maximum is embedded within the North
American monsoon flow.
[23] The two sites with the highest FTO3 are Texas Coast

(76 ppbv) and Huntsville (78 ppbv) and as described above
are heavily influenced by ozone production within the upper
tropospheric anticyclone, which mainly keeps the upper
tropospheric air masses circulating above the southern
USA and the Gulf of Mexico (Figures 5i and 5j). Moving
northeastward away from Huntsville the influence from the
anticyclone decreases and FTO3 values are lower above the
Mid-Atlantic site (69 ppbv), Ontario (56 ppbv), Narragan-
sett (54 ppbv) and Sable Island (65 ppbv). All four sites
have broadly similar transport pathways, however one
major difference is that when the retroplumes come in
contact with the surface, western North America has the
strongest influence on Ontario (56 ppbv) and Narragansett
(54 ppbv), while the heavily populated and more polluted
eastern USA has more influence on the Mid-Atlantic site
(69 ppbv) and Sable Island (65 ppbv).

3.4. Interannual Variability of the Upper Tropospheric
Ozone Maximum

[24] Southeastern North America is one of Earth’s two
main lightning regions during boreal summer, the other being
tropical Africa [Christian et al., 2003]. Much of the North
American lightning occurs within the annually recurring
upper tropospheric anticyclone. Therefore, on the basis of
the studies of Li et al. [2005] and Cooper et al. [2006] we
hypothesized that the upper tropospheric ozone maximum
should be a recurring feature during summertime above
North America, and that a stronger upper level anticyclone
should result in a greater upper tropospheric ozone maximum
because the recirculating air masses within the anticyclone
would have more time to accumulate ozone precursors, and
more days to experience photochemical ozone production.
[25] While the summer 2004 IONS ozonesonde study had

a more limited distribution of measurement sites, especially
above western North America, we compare the ozone mixing
ratios between the two studies where possible (Table 1). The
2004 summertime upper tropospheric (>6 km) FTO3 maxi-
mum was located above Houston (70 ppbv). In 2006 the
maximum was located above Huntsville with a median upper
FTO3 value of 78 ppbv, which is 17 ppbv greater than
Huntsville’s 2004 value and 8 ppbv greater than the 2004
Houston value. Both the shift of the ozone maximum from
Houston in 2004 to Huntsville in 2006, and the greater FTO3

values in 2006, are due to the strength and location of the
upper tropospheric anticyclone. Figure 6 shows the average
250 hPa geopotential height and wind barbs for the 2004 and
2006 summertime study periods. In 2004 the upper tropo-
spheric anticyclone was established above northern Mexico
and the northern Gulf of Mexico, with Houston being the
measurement site closest to the center of the anticyclone. In
2006 the center of the anticyclone had shifted to the northeast
so that it was closer to Huntsville.
[26] The stronger anticyclonic circulation of 2006 also

increased the time that air masses spent recirculating above
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the southeastern USA. Figure 7 shows the relative upper
tropospheric residence time of the FLEXPART retroplumes
released from the upper troposphere above Huntsville in
2004 and 2006. In 2004 the upper troposphere above

Huntsville had a strong influence from the southeastern
USA but also had a broad impact from air masses that
originated above the North Pacific Ocean. In contrast the air
masses in 2006 spent much more time above the southeast-
ern USA and had less influence from the Pacific. The
average residence time of these air parcels above the
southeastern USA increased by 79% from 2004 to 2006,
corresponding to an increase in FTO3 of 17 ppbv. Above the
Texas Coast, the residence time of air parcels in the upper
troposphere of the southeastern USA increased by 17%
from 2004 to 2006, corresponding to an FTO3 increase of
6 ppbv. During 2006 the residence time of Huntsville air
parcels above the southeastern USA was 14% greater than
for Texas Coast air parcels, corresponding to an extra 2 ppbv
of FTO3 at Huntsville. In contrast, Huntsville air parcels in
2004 spent 24% less time above the southeastern USA than
Houston air parcels, corresponding to 9 ppbv less FTO3

above Huntsville.
[27] Because the air masses associated with the ozone

enhancement above Huntsville spent longer time periods
within the upper level anticyclone than air masses associ-
ated with any other site in 2006 or 2004 there was even
more time for in situ photochemical ozone production. The
result was the greatest FTO3 mixing ratios (median value of
78 ppbv) of any site in 2004 or 2006. Simulations of upper
tropospheric ozone using the ECHAM5/MESSy1 model
also indicate that the broad features of the upper tropo-

Figure 6. Average wind vectors and geopotential height of
the 250 hPa surface above North America during (a) August
2006, (b) July–August 2004, and (c) July–August 1987–
2006.

Figure 7. Average residence time (in arbitrary units) in
the upper troposphere of all retroplumes released between
6 and 12 km above Huntsville during (a) August 2006 and
(b) July–August 2004.
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spheric ozone enhancement shift with the anticyclonic
circulation at 250 hPa from year to year.
[28] Figure 6c shows the average location of the 250 hPa

geopotential height surface for July and August over the
1987–2006 time period. The location of the climatological
anticyclone is intermediate between the positions in 2006
and 2004. Therefore the maximum ozone values being
located above Huntsville in 2006 are probably not typical.
In a more typical year the ozone maximum is more likely to
be located closer to the northern coast of the Gulf of
Mexico. Also the climatological anticyclonic circulation is
not as strong as in 2006 so the upper tropospheric FTO3

maximum of 78 ppbv above Huntsville in 2006 is probably
greater than average. It is likely that more typical mixing
ratios would be similar to those found above Houston in
2004 (70 ppbv).

4. Discussion: Implications for the Radiation
Budget

[29] Because of ozone’s role as an important greenhouse
gas, we briefly explore implications the FTO3 maximum
could have for the radiation budget of the southeastern
United States. Compared to the upwind site of Table
Mountain, Huntsville has an extra 11 Dobson Units (DU)
of ozone in the upper troposphere. This enhancement is
20% of the tropospheric column of ozone above Huntsville
and occurs in the region where ozone has the strongest
influence on radiative forcing [Forster and Shine, 1997].
We ran a radiative transfer model and calculated that the
ozone enhancement above Huntsville produces a positive
all-sky adjusted radiative forcing at the tropopause of
0.50 W m�2 in comparison to Table Mountain. Comparison
to Table Mountain, the site with the lowest values of FTO3

means that 0.50 W m�2 is the largest expected radiative
forcing. This positive radiative forcing is less than half a
percent of the outgoing longwave radiation of 242 W m�2,
and less than the reduction in solar irradiance caused by
aerosols which can peak at 60–70 W m�2 above the
southeastern USA during summertime stagnation events
[Zamora et al., 2003]. Such a radiative forcing would be
important for the global radiation budget if it were of
anthropogenic origin and applied to the global scale (com-
pare to the 0.35 W m�2 global average radiative forcing of
ozone from anthropogenic influences [Intergovernmental
Panel on Climate Change, 2007]). However, the implica-
tions of this regional-scale ozone enhancement with a large
natural component are less clear.

5. Conclusions

[30] The IONS summer 2006 experiment provided 410
ozone profiles across North America, yielding the best in
situ view of the continent’s free tropospheric ozone distri-
bution ever achieved during a single season. The study
confirmed the hypothesis that the upper tropospheric FTO3

maximum above eastern North America is a recurring
summertime feature and that its exact location and strength
varies interannually with the mean location and strength of
the upper tropospheric anticyclone. The enhancement of
FTO3 above Huntsville was 20–38 ppbv in comparison to
five upwind sites for the entire upper troposphere (>6 km),

and 29–52 ppbv for just the 10–11 km layer. Our modeling
work indicates that lightning NOx led to the production of
25–30 ppbv ozone at 250 hPa (approximately the 10–11 km
layer) above the southern United States during August
2006. However, the anomalously strong anticyclonic circu-
lation during summer 2006 suggests that the overall FTO3

enhancement is greater than in more typical years. The data
also show that the western boundary of the FTO3 enhance-
ment is maintained by the southerly flow of the North
American Monsoon. On the regional scale the ozone
enhancement above the southeastern United States can
produce a positive all-sky adjusted radiative forcing up to
0.50 W m�2. The ozonesonde network presented in this
study demonstrates the great value of high temporal and
spatial resolution measurements and can serve as a model
for the design of a future hemispheric or global-scale ozone
monitoring network.
[31] While this study and others have made good progress

in identifying the presence of the upper tropospheric ozone
enhancement above the summertime USA and establishing
a strong relationship to lightning NOx emissions, many
questions still remain. We conclude this paper by posing
five science questions for future research:
[32] 1. What are the detailed chemical mechanisms that

produce the FTO3 maximum and its buildup and decay over
the course of a year? In situ measurements that could help
answer this question will be gathered in summer 2010 when
a consortium of universities and government agencies plans
to use two jet aircraft to survey the impact of convection and
lightning on the chemistry of the upper troposphere of the
southern United States (Deep Convective Clouds and
Chemistry Experiment (DC3)).
[33] 2. Does the regional-scale radiative forcing of the

ozone enhancement impact surface temperatures which
could produce feedbacks between convection, lightning
and ozone production in the upper troposphere? This
question could be addressed with coupled chemistry-climate
models.
[34] 3. What is the impact of this ozone enhancement on

the summertime northern hemisphere ozone budget and is
the feature reproduced by chemical transport models and
global climate models?
[35] 4. Recent studies suggest anthropogenic activity

through urban heat island effects and/or aerosol production
can increase lightning frequency near urban areas in the
southern USA [Orville et al., 2001; Steiger and Orville,
2003; Smith et al., 2005; Stallins et al., 2006]. What is the
impact of anthropogenic activity through modification of
lightning frequency as well as through past climate change
on the intensity and location of the upper tropospheric
ozone enhancement above the southern United States?
[36] 5. Finally, anthropogenic emissions are expected to

warm the atmosphere during the 21st century, which may
increase convective activity and lightning NOx emissions
[Hauglustaine et al., 2005]. How will future climate change
impact this upper tropospheric ozone feature?
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