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Abstract. Twice-daily ozonesondes were launched from These campaign results imply that stratospheric intrusions
Harrow, in southwestern Ontario, Canada, during the BAQS-are important to the ozone budget of the mid-latitude tropo-
Met (Border Air Quality and Meteorology Study) field cam- sphere, and appear to be responsible for much of the vari-
paign in June and July of 2007. A co-located radar wind-ability of ozone in the free troposphere. GEM-FLEXPART
profiler measured tropopause height continuously. Thesealculations indicate that stratospheric ozone intrusions con-
data, in combination with continuous surface ozone meadributed significantly to surface ozone on several occasions
surements and geo-statistical interpolation of satellite ozoneluring the BAQS-Met campaign, and made a moderate but
observations, present a consistent picture and indicate thatignificant contribution to the overall tropospheric ozone
a number of significant ozone enhancements in the tropobudget.

sphere were observed that were the result of stratospheric
intrusion events. The combined observations have also been
compared with results from two Environment Canada numer-
ical models, the operational weather prediction model Gem!

(as input to FLEXPART), and a new version of the regional , )
air quality model AURAMS, in order to examine the abil- 1 ne Border Air-Quality and Meteorology Study (BAQS-

ity of these models to accurately represent sporadic crossYet) was conducted in the Great Lakes region of southwest-
tropopause ozone transport events. The models appear to 6" Ontario in the summer of 2007 in part to study the impact
produce intrusion events with some skill, implying that GEM of the transborder flow of pollutants and long-range transport

dynamics (which also drive AURAMS) are able to repre- on local air quality, especially the high levels of air pollu-

sent such events well. There are important differences in th&2Nts that frequently and episodically occur in this area. A
quantitative comparison, however: in particular, the poor Ver_partlcular focus of the field study was evaluation of the abil-

tical resolution of AURAMS around the tropopause causes it'ty Of the Environment Canada AURAMS chemical transport

to bring down too much ozone in individual intrusions. model (CTM) to represent regional air pollution in south-
western Ontario, near the US-Canada border.

Previous versions of the AURAMS CTM had large nega-
tive biases in the free troposphere for ozone, owing to inad-

Correspondence td:. He equate treatment of model domain boundaries, including the
BY (huixia.he@ec.gc.ca) upper boundary (Tarasick et al., 2007). For the BAQS-Met

Published by Copernicus Publications on behalf of the European Geosciences Union.

Introduction



http://creativecommons.org/licenses/by/3.0/

2570 H. He et al.: Transport analysis of ozone enhancement in Southern Ontario during BAQS-Met

study a new version of the AURAMS CTM was employed, Balloon-born ozonesondes with fine vertical resolution
with climatological (Logan, 1999) values of ozone in the (~100m) and with moderate temporal resolution have been
stratosphere and a realistic tropopause from the Canadiansed previously to study stratosphere-troposphere exchange
operational weather forecast model, GEM (Global Environ-(STE) during a number of field campaigns (Oltmans et al.,
mental Multiscale model: &@¢€ et al., 1998) that is used to 1989; Wakamatsu et al., 1989; Thompson et al., 2010).
drive the AURAMS CTM. The performance of this model The primary challenge with using ozonesondes for study-
against observations, and with respect to several variationsig stratospheric ozone intrusions is their limited cover-
of top and lateral climatological boundary conditions, is ex- age. Nadir-viewing satellite observations, in contrast, have
amined in detail elsewhere in this issue (Makar et al., 2010alimited vertical resolution but offer wide geographic cover-
b). age that can complement detailed profile information from
A number of studies have shown that mean tropospherimzonesondes.
ozone fields in regional air quality models are sensitive to the This study presents observations of stratospheric ozone in-
top boundary condition (Tong and Mauzerall, 2006; Tarasicktrusions during a short summer campaign near Windsor, On-
et al., 2007; Tang et al., 2007), and the stratosphere is gertario (latitude 42 N), using measurements from ozoneson-
erally believed to be a significant source of ozone in the tro-des, a radar windprofiler, in-situ surface ozone monitors, and
posphere (e.g., Stevenson et al., 2006). Although the globathe Tropospheric Emission Spectrometer (TES) and Atmo-
flux of ozone from the stratosphere is controlled non-locally, spheric Infrared Sounder (AIRS) satellite instruments. These
by the global circulation, it is episodic, being associated withare compared with model results from the Lagrangian parti-
tropospheric weather systems, and varies both spatially andle dispersion model FLEXPART (Stohl et al., 2005), driven
with season (Holton et al., 1995). Stratosphere-tropospherby GEM meteorological fields, and from the new AURAMS
exchange events are most common at midlatitudes (Singh e2TM, and used to examine the ability of these models to ac-
al., 1980; Appenzeller and Davies, 1992; Beekmann et al.curately represent sporadic cross-tropopause ozone transport
1997; Sprenger and Wernli, 2003). events.
Numerous case studies have shown that individual cross-
tropopause ozone transport events can affect tropospheric
ozone levels, even down to the surface (e.g., Bourqui an@ Data, models, and methods
Trepanier, 2010; Lefohn et al., 2001; Elbern et al., 1997;
Davies and Schuepbach, 1994; Wakamatsu et al., 1989; OlR.1 Campaign data
mans et al., 1989). However, the overall importance of strato-
spheric ozone intrusions to the tropospheric ozone budget deFhe BAQS-Met study was a measurement-intensive field
pends on their distribution with geography and season, an¢ampaign, conducted from 20 June to 10 July 2007, in the
on the fate of the exchanged air parcels, particularly theirregion bounded by Lakes Huron, St. Clair, and Erie in south-
vertical penetration and residence time (Stohl et al., 2003grnmost Canada. Here we focus on data from one site, Har-
Cooper et al., 2004; Thompson et al. 2007; Tarasick andow, Ontario (42.03N, 82.92 W).
Slater, 2008). For these reasons, at least in part, observational During the campaign, ozonesondes were released every
estimates of the stratospheric contribution vary widely (e.g.,12 h (at 00:00 and 12:00 UTC) at Harrow from 20 June to 7
Bachmeier et al., 1994; Browell et al., 1994, 2003; Mauzer-July. However, since 1 July is a national holiday in Canada,
all et al., 1996; Dibb et al., 1994, 1997, 2003; Allen et al., no releases were made on 1 and 2 July (a choice which
2003; Bazhanov and Rodhe, 1997; Elbern et al., 1997; Li efproved unfortunate, as described below). In total, 23 success-
al., 2002; Cooper et al., 2006; Thompson et al. 2007). ful launches were made. The instruments used in the study
Although cross-tropopause ozone transport is clearly spowere GPS-equipped EN-SCI model 2Z-ECC ozonesondes
radic, it is not clear to what extent stratospheric intrusionsand Vaisala RS80 radiosondes. They provide vertical profiles
contribute to the variability of ozone in the free troposphere,of ozone concentration, temperature, humidity, and wind
in comparison to other potential sources, such as photochenspeed and direction from the ground to the stratosphere. The
istry, convection, and differential horizontal advection. How- 0zone sensors have a precision of 3-5% and an absolute ac-
ever, the fact that stratospheric contributions to the tropo-curacy of about 10% in the troposphere, with a vertical reso-
spheric ozone budget, and possibly to local air pollutionlution of about 100 m (Smit et al., 2007). The data are avail-
episodes, are time- and location-dependent is evidently aable from the World Ozone and UV Radiation Data Centre
issue of some importance to air quality forecast models.(www.woudc.org.
There have been few detailed comparisons of observations A Wind-Turbulence tracker (WindTtracker) windprofiler
and models with the objective of examining how well these radar that is located at Harrow close to the ozonesonde site
events are captured by current weather and air quality foreprovided hourly measurements of tropopause height. The
cast models. radar-derived tropopause height is defined as the altitude be-
tween 6 and 14 km where the secondary maximum value
of backscattered power (if present) occurs. It shows good
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agreement with the thermal tropopause (Gage et al., 1986 1
Vaughan et al., 1995; Hocking, 1997; Hooper and Arvelius,
2000).

Continuous measurements of surface ozone reported a
one-minute averages were also made at Harrow throughou
the BAQS-Met campaign, using a Thermo Scientific model »
49c ozone analyzer. These measurements have uncertaintie &
less than 3% (Williams et al., 2006). Data were obtained
from http://caredata.tor.ec.gc.ca

The Tropospheric Emission Spectrometer (TES) on the 7_15%%(.’2%0}11?
NASA Aura satellite is an infrared, high-resolution Fourier | —— 150-50 hPa
transform spectrometer that provides vertical profiles of tro- L dof = 1.49
pospheric ozone and other atmospheric constituents (Bee [
et al., 2001; Beer, 2006). TES constituent vertical profiles 7 s ]
are retrieved by an optimal method (Osterman, 2004; Wor- 19,7 005 05 01 015
den et al., 2004; Kulawik et al., 2006). Here we use Ver- Averaging Kernel
sion 3 (V003) TES Level 2 global survey data, obtained
from the NASA Langley Atmospheric Science Data Center Fig. 1. Averaging kernels of TES signals in a two-day global survey
(http://eosweb.larc.nasa.gov/HPDOCS/datapodihe data  (on 30 June and 1 July 2007).
have an observation footprint of 5 by 8 km, but successive
observations are about 088part in latitude and 1°5n lon-
gitude (TES does not perform cross-track scanning). Com-2008). This bias is similar but marginally higher than that of
pared to ozonesondes, TES ozone profiles show a 5-15%ES. The DOFs of AIRS observations within the troposphere
high bias in the troposphere (Nassar et al., 2008; Boxe eare less than 1, so AIRS offers less information about the
al., 2010). During the BAQS-Met campaign, for observa- vertical distribution of ozone in the troposphere than TES,
tions close to Harrow, TES averaging kernels exhibit a mearbut the much better latitude-longitude coverage makes AIRS
of 1.24 degrees-of-freedom (DOF) for signals in the tropo-0zone and water vapour profiles a useful complement to the
sphere, indicating that TES is able to resolve middle and upTES data for detecting stratospheric ozone intrusions.
per tropospheric ozone. (The DOF is the trace of the aver-
aging kernel matrix and gives the number of vertically inde-2.2 Models
pendent pieces of information in the measurement.) Figure 1
shows the averaging kernels of the TES observation closedURAMS (A Unified Regional Air-quality Modelling Sys-
to Harrow from a two-day global survey on 30 June and 1tem, version 1.4.0) consists of three main components: (a)
July 2007. The DOF of this profile within the troposphere a prognostic meteorological model, GEM (Global Environ-
is 1.49. Figure 1 also indicates that some of the averagingnental Multiscale model; & et al., 1998); (b) an emissions
kernels show peak sensitivity in the lower troposphere andorocessing system, SMOKE (Sparse Matrix Operator Kernel
even as low as 900 hPa, indicating (e.g., Worden et al., 2007Emissions; Houyoux et al., 2000; CEP, 2003); and (c) an off-
that (for this profile) TES has sensitivity to boundary-layer line regional chemical transport model, the AURAMS CTM
ozone. (e.g., Gong et al., 2006; Cho et al., 2009; Makar et al., 2009;

The Atmospheric Infrared Sounder (AIRS), on the NASA Smyth et al., 2009). For the BAQS-Met simulations, GEM
Aqua satellite, provides profiles of atmospheric tempera-version 3.2.2 with physics version 4.5 was run on a variable-
ture, water vapour, and a number of trace gas speciegesolution, global, horizontal rotated latitude-longitude grid
including ozone, using a nadir cross-track scanning in-with a uniform core grid covering North America (5¥541
frared instrument with a 15-km field of view (Fetzer et al., grid points over the globe, with 43265 grid points over
2006). Here we use Version 5 (V005) of the AIRS stan- North America, 0.13750r approximately 15.3 km grid spac-
dard level 2 ozone products (Olsen et al., 2007a, b), obtaineéhg in the core region, 450 s time step) and 58 vertical levels
from the Goddard Earth Sciences (GES) Data Informa-up to 10 hPa.
tion and Services Centetfp://disc.sci.gsfc.nasa.gov/AIRS/  The AURAMS CTM is a comprehensive multi-pollutant,
data-holdings/by-data-product/dgieoducts.shtml  The regional tropospheric air quality model with gas-phase,
data have an observation footprint of 45km by 45 km, butaqueous-phase, and heterogeneous chemistry, and size-
successive pixels overlap so that complete coverage at midsegregated and chemically-speciated representation of
latitudes is obtained daily. Compared to ozonesondes, AIRSerosols. It does not have a comprehensive stratospheric
version 5 data show a high bias in the upper troposphere andehemistry package. For the BAQS-Met simulations consid-
low bias in the lower stratosphere, at mid-and high latitudesered here, three nested horizontal domains were used: an
(Bian et al., 2007; Monahan et al., 2007; Divakarla et al., outer North American domain with 42 km horizontal grid

Pressurell
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spacing and 900 s time step, an intermediate eastern Nort8 =60 ppbv/PVU for June and 51 ppbv/PVU for July. Par-
American domain with 15km horizontal grid spacing and ticles originating in the troposphere, on the other hand, are
900 s time step, and an inner domain centred on southwestetiagged with an ozone concentration of zero. All of these par-
Ontario with 2.5 km horizontal grid spacing and 120 s time ticles are then advected using model wind fields. New par-
step. For all three domains 28 vertical levels were used, withticles are created and initialized in the same way on in-flow
a spacing that varies from 15 m near the surface to 2.7 km aboundaries. FLEXPART does not include any chemistry and
the model top, which is located at 18 km above ground level;0zone is assumed to have an infinite lifetime once in the tro-
half of the vertical levels are below 2km. Ozone boundary posphere. This assumption is reasonable as none of the sim-
conditions for the outermost CTM domain were provided by ulations went beyond 20 days, while the lifetime of ozone
the Logan (1999) climatology, linearly scaled above and be-in the troposphere is typically 20-30 days (Stevenson et al.,
low the tropopause every 900 s time step to match the cli2006). In addition, because of the limited domain size any
matological tropopause to the actual tropopause height departicular particle is unlikely to stay within the domain for
termined by GEM (dynamic tropopause height adjustment).that length of time. However, this also means that particles
Above 100 hPa (the top of the Logan climatology), ozonethat crossed from the stratosphere before entering the domain
values were extrapolated (where necessary) to 50 hPa, agvill have zero ozone concentration. In other words, only in-
suming a constant gradient of mixing ratio. This configu- trusions that occur within the domain are simulated. This is
ration (with no sponge layer at the model top, and no masgrobably not a major issue since the domain is quite large.
consistency corrections) was found to provide the best overFLEXPART parameterizes convection using the scheme pre-
all performance throughout the troposphere (Makar et al.sented in Emanuel and Zivkovic-Rothman (1999) and Seib-
2010b). The 42-km domain supplies ozone boundary conert et al. (2001), and parameterizes turbulence in the free tro-
ditions for the 15-km domain, which in turn supplies them posphere and boundary layer by solving Langevin equations
for the 2.5-km domain. (Stohl and Thomson, 1999).

The Lagrangian particle dispersion model FLEXPART
(Stohl et al., 2005) has been extensively validated (StohR.3 Kriging interpolation of satellite data
et al., 1998, 2000; Cristofanelli et al., 2003; Meloen et al.,
2003) and frequently used to model stratospheric intrusions>ince satellite data can not provide observations at specific
(Bonasoni et al., 2000; James et al., 2003a, b; Zanis et alpositions on consecutive days, Kriging interpolation of TES
2003; Cooper et al., 2004, 2005; Hocking et al., 2007). Forand AIRS data was used to obtain approximate observations
the BAQS-Met study, FLEXPART was driven by hourly me- at the BAQS-Met study location. Kriging is a popular linear
teorological data generated by GEM version 3.2.2, on a uni/east-squares interpolation method widely used in mining,
form resolution global domain with 800x600 grid points over Mapping, hydrogeology, and environmental science, (e.g.,
the globe (0.45longitudex0.3° latitude resolution), with 58 ~ Bayraktar and Sezer Turalioglu, 2005), as well as remote
vertical levels from the sea surface level to 10 hPa and a 450 8€ensing (Stein et al., 2002; Tranchant and Vincent, 2000).
time step. The use of a global domain, rather than the reKriging considers the observations as a realization of a ran-
gional domain used for AURAMS, permitted a wider domain dom spatial process. Ordinary Kriging, used here, allows one
to be used for FLEXPART, for better capture of tropopause-t0 construct an unbiased estimator that does not require the
crossing events far from Harrow. Both the regional GEM quantity of interest have a time-invariant probability distri-
runs used for AURAMS and these global runs used the sam&ution. The ordinary Kriging interpolation(xo) at a un-
initial conditions, which were provided by the archived 6-h observed pointy, is a weighted linear combination of all

FLEXPART version 6.2 was run on a portion of the "
gIobaI_GEM domain (2Q-180N, 30-90 N). This represents ) — Z)»n(xo)y(xn) 1)
a choice between horizontal resolution and domain size, o}

made necessary by limitations on the size of input files for

FLEXPART. FLEXPART uses a domain-filling procedure . X N -

where a large number of particles are released within theWlth Ef” (x0) = 1. The weighting coefficients, (xo) for
model domain at the beginning of a model run. The dy-each interpolated locatiary are determined from the semi-
namic tropopause, defined using potential vorticity (PV), isvariogram equations,

used in FLEXPART to locate the surface that separates the
stratospheric and tropospheric air masses. During model ini M
tialization, particles that are in the stratosphere (i.e., thos
having a potential vorticity greater than 2 PVU, where 1"~
PVU=10"°K m?kg~ts™1), are tagged with an ozone con- based on the minimum estimated variance criterion. The
centration calculated using the relatiog ©S x PV, where  semi-variance = (x,, x,,) is a function of the separation dis-

S is a constant. Following Stohl et al. (2000), we usedtances between observations, erdx;,,x,) = f(0.5x, —

An (x0T (X, X)) + 10 = ¥ (X, X0), m=1,...,N, 2)
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Harrow: Ozone Mixing Ratio (ppbv) 5Ozone Mixing Ratio (ppbv), GEM-FLEXPART, Harrow, 2007
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Fig. 2. Vertical profiles of ozone mixing ratio (ppbv) for the BAQS- Fig. 3. \Vertical profiles of ozone mixing ratios from a GEM-

Met campaign at Harrow, Ontario, in the summer of 2007. The redFLEXPART simulation, at the location of the Harrow site in the

solid line shows the tropopause height derived from the radar datasummer of 2007. The red solid line shows the tropopause height

Date and time are UTC. derived from the radar data, and the white lines (solid and dashed)
show the (first and second) tropopauses derived from the potential
vorticity distribution estimated in the GEM model. Date and time

xm||2) where||x, — x,||? is the square of the Euclidean dis- are UTC.

tance between two locations, and x,,, and the unknown

constantu is determined by the minimization. The experi-

mental semi-variogram is estimated from scattered locationdVe of a stratospheric origin. The radar tropopause height,
and observations, and the model semi-variograris usu- also indicated in Fig. 2, shows a large and rapid increase on
ally a Gaussian, spherical, or exponential function that fits20 June, and modest but also rapid increases on 30 June and

the shape of the experimental variogram. Here we use a si2 July: Hocking et al. (2007) found that rapid increases of

ple exponential function. (radar-determl_ne_d) tro.popause helgh.t were a good predlct_or
of stratospheric intrusions. A larger increase on 27 June is
less rapid, and does not appear to be associated with an ozone

3 Observations and model results enhancement. The apparent intrusion on 26—27 June is not
preceded by a major tropopause change, although it may be
3.1 Ozonesondes related to a smaller increase on 25 June. Ozonesonde data

) o o _are unfortunately not available on 1-2 July, and radar data
Figure 2 shows ozone volume mixing ratios in parts per bil- 3va not available for a portion of 3—4 July.

lion volume (ppbv) as a function of height and time, from
all the ozonesonde flights during the BAQS-Met campaign.3.2 GEM-FLEXPART and AURAMS
Launch times and time for all other observations and model
simulation results are displayed in Universal Time (UTC), Figure 3 shows a similar curtain plot of ozone mixing ratios
which is five hours ahead of local standard time. Eachfrom a GEM-FLEXPART simulation, at Harrow, Ontario,
ozonesonde launch is represented by a vertical column ofrom 20 June to 7 July 2007. The color scale is different
coloured boxes, with the time rounded to the nearest half dayfrom that of the ozonesonde observations in Fig. 2, since the
Radar-derived tropopause heights (at about 9.5-13.5 km) arELEXPART model has been set up to simulate the transport
shown by the red solid line. and dispersion of a stratospheric ozone tracer and has no tro-
Several enhancements of ozone in the upper troposphengospheric background ozone.
(typically 80 ppbv or more) appear in this ozonesonde “cur- The quantitative agreement between the ozonesonde ob-
tain plot”. Particularly evident are those on 20 June, 22—-24servations and the GEM-FLEXPART simulation is poor,
June, 26-28 June, and 3, 4 and 7 July. The enhancements with the simulation producing concentrations that are much
June also show an apparent descent from left to right; that islower than the observations. This partly due to the lack
with time. This is less evident with the July enhancements,of tropospheric sources of ozone in the model simulation.
perhaps because of missing data. Examination of relativdHowever, some similarity between Figs. 2 and 3 is evident,
humidity profiles (not shown) shows in general low relative and suggests that the GEM model is reproducing the dy-
humidity coincident with the ozone enhancements, indica-namics of stratospheric intrusion events and their subsequent
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the source of the high ozone was apparently the stratosphere
over the Arctic could explain why the radar did not show a
larger tropopause height change. Meteorological charts show
a broad but deep trough, centred over Hudson Bay on 28
June, moving slowly over northeastern Canada, to be cen-
tred over Labrador on 1 July (Fig. 5). Such a feature is com-
monly associated with STE (e.g., Johnson and Viezee, 1981),
but it appears to have been too far north to strongly affect
tropopause heights over Harrow.

As in the previous figure, the red solid line shows the radar
tropopause. The white lines (solid and dashed) in Fig. 3 show
the first, and where it exists, the second dynamic tropopause
1 1% - (PV=2 PVU), used by FLEXPART, and calculated using me-

-100 g0 80 _70 A0 50 60 teorological data from GEM. The dynamic tropopause is ex-
_ L atitude pected to agree well with the thermal tropopause, except
Longitude in regions of significant mixing of tropospheric and strato-
spheric air (Pan et al., 2007, and references therein). In
Fig. 4. GEM-FLEXPART results showing the 80 ppbv ozone mix- Fig. 3, the dynamic tropopause height does agree well with
ing ratio isosurface at 12:00 UTC on 1st July 2007. The blue dashedhe radar tropopause height, and in general changes in the
line shows the location of Harrow. Darker colours indicate lower former appear to follow those in the latter. Variability in
isosurfaces. the dynamic tropopause is higher, however, with many sharp
negative excursions of height, typically where FLEXPART
indicates stratospheric intrusions. The presence of a sec-
tropospheric evolution with some skill. The apparent intru- ond dynamic tropopause also seems to be associated with a
sions on 20 June, 22-24 June, 26-28 June, 4 and 7 July cajiratospheric intrusion — not surprisingly, since this may in-
all be seen in the FLEXPART simulation, providing a very dicate a tropopause fold. This is most evident for the events
strong argument that they are of stratospheric origin. De-of 20 June and 6 July. However, the largest rapid change in
tailed examination of individual profiles shows that many the dynamic tropopause he|ght occurs on 27 June, and does
other prominent features in the sonde curtain are matcheg@ot appear to be associated with a stratospheric intrusion.
in the FLEXPART simulation: for example, the peaks at 4, Turning to the AURAMS model results, shown as a cur-
9 and 11km on 29 June (but not that at 6 km), and the pealin piot in Fig. 6, it is clear that AURAMS is also capa-

at 9km on 4 July. Other features show less agreement: thgje of reproducing the major stratospheric ozone intrusion

|b|e in the FLEXPART Simulation from 20—26 June, iS |eSS for the Ozonesonde Curtain p|0t (F|g 2)' as AURAMS in-

evident in the sonde curtain, whereas the ozone injected og|ydes full tropospheric chemistry. The most striking feature
22 June appears, in the sonde curtain plot, to be more sigapout the comparison is the similarity of the high ozone con-
nificant, and to descend more rapidly, than the FLEXPART centration features on several days (20 June, 1-2 July, and 6
simulation suggests. The large intrusion on 7 July appears igu|y)_ However, many of the smaller features seen in Figs. 2
the observations 12 hours later than in the FLEXPART plot.and 3 do not appear, and there is a high ozone feature on
Nevertheless, major features and the overall pattern of variog_30 june, centred at 5km, that is not seen in the observa-
ability in the sonde curtain are reproduced in the FLEXPART tions (although there is a feature at about 3.5 km, in both the
curtain. ozonesonde and the FLEXPART ozone curtains, that is prob-
Figure 3 also indicates a large event on 1-2 July, comprisably related). A dominant feature is the high ozone event
ing a deep influx of ozone from the stratosphere resulting innear 5km on 1-2 July, missing from Fig. 2 presumably due
high ozone penetrating to about 3 km altitude over Harrow onto missing data.
1 and 2 July, with subsequent descent on 3 July and 4. Un-
fortunately, as noted previously, there were no ozone sound3.3 Satellite data: TES and AIRS
ings on 1 and 2 July (local time). The GEM-FLEXPART
model results, however, show a tongue of ozone originatingrhe lack of ozone soundings in the 1-2 July period may be
primarily from the stratosphere over Nunavut and the North-partially remedied with the use of satellite data. Satellite
west Territories (Fig. 4). Indeed, as this event appears irobservations have limited vertical resolution but offer wide
Fig. 3 to be completely disconnected from the stratospheregeographic and temporal coverage that can complement de-
the tropopause crossing must not have occurred over Harttailed profile information from ozonesondes. Satellite data
row, but elsewhere. As noted, a rapid but modest increase ihave been used to detect tropopause folds (Wimmers and
the radar tropopause height was observed on 30 June. ThMoody, 2004). Recently, it was shown that TES data provide
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Fig. 5. NCEP reanalysis showing 1000-500 hPa thickness in metres for 28 June to 1 July 2007 at 12:00 UTC. The location of the Harrow
site is shown by a blue cross.
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Fig. 6. Vertical ozone profiles from GEM-AURAMS, at Harrow Fig. 7. Upper panel: vertical profiles of TES ozone mixing ratio

during the BAQS-Met campaign. The red solid line shows the radar-(ppbv) along a global survey track (shown in the lower plot), on 1

derived tropopause. Date and time are UTC. July 2007. Lower panel: TES ozone mixing ratio (ppbv) at 6 km
a.s.l. The black cross shows the location of Harrow.
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Fig. 8. AIRS observations at 500 hP&%.5 km a.s.l.) on 1-2 July 2007. Upper plots: ozone mixing ratio (ppbv); lower plots: water vapour
mixing ratio (g/kg dry air). The black cross shows the location of Harrow.

Harrow: Ozone Mixing Ratio (ppb), Kriging Interpolation troposphere and down to about 5 km altitude, to the north and
east of Harrow. This is coincident with the feature shown in
Fig. 5. On 2 July, there is no TES global survey data close to
the Harrow station.

Figure 8 shows the same feature, observed by AIRS. The
upper plots in Fig. 8 display the AIRS ozone at 500 hPa,
(~5km altitude) on 1-2 July. An air mass rich in ozone
(~100 ppbv) was located initially to the northeast of Har-
row, and moved slowly eastward. This is coincident with
the trough at 500 hPa shown in Fig. 5, and in the TES pro-
files of Fig. 7. Low water vapour values coincident with
the high ozone concentrations are further evidence of their
stratospheric origin. Although TES profiles have less than 2

Altitude (km)

a1
T
L

Lo degrees of freedom in the troposphere, and AIRS less than 1,
006 23006 26006 29006 02007 0507 they are independent measurements, and a useful result may
Day be obtained by combining them. Figure 9 shows the result of

a Kriging interpolation of TES and AIRS ozone data at Har-
Fig. 9. Kriging interpolation results at Harrow, Ontario (4208, yow, No correction has been made for the known high biases
82.92 W), using TES and AIRS ozone profiles. The white solid ¢ 16 satellite instruments. Since ozone observations in the
2123 fir;ﬁgv:rtglaggpopause height derived from the radar data. Dat?roposphere have little correlation if their horizontal distance
' is greater than 600-1000 km (Liu et al., 2009), only TES
and AIRS ozone profiles less than 1000 km from Harrow are
used for the interpolation. The resulting curtain plot shows
height-resolved information on STE events (Parrington et al. features that are broadly consistent with those of Fig. 2:
2008). The upper panel of Fig. 7 shows a curtain plot of ver-on 20 and 21 June, high ozone concentration values (about
tical profiles of 0zone mixing ratio (ppbv) from TES, along a 80 ppbv) down to an altitude of about 5km, high ozone in
global survey track on 1 July 2007. The global survey trackthe upper troposphere on 22—24 June, generally lower ozone
is shown in the lower panel. Close to the Harrow stationin the upper troposphere from 25-30 June, and an apparent
(shown by a black cross), a profile with ozone enhancementleep intrusion on 6—7 July. These features are also quite
(over 80 ppbv) throughout the troposphere is observed. Thigonsistent with the FLEXPART ozone curtain (Fig. 3). High
profile also appears to show high ozone in the boundary layezone concentrations (approximately 80-100 ppbv) are also
The curtain plot also shows what appears to be a large troughgbserved in the middle and lower troposphere on 1 July, con-
with ozone amounts typical of the stratosphere, in the uppesistent with the FLEXPART simulation, where there is a gap
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in the ozonesonde curtain (Fig. 2). On 6 July Fig. 9 showsGEM-FLEXPART profile. This appears to be the same in-
high ozone in the lowest 2 km above the surface. Althoughtrusion that the GEM-FLEXPART simulation showed a day
TES retrievals occasionally produce anomalous high ozonearlier (but which was not observed in the ozonesonde pro-
values near the surface (Boxe et al., 2010), this is likely realfile). These differences may be due in part to different def-
as averaging kernels for the 6 July profile are strongly peakednitions of tropopause height in the two models. AURAMS
near 850 hPa, and the surface record shows high ozone in theses the thermal tropopause criterion (WMO, 1966), whereas
boundary layer (over 75 ppbv) on that day. FLEXPART uses the dynamic tropopause determined by PV
values. The thermal tropopause in the AURAMS model is
typically coincident with the radar tropopause; which is com-
4 Discussion pared in Fig. 3 with the dynamic tropopause. Another, possi-
bly more important difference is that FLEXPART uses PV as
The AURAMS ozone curtain plot shows the same larger-a proxy for ozone. Figure 10g and h shows cases where sig-
scale features as the FLEXPART curtain plot. This is notnificant stratospheric influence was absent. The AURAMS
surprising as both are driven by the same meteorologicakimulation has generated ozone in the boundary layer by pho-
model. They differ in smaller features, however. The generakochemical reactions, but it appears to have a significant neg-
smoothness of the AURAMS curtain in the vertical is due ative bias in the lower troposphere above the boundary layer.
to the comparatively coarse vertical resolution above 2km; Figure 11 displays one-minute averages of surface ozone
this may also blur some of the features in the upper tropo-olume mixing ratios from the surface monitor at Harrow,
sphere, such as the intrusions on 22-24 June and 26-28 Jungias-corrected GEM-FLEXPART ozone mixing ratios at the
Some other features are stronger, or shifted, however: théywest level (190m above sea level, which at Harrow is
high ozone feature on 29-30 June at 5 km, already noted, anground level), and GEM-AURAMS ozone mixing ratios at
the intrusion on 7 July, that seemed to appear in the FLEX-190 ma.s.|. Ozone mixing ratios from ozonesonde measure-
PART simulation 12 h too early, also appears here on the 7thments at the ground level are also shown. Estimates from
Ozone profiles at specific times are examined in more dethe AURAMS simulation agree with the surface ozone and
tail in Fig. 10. These figures show six-hour averaged profilespzonesonde observations very well. GEM-FLEXPART re-
at Harrow from GEM-FLEXPART and AURAMS simula-  sults indicate that stratospheric ozone intrusions contributed
tions, and where available, ozonesondes. Since 0zone mixingignificantly to surface ozone on 26, 29—-30 June and 1 July.
ratios obtained from FLEXPART do not include tropospheric |t is possible to use FLEXPART to estimate the overall
background ozone, they have been shifted by an arbitraryraction of tropospheric ozone that is of stratospheric origin.
constant value of 50 ppbv to make them more comparable tohe ozone mixing ratios from the GEM-FLEXPART sim-
those calculated from AURAMS. Figure 10a—f shows a num-ylations were corrected by comparing to ozonesonde mea-
ber of profiles at times when stratospheric ozone intrudedsyrements in the stratosphere, using the mean value of mod-
into the free troposphere. For the ozone intrusion events orled/measured ratios over the entire campaign period. Com-
20 June and 1 July (Fig. 10a and b), the correspondence Qfaring these bias-corrected GEM-FLEXPART profiles with
AURAMS and GEM-FLEXPART is good, but AURAMS is  the actual ozonesonde measurements, one can estimate the
clearly bringing down much more ozone: the intrusion is fraction of ozone at any point that is of stratospheric origin.
larger both in its peak concentration and in depth of the in-|n this manner we find that averaged over the BAQS-Met
truded layer. In Fig. 10c, e, f, and h GEM-FLEXPART seems campaign, about 26% ozone in the upper/middle troposphere
to do a better job than AURAMS of reproducing the variabil- (3km up to the tropopause), about 10% of ozone between
ity of ozone in the free troposphere, although the enhanced km and 3 km, and about 8% of ozone in the boundary layer
concentration of ozone predicted by GEM-FLEXPART in (less than 1 km) was of stratospheric origin. These estimates
Fig. 10c is about 2 km below the observed peak. AURAMS, of the stratospheric contribution to mid-tropospheric ozone
however, appears to have missed this large event. On 29 Jurge comparable to those of Colette and Ancellet (2005) using
(Fig. 10e), the shape of the AURAMS ozone profile suggestyong-term ozonesonde records over Europe, and of Cooper
a large ozone intrusion down to 4 km, while the ozonesondeet al. (2006) and Thompson et al. (2007) for the 2004 IONS
profile and GEM-FLEXPART show several smaller intruded symmer campaign over North America, and suggest that
layers. In this case it appears that AURAMS has aggregatediratospheric ozone made a moderate but significant contri-
these layers, and is again overestimating the amount of 0zongytion to the tropospheric ozone budget.
brought down. These occurrences when AURAMS appears
to either ignore or overestimate intrusions are very likely
simply due to the model’s coarse vertical resolution above5s Conclusions
2km.
Figure 10d shows an ozone enhancement in AURAMS inAlthough stratospheric ozone intrusions are most often ob-
the upper troposphere (between 5 to 10 km) on 7 July that iserved in winter and spring (e.g., Appenzeller et al., 1996;
more consistent with the ozonesonde measurement than thdoody et al., 1995; Sprenger and Wernli, 2003; Stevenson
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Fig. 10. Comparison of ozone profiles extracted from GEM-FLEXPART and GEM-AURAMS simulations for Harrow, and ozonesonde

profiles.
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120 . and GEM-FLEXPART results suggests that in fact, most of
L Surface the variance in the upper troposphere is due to variable strato-
I - ¢ sonde | spheric input.
= 100 i Flexpart . . .
5 O N AUrams Such pattern comparison, as well as detailed compari-
% - W | ii i i T i son of individual profiles, argues that FLEXPART driven by
5 B R | ¥ H ‘ GEM reproduces intrusion events with some skill, implying
o ¥ i i 1l b that GEM dynamics are modeling them fairly well, at least
= oy 4 (! HAEIY qualitatively. There are often important differences in the
= 1 1 l| NN L. . . .
2 ; ! R i quantitative comparison, between the modeled intrusion and
g 40 | ] .}“'I {1 L4 ';].— that seen in the observations, but it is not clear if this results
£ . F R u from errors in some of the trajectories (each modeled intru-
Do i fi i 1 i _ sion is a sum of many FLEXPART trajectories), from the rep-
" J ol p resentation of ozone by PV, or from errors in the actual GEM
] l |, , i , input fields. Sub-grid scale processes (e.g. convection, turbu-
00 0823 0526 OR9  07/02 07005 07108 lence and waves) may also be important to cross-tropopause

Day transport and might not be well captured by parameteriza-

_ ) o _ tions. In the planetary boundary layer, complex dispersion
Fig. 11. Comparison of surface ozone mixing ratios (ppbv) at_and turbulence tends to render trajectories less representative
Harrow from observations and model simulations at ground Ievel.of the actual flow (Stohl and Seibert, 1997).

surface ozone measurements (black line), ozonesonde observations, , ,.
at ground level (red dots), bias-corrected GEM-FLEXPART ozone With these caveats, we note that GEM-FLEXPART cal-

mixing ratio at 190 m a.s.I. (blue line), and GEM-AURAMS ozone culations indicate that stratospheric ozone intrusions con-
mixing ratio at 190 m a.s.l (green das’hed line). tributed significantly to surface ozone on 26, 29-30 June

and 1 July, and that, averaged over the BAQS-Met campaign,

about 26% of ozone in the upper/middle troposphere, about
et al. 2006), they are also common summer events ovel0% of ozone in the lowermost troposphere, and about 8%
North America (Bachmeier et al., 1994; Merrill et al., 1996; of ozone in the boundary layer was of stratospheric origin.
Brioude et al., 2006; Cooper et al., 2006; Thompson et al..,These results suggest that stratospheric ozone made a mod-
2007). During the BAQS-Met campaign in the summer of erate but significant contribution to the tropospheric ozone
2007, a number of significant ozone enhancements in thgudget.
troposphere were observed over Harrow, Ontario, resulting The AURAMS performance in the free troposphere is
from stratospheric intrusion events. This interpretation iSa dramatic improvement over previous versions without a
supported by twice-daily ozonesonde observations, surfacetratospheric ozone tracer (Tarasick et al., 2007), although
ozone data, radar windprofiler data and geostatistical interit now appears to bring down too much ozone in individ-
polation results of satellite ozone data from TES and AIRS,ual intrusions. This is very likely due to the model’s coarse
as well as modeling results from GEM-FLEXPART and AU- vertical resolution above 2km, particularly the poor verti-
RAMS. A case study is presented that employs satellite obcal resolution around the tropopause. It seems likely that
servations as a low-resolution surrogate for ozonesonde okan improvement in the vertical coordinate would greatly im-
servations, when the latter are not available for model evalprove the model's performance at representing stratosphere-
uation. Under favourable conditions, they appear to be catroposphere exchange events. A version of GEM incorpo-
pable of detecting large stratospheric intrusions. The comrating AURAMS chemistry in-line is currently being tested
bined analysis shows that the different measurements angt Environment Canada, and this (since it uses GEM'’s verti-

model results are consistent with each other, and provide gal coordinate) may be expected to perform very well in this

consistent picture of the behaviour and significance of stratoregard.
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