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Using FTIR measurements of stratospheric composition to identify
midlatitude polar vortex intrusions over Toronto
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[1] Using 11 years of trace gas measurements made at the University of Toronto
Atmospheric Observatory (43.66°N, 79.40°W) and Environment Canada’s Centre for
Atmospheric Research Experiments (44.23°N, 79.78°W), along with derived
meteorological products, we identify a number of polar intrusion events, which are
excursions of the polar vortex or filaments from the polar vortex extending down to
midlatitudes. These events are characterized by enhanced stratospheric columns

(12-50 km) of hydrogen fluoride (HF), by diminished stratospheric columns of nitrous
oxide (N,0), and by a scaled potential vorticity above 1.2 x 10~%s~!. The events
comprise 16% of winter/spring (November to April inclusive) Fourier transform infrared
(FTIR) spectroscopic measurements from January 2002 to March 2013, and we find at
least two events per year. The events are corroborated by Modéele Isentrope du transport
Meéso-échelle de I’Ozone Stratosphérique par Advection, Modern-Era Retrospective
Analysis for Research and Applications potential vorticity maps, and Global Modeling
Initiative N»O maps. During polar intrusion events, the stratospheric ozone (O3) columns
over Toronto are usually greater than when there is no event. Our O3 measurements agree
with the Optical Spectrograph and Infrared Imaging System satellite instrument and are
further verified with the Earth Probe Total Ozone Mapping Spectrometer and Ozone
Monitoring Instrument satellite observations. We find six cases out of 53 for which
chemical O3 depletion within the polar vortex led to a reduction in stratospheric O3
columns over Toronto. We have thus identified a dynamical cause for most of the
winter/spring variability of stratospheric trace gas columns observed at our midlatitude
site. While there have been a number of prior polar intrusion studies, this is the first study
to report in the context of 11 years of ground-based FTIR column measurements,
providing insight into the frequency of midlatitude polar vortex intrusions and
observations of upper stratospheric (25—50 km) intrusions. It is also the first to present HF
measurements during multiple polar intrusions, which provided an excellent tracer for

their identification.

Citation: Whaley, C., et al. (2013), Using FTIR measurements of stratospheric composition to identify midlatitude polar vortex
intrusions over Toronto, J. Geophys. Res. Atmos., 118, 12,766—12,783, doi:10.1002/2013JD020577.

1. Introduction

[2] The stratospheric polar vortex is a large low-pressure
system that persists over the winter pole for many months,
characterized by low temperatures, high potential vortic-
ity (PV), and high winds near its boundary. The descent
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of air within the polar vortex and its relative isolation
result in a distinctive chemical composition; hydrogen chlo-
ride (HCI), hydrogen fluoride (HF), and ozone (Os) total
and stratospheric columns tend to be enhanced because
when stratospheric gases descend in altitude, they main-
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tain their mixing ratio but number densities increase. O;
columns in particular are increased (in the absence of
chemical Oj; loss) during winter because of poleward trans-
port from the tropics and then descent via the Brewer-
Dobson circulation. Similarly, the descent of long-lived
tropospheric gases like nitrous oxide (N,O, which is
destroyed in the stratosphere) results in diminished columns
of N,O in the polar vortex [Schoeberl et al., 1992, 1995;
Brasseur et al., 1999].

[3] The northern polar vortex typically extends down to
about 65°—68°N in latitude when centered near the North
Pole, and its edge has been defined in a number of ways:
using PV gradients and wind speeds [e.g., Nash et al., 1996],
the Q-diagnostic method [e.g., Harvey et al.,2002], or scaled
PV [e.g., Manney et al., 2007]. In the spring, when the vor-
tex breaks up, parts or fragments of a highly distorted vortex
can extend to much lower latitudes [Waugh et al., 1994;
Orsolini, 1995; Hauchecorne et al., 2002]. Excursions of the
polar vortex to midlatitudes have been observed and mod-
eled [Godin et al., 2002; Marchand et al., 2003; Konopka et
al., 2003; Durry and Hauchecorne, 2005; Duchatelet et al.,
2009], as have filaments breaking off the polar vortex and
extending to the midlatitudes [Leovy et al., 1985; Andrews
et al., 1987; Pierce and Fairlie, 1993; Manney et al., 1998,
2000; Newman et al., 1996; Orsolini et al., 1998; Godin
et al., 2002; Hauchecorne et al., 2002; Marchand et al.,
2003; Millard et al., 2003; Tripathi et al., 2006]. Filaments
are formed when the vortex edge is deformed by merid-
ional winds induced by planetary Rossby waves breaking
[McIntyre and Palmer, 1984; Waugh et al., 1994] and sub-
tropical anticyclones [Pierce and Fairlie, 1993]. The fila-
ments are stretched out by the meridional gradient of the
zonal wind over the course of a few days [Pierce and Fairlie,
1993; Marchand et al., 2003].

[4] The previous studies of polar intrusion events men-
tioned above used measurements of Os;, CH,;, N,O, HCI,
H,O0, CO,, COF,, and CFCs from lidars, ozoneson-
des, aircraft-borne photometry and spectroscopy, ground-
based spectroscopy, and balloon-borne in situ instruments,
as well as reverse domain-filling trajectory calculations
[e.g., Sutton et al., 1994; Schoeberl and Newman, 1995;
Manney et al., 1998, 2000], and 3-D chemical transport
models (CTMs) such as the Single Layer Isentropic Model
of Chemistry And Transport, the Chemical Lagrangian
Model of the Stratosphere, and the Modele Isentrope
du transport Méso-échelle de 1’0Ozone Stratosphérique par
Advection (MIMOSA) to detect and model polar intrusion
events. There have been several studies of polar intrusion
events observed over Europe [Orsolini et al., 1997, 1998;
Godin et al., 2002; Durry and Hauchecorne, 2005], but only
a few over North America (and Hawaii) [Newman et al.,
1996; Manney et al., 1998; Tripathi et al., 2006].

[s] Polar intrusion events can have varying, but signifi-
cant, effects on midlatitude Oz columns. When the vortex
is cold and stable, conditions are favorable for chemical
O; depletion but are unfavorable for filamentation, and
thus to transport to midlatitudes [Hauchecorne et al.,
2002; Millard et al., 2003]. Conversely, when a strato-
spheric warming occurs, the polar vortex is more likely to
break up and extend to midlatitudes [Waugh et al., 1994;
Hauchecorne et al., 2002]. It has been reported that up
to 50% of midlatitude O; volume mixing ratio (VMR)

decreases at 475 K can be accounted for by intrusions of
O;-poor polar air to midlatitudes [Marchand et al., 2003;
Millard et al., 2003]. However, increases in midlatitude
O; due to polar vortex intrusions have also been reported
[e.g., Godin et al., 2002; Tripathi et al., 2006].

[6] The goals of the present study are to use long-term
measurements to estimate how often polar intrusion events
occur over the Toronto region (a large metropolitan area of
about six million people) and to determine whether these
polar intrusion events can explain some of the variability
in the time series of trace gases observed at this midlati-
tude location. This study is the first to report polar intrusion
events over southern Canada, using long-term ground-based
measurements of stratospheric partial columns (12-50 km)
of HF and N,O obtained by Fourier transform infrared
(FTIR) spectroscopy to identify their occurrence. Given
that there was unprecedented Arctic O; loss in spring 2011
[Balis et al., 2011; Manney et al., 2011; Adams et al., 2012;
Lindenmaier et al., 2012], we are also interested in deter-
mining whether O; columns above Toronto were diminished
during 2011 polar intrusion events.

[7] HF is an excellent dynamical tracer for the polar
vortex because it has a long lifetime, and as mentioned
previously, it has a greater density inside the polar vortex
[Chipperfield et al., 1997; Toon et al., 1999; Mellgvist et al.,
2002; Coffey et al., 2008]. Therefore, we examine 11 years
of Toronto FTIR data (January 2002 to March 2013), looking
for outliers of HF as an indicator of polar air. Polar intrusions
are then either confirmed or discounted as the source of the
outliers using scaled potential vorticity, models, and satellite
observations, which provide more spatial coverage, showing
the polar vortex structure at the time of the HF outlier.

[8] This paper is organized as follows. The next section
briefly describes our measurements. Section 3 describes the
MIMOSA model and the Modern-Era Retrospective Anal-
ysis for Research and Applications (MERRA) data assimi-
lation system from which PV has been used to confirm the
occurrence of polar intrusion events. The Global Modeling
Initiative (GMI) CTM and derived meteorological products
(DMPs) are also described in this section. This is followed
by a discussion of our results (section 4) and conclusions
(section 5).

2. Measurements

2.1. TAO FTIR Spectrometer

[o] The primary measurements used in this study are
made by a ground-based, high-resolution (0.004 cm™)
Bomem DAS8 FTIR spectrometer at the University
of Toronto Atmospheric Observatory (TAO), 43.66°N,
79.4°W, 174 meters above sea level (masl) [Wiacek et al.,
2007]. The TAO FTIR spectrometer was installed in late
2001 and has been operational for daily measurements,
weather permitting, since May 2002. TAO became a site
in the Network for Detection of Atmospheric Composition
Change (NDACC) in 2004. We retrieve total and partial col-
umn amounts of HCI, HF, O3, and N,O using the optimal
estimation method [Rodgers, 2000] implemented with the
SFIT2 [Rinsland et al., 1998; Pougatchev et al., 1995] v3.94
algorithm and the High-resolution Transmission molecular
absorption database 2008 spectral line list [Rothman et al.,
2009]. Temperature and pressure profiles are obtained from
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Table 1. TAO and CARE FTIR Retrieval Parameters?

Partial

Species Microwindow(s) (cm™") Interfering Species SNR S. DOFS Column Errors
HF 4038.86-4039.05 H,O 250 20% 1.2/1.2 3.0%/1.1%
HCI 2727.73-2727.83 05, HDO 300 10-40% 3.5/3.2 3.5%/2.0%

2775.70-2775.80 N,0, O;

2925.80-2926.00 NO,, O;, CH,4
N,O 2481.30-2482.60 CO,, CHy4, O3, H,0, HDO 100 20% 3.7/1.8 9.0%/1.8%

2526.40-2528.20 CO,, CHy, O3, H,0, HDO

2537.85-2538.80 CO,, CHy, O3, H,0, HDO

2540.10-2540.70 CO,, CHy, O3, H,0, HDO
05 (3051) 3051.29-3051.90 H,0, CH4, HDO, CH;D 100 20% 2.5/2.1 8.6%/1.5%
05 (1000) 1000.00-1000.50 H,0, CO,, CHy, Os isotopes 35 20% 4.8/3.2 5.4%/1.1%

2Spectral fitting microwindows, fitted interfering species, SNR of measurements, diagonal elements of the a priori covariance matrix
(S,), DOEFS for total/stratospheric (12—50 km) columns, and errors (total/random) on the 12—50 km partial columns.

the National Centers for Environmental Prediction Climate
Prediction Center meteorological data product (hyperion.
gsfc.nasa.gov/Data_services/automailer/index.html) for z =
0-50 km and the mean of a 40 year run (1980-2020) of the
Whole Atmosphere Chemistry Climate Model (WACCM,
version 6) [Eyring et al., 2007] for Toronto (J. Hannigan,
NCAR, personal communication, 2012) for z = 50-120 km.
[10] The TAO O3, HCI, and N,O measurements have been
validated during a number of ground-based and satellite
intercomparison campaigns [Wiacek et al., 2007; Wunch et
al., 2007; Taylor et al., 2007, 2008]. We have since updated
some retrieval parameters such as the a priori VMR pro-
files, which now come from the mean of the same 40 year
WACCM run mentioned above. The spectral microwindows
have been updated to those recommended by the Network
for Detection of Atmospheric Composition Change Infrared
Working Group (NDACC-IRWG) harmonization initiative
(which seeks to have all NDACC-IRWG sites use the
same retrieval parameters for consistency, www.acd.ucar.
edu/irwg/), except those for O;. One O3 microwindow used
for this study is 1000—1005 cm™, which is the IRWG recom-
mendation. But for better temporal coverage for our data set,
we also include the 3051.29-3051.90 cm™ Oz microwin-
dow. Both microwindows provide ample information for
stratospheric partial columns, no bias, and have been used in
previous studies (e.g., see Kagawa et al. [2007] for the 3051
cm™' microwindow and Lindenmaier et al. [2010] for the
1000 cm™ microwindow). All microwindows used in this
study, except that for HF and the 1000 cm™' microwindow
for O;, fall in the spectral range of the same filter (NDACC
FTIR filter 3) and thus are measured at the same time. The
microwindow for HF retrievals falls in a different spectral
filter (NDACC FTIR filter 1), and the 1000 cm™ microwin-
dow falls in NDACC filter 6. Thus, the HF and some O;
measurements occur at slightly different times and often
have fewer measurements per day than the other species.
[11] Table 1 lists the retrieval parameters used and the
resulting median degrees of freedom for signal (DOFS,
defined as the trace of the averaging kernel matrix) [Rodgers,
2000] for the total columns and the 12—50 km stratospheric
partial columns over the 12 year data set. Table 1 also lists
the total errors on the 12-50 km partial columns and the
random component of the errors (discussed below). The
signal-to-noise ratios (SNR) of the measurements (related
to the diagonal elements of the error covariance matrix,

S., with no off-diagonal elements) [Wiacek et al., 2007]
were chosen based on a root-mean-square fitting residual
versus SNR trade-off curve for each species. The a priori
covariance matrices (S,, diagonal elements of correspond-
ing standard deviation listed in Table 1) for each species
were chosen based on the variance seen in the respective
Halogen Occultation Experiment observations over Toronto
[Wiacek et al., 2007], except for N,O, which was based on
Michelson Interferometer for Passive Atmospheric Sound-
ing observations, and we use a Gaussian correlation length of
4 km for off-diagonal elements of S, [ Wiacek, 2006; Wiacek
etal.,2007].

[12] The stratospheric columns (defined as 12-50 km in
this study) of HF, HCI, O; (at 3051 cm™' and 1000 cm™),
and N,O have errors of 3%, 3.5%, 8.6%, 5.4%, and 9%,
respectively. These are total error budgets that include spec-
troscopic errors (line width and line intensity, which together
are the dominant sources of error), measurement, smooth-
ing, temperature, interference, and solar zenith angle errors
calculated as described in Lindenmaier et al. [2010]. When
only random errors (eliminating spectroscopic errors which
are systematic) are taken into account (i.e., when discussing
changes within the time series), the errors are 1.1%, 2.0%,
1.5%, 1.1%, and 1.8% for HF, HCI, O; (at 3051 cm™ and
1000 cm™), and N, O, respectively. These are summarized in
Table 1.

[13] Because FTIR solar absorption measurements can
only be made when skies are clear, at TAO we typically have
80 to 100 days of measurements per year, with greater cover-
age in the summertime and a greater number of measurement
days in recent years due to improvements in efficiency and
instrument maintenance.

[14] Detecting polar vortex intrusions using ground-based
FTIR spectroscopy has few advantages over the other
measurement techniques described in section 1: it can be
used to measure multiple trace gases simultaneously, or
nearly so, including HF; it has sensitivity extending to the
upper stratosphere; and it can provide data sets that cover
long time periods (e.g., semiregular measurements at TAO
since 2002).

2.1.1. FTIR Sensitivity to the Stratosphere

[15] The TAO averaging kernels characterize the verti-
cal information contained in the FTIR retrievals [Rodgers,
2000]. Figure 1 shows typical TAO VMR averaging ker-
nels for total column HF, HCI, O3, and N, O retrievals along
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Figure 1. VMR averaging kernels (thin colored lines), sensitivity (thick blue lines), and stratospheric
partial column (12-50 km) averaging kernels (thick purple lines) for TAO retrievals of (a) HF, (b) HCI,
(c) O3 (from 3051 cm ™' microwindow), (d) Os (from 1000 cm™' microwindow), and () N,O. In Figures 1c
and 1d, the O; partial column averaging kernels for 12-23 km and 23—-50 km are shown in orange and

green, respectively.

with the stratospheric partial column (12-50 km) averaging
kernels, which are equal to the VMR averaging kernels
weighted by the density, summed over the layers of inter-
est. The weighting by density, along with some smearing
of information to higher altitudes, is what causes the partial
column averaging kernel to increase at higher altitudes for
HF, HCI, and O;. Also plotted is the sensitivity, Sy, at each
altitude, £ (equation (1)) [Vigouroux et al., 2008]:

Sk = ZAkia 1

where A is the averaging kernel matrix and the summation
is over the 7 elements of the kth row. When the sensitivity is
above 0.5, it means that the measurements are contributing
more than 50% to the retrieved profile (with the rest com-
ing from the a priori profile). The HF, HCI, and O; retrievals
all have excellent sensitivity (Sy ~ 1) in the stratosphere.
While the N,O retrievals have more sensitivity to the tro-
posphere, S; is > 0.5 throughout most of the stratosphere,
and the DOFS is 1.8 for the 12—50 km partial columns (see
Table 1). Thus, the N,O retrievals have good sensitivity in
the stratosphere as well.

[16] About 80% of the stratospheric columns (12—50 km)
come from 12-35 km (380-1000 K), 12-32 km (380-850
K), 12-20 km (380-500 K), and 12-32 km (380-850 K), for
HF, HCI, N, 0, and O3, respectively.

2.2. CARE FTIR Spectrometer

[17] Environment Canada’s Centre for Atmospheric
Research Experiments (CARE) is located at Egbert, Ontario,
about 80 km north of Toronto at 44.23°N, 79.78°W,
251 masl. Measurements with a Bomem DAS8 FTIR spec-
trometer began at CARE in January 1996, although we only
examine the data set from 2002 onwards when we have
complementary TAO data. The CARE DAS has the same
characteristics as the DAS8 spectrometer at TAO, and HF,

HCI, O3, and N,O stratospheric columns were retrieved in
the same way as described in section 2.1 and using the
parameters in Table 1. The errors of the Egbert stratospheric
columns are also the same as those for TAO. The Egbert
results complement those from TAO, as the two sites are
generally close enough to be looking at the same strato-
spheric air. That is, the two sites are less than 1° apart, which
is the resolution of the MIMOSA and MERRA maps. Theo-
retically though, a small filament could be over one site and
not the other.

[18] The frequency of Egbert measurements varies greatly
from year to year due to the availability of staff and instru-
ment downtime for maintenance, repair, and upgrades. The
greatest number of measurement days (about 30 per year)
occurred during 2002-2007, and there were very few in
2008-2010 and none in 2011-2013.

2.3. OSIRIS

[19] We use O; partial columns (12—50 km) from the Opti-
cal Spectrograph and infrared Imaging System (OSIRIS) on
the Odin satellite [Llewellyn et al., 2004; Murtagh et al.,
2002] over the Toronto region (within 600 km, or approx-
imately 5°, of Toronto, 43.66°N, 79.40°W) to complement
our TAO and CARE Oj; time series. These data are avail-
able from November 2001 to the present and have previously
compared favorably to TAO O; [Taylor et al., 2007]. We
also use OSIRIS O3 maps centered over the North Pole to
examine Oj distributions at the time of the observed polar
intrusion events. To produce polar maps at fixed potential
temperature levels, data were passed through a Gaussian fil-
ter with a 12° full width at half maximum onto a 5° x 5°
latitude/longitude grid. For each grid point, the angular
distance between the grid point and the OSIRIS measure-
ments was calculated. Weights based on the angular distance
between the measurements and the grid point were calcu-
lated using the Gaussian function. The weighted mean of
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OSIRIS measurements at the given grid point was then
calculated. If the sum of weights at a given grid point was
< 1, the grid point was left empty. The Gaussian filter and
the interpolation grid were tested for various cases to ensure
that smoothing and interpolation did not introduce any spu-
rious features in the maps. The 5° filter provided the best
balance between showing the details in the OSIRIS measure-
ments and not leading to large gaps in the figure. The choice
of interpolation grid did not have a significant impact on the
maps for the measurement dates considered.

[20] OSIRIS observes limb radiance profiles of scattered
sunlight from 280 to 800 nm at 1 nm spectral resolution,
with a 1 km vertical field of view over tangent altitudes
ranging from approximately 10 to 100 km. Vertical profiles
are obtained every 5° along the sun-synchronous satellite
track inclined at 98° and are nominally measured in the
orbit plane, limiting the maximum latitude coverage to 82°.
Approximately 15 orbits are performed each day, provid-
ing measurements every 24° of longitude at the equator and
much denser coverage at high latitudes. OSIRIS measures
within 600 km of Toronto several times per day and mea-
sures Os, aerosol, and nitrogen dioxide (NO;) during the
Northern Hemisphere spring and summer (starting in mid to
late February for Toronto).

[21] The SaskMART (Multiplicative Algebraic Recon-
struction Technique) [Degenstein et al., 2009] v5.01 Os
product was used in this study. O; absorption information
in both the UV and visible parts of the spectrum is used to
retrieve number density profiles from 60 km to the cloud tops
(down to a minimum of 10 km in the absence of clouds). The
12-50 km partial columns were derived from these number
density profiles. OSIRIS O; mixing ratios, calculated from
number density and neutral density profiles, are also avail-
able. SaskMART v5.0x O; has been well validated, with
less than 2% bias compared to other satellite measurements
[Degenstein et al., 2009; Adams et al., 2013a, 2013b].

3. Models and Meteorological Analyses

[22] GMI, MIMOSA, MERRA, and DMPs derived from
MERRA can be used to trace the location and extent of the
polar vortex. We use all of these to confirm the passage of
polar vortex air over Toronto in this study.

3.1. Potential Vorticity From MIMOSA and MERRA

[23] We use PV maps centered over the North Pole to
determine the location and extent of the polar vortex. PV
is an excellent polar vortex tracer because the polar vor-
tex is defined by the polar night jet, and as the vortex spins
up in the autumn, PV increases and strong PV gradients
form along the vortex edge [e.g., Nash et al., 1996]. PV
is conserved on potential temperature surfaces and behaves
similarly to a chemical tracer in the absence of diabatic and
frictional effects [Hoskins et al., 1985].

[24] We have obtained PV maps from the MIMOSA
model and the MERRA data reanalysis for this study. We
have also extracted the MIMOSA and MERRA PV time
series over TAO’s coordinates to look for enhancements in
potential vorticity that coincide with the enhancements in
our stratospheric partial column measurements.

[25] MIMOSA is a high-resolution (1° by 1°) advec-
tion model of PV developed at the Service d’Aéronomie

(for a full description, see Hauchecorne et al. [2002]).
MIMOSA is driven by the European Centre for Medium-
Range Weather Forecasts wind fields, which are advected
along potential temperature surfaces (ether.ipsl.jussieu.fr/
ether/pubipsl/mimosa_uk.jsp). PV is given in potential vor-
ticity units (1 pvu = 10°K m? kg!' s!). MIMOSA was
developed to quantify the effect of transport of polar air on
lower stratospheric ozone at midlatitudes [Marchand et al.,
2003] and has been shown to be capable of predicting fila-
ment locations to within 100 km [Hauchecorne et al., 2002],
making it well suited for this study.

[26] MERRA is a long-term meteorological data reanal-
ysis using NASA’s Global Modeling and Analysis Office
Goddard Earth Observing System Version 5.2.0 (GEOS-5)
data assimilation system. It was developed at the NASA
Goddard Earth Sciences Data and Information Services Cen-
ter [Rienecker et al., 2011]. The GEOS-5 system is run at
a resolution of 0.5° latitude by 0.67° longitude, but PV for
MERRA is output on a reduced resolution grid (1° by 1.25°)
and on pressure levels over which PV is not conserved.
We interpolate MERRA PV onto potential temperature lev-
els and compare PV at four vertical levels (435 K, 475 K,
675 K, and 950 K) to that from MIMOSA. MERRA and
MIMOSA maps agree well despite being based on different
meteorological analyses, so the two autonomously confirm
the location of the polar vortex and its filaments. MERRA
output goes as far back as 1979 and has output every 3 h for
each day (in section 4 we present MERRA output at 15 UT
on each day, which coincides closely with morning measure-
ments at TAO), whereas MIMOSA output is only available
beginning in 2005 and only output at 12 UT on each day.
Therefore, only the MERRA fields allow us to check for
polar intrusion events in our data set between 2002 and 2004.

3.2. N,0 and O; From GMI

[27] Since the chemical lifetime of N,O in the strato-
sphere is much longer than dynamical time scales, we use
modeled N,O from the GMI 3-D CTM [Strahan et al., 2007]
as another polar vortex tracer. Because N,O is a passive
tracer of air motions, it has been used in previous dynami-
cal studies [e.g., Orsolini et al., 1998; Orsolini and Grant,
2000; Manney et al., 2000]. GMI Os is also used in this study
as its chemical lifetime is long in the lower stratosphere
in the absence of heterogencous chemical O; depletion. In
section 4, we present GMI O3 maps in order to both track
the location of the polar vortex and assess whether polar O
is reduced or enhanced at the time of our events.

[28] GMI includes both tropospheric and stratospheric
chemistry and is driven by assimilated meteorological
fields from MERRA [Rienecker et al., 2011]. Combined
stratosphere-troposphere runs [Duncan et al., 2007] were
used in this study, and natural and anthropogenic emissions
were both considered. The horizontal resolution of the model
is 2° x 2.5°, output on 72 pressure levels, with a lid at
0.015 hPa (~75 km). We present polar maps interpolated
onto four potential temperature surfaces (435 K, 475 K,
675 K, and 950 K) that were produced from the output at
12-12:30 UT.

3.3. Derived Meteorological Products

[29] Schoeberl and Newman [1995] have shown that
the vertical extent of polar vortex filaments varies greatly.
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Figure 2. TAO (black), CARE (cyan), and OSIRIS (red) stratospheric partial columns (12-50 km) of
(a) HF, (b) HCI, (c) Os (from the 3051 cm™' microwindow), and (d) N,O. In the Figure 2c, the grey and
blue crosses are retrievals from the 1000 cm™' microwindow for TAO and CARE, respectively. Figure 2e
is scaled potential vorticity over Toronto at 435 K (green), 475 K (blue), 675 K (orange), and 950 K
(cyan), and the inner (sPV = 1.6 x 10#s™") and outer (sPV = 1.2 x 107*s™") vortex edges are indicated by

the upper and lower horizontal lines, respectively.

Typically, filaments are shallow (a few kilometers thick),
but sometimes they can extend through much of the depth
of the stratosphere. In order to determine the vertical extent
of our observed polar vortex intrusions, we use DMPs
[Manney et al., 2007] based on MERRA meteorological
fields, which include temperature, potential temperature,
pressure, equivalent latitude (EqL), PV, scaled PV (given
in vorticity units (10* s™), tropopause height, horizon-
tal winds, and vortex edge location, all interpolated to the
measurement locations. Equivalent latitude is the latitude
that would enclose the same area between it and the pole
as a given PV contour [Butchart and Remsberg, 1986;
Manney et al., 2007]. The vortex edge is defined as in
Manney et al. [2007] by the EqL of the maximum of the
wind speed times the PV gradient. Scaled PV (sPV) is PV
divided by §6/8p, such that sPV is normalized at all verti-
cal levels in the stratosphere [Dunkerton and Delisi, 1986;
Manney et al., 1994].

[30] We use the time series of MERRA sPV over Toronto
at four stratospheric levels (same as above), and we also
examine the vertical profiles of sPV over Toronto dur-
ing the polar intrusion events to determine the vertical
extent over which the polar intrusions occurred. sPV is
used to determine when Toronto is inside the polar vor-
tex; the outer edge of the vortex is defined to be at an
sPV of 1.2 x 10*s™!, and the inner vortex edge is defined
to be at an sPV of 1.6 x 107*s™ [Manney et al., 2007].
Note that except during vortex breakup, the EqL and sPV
methods of determining the vortex edge location agree
quite well in the lower stratosphere (which comprises the
bulk of the O3 column) but that no automated vortex
edge identification works especially well in the springtime
[Manney et al., 2007].

4. Results and Discussion

4.1. Identification and Frequency of Polar
Intrusion Events

[31] The complete TAO and CARE time series, from
January 2002 until March 2013, of individual measurements
of stratospheric HF, HCI, O;, and N,O partial columns are
shown in Figure 2. These gases have seasonal cycles, with
HF, HCIl, and O; stratospheric columns having maxima in
the spring and N,O stratospheric columns anticorrelated,
having maxima in the late summer/early fall. There are also
many outliers in the time series (Figure 2) that are associ-
ated with good spectral fits and realistic retrieved profiles,
and so we would like to determine the causes of some
of this atmospheric variability. OSIRIS O; partial columns
(12-50 km) over Toronto (within 600 km) are included to
help fill in the gaps in the FTIR time series, and they agree
well with the TAO DA8 O; measurements, with only a
5% systematic bias (OSIRIS greater than TAO). Therefore,
there is a good connection between the ground-based mea-
surements and the OSIRIS maps that appear in section 4.3.
Figure 2 also includes the sPV time series at four vertical
levels in the stratosphere: 435 K (~16 km), 475 K (~18 km),
675 K (~25 km), and 950 K (~32 km), and the two hori-
zontal lines indicate the boundary of the outer vortex edge
(at sSPV = 1.2 x 10*s7"), and the inner vortex edge (at sPV=
1.6 x 10*s7"). Note that there are more polar intrusions over
Toronto in the upper stratosphere (650 K and 950 K) because
the polar vortex is typically larger, and filaments tend to
tilt away from the pole at higher altitudes [Schoeber! and
Newman, 1995].

[32] To identify polar intrusion events, we started with
the sPV definition of inner and outer vortex edge, and the
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Figure 3. Number of polar intrusion days at four vertical levels (950 K, 675 K, 475 K, and 435 K) over
Toronto from January 2002 to March 2013, from the MERRA DMPs, separated by month. sPV is given in
10 s71. (a) The number of intrusions that are within the vortex edge region, (b) the number of intrusions
that are within the vortex, and (c) the number of intrusion days that met the four criteria described in

section 4.1.

sPV time series over Toronto from the DMPs. Scaled PV
on the four levels suggests that between January 2002 and
March 2013, there were 675 days (16% of days) when the
polar vortex (sPV > 1.6 x 10™s7!) passed over Toronto and
1492 days (36% of days) when the edge of the polar vor-
tex (1.2 x 10%s! <sPV < 1.6 x 10*s7") was over Toronto.
Figures 3a and 3b show these days distributed by month,
and Figures 4a and 4b show these days distributed by year.

Since the FTIR spectrometer cannot measure on cloudy days
and has sporadic downtime for maintenance and repairs, the
gaps in our data set make it certain that we are not detecting
all of these polar intrusion events over southern Ontario. In
fact, there are FTIR measurements at TAO on only ~14%
of those “enhanced sPV” (> 1.2 x 10*s7") days. However,
while the FTIR data set is missing 86% of the polar intru-
sions (in enhanced sPV), our subset of measurement days
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Figure 4. Same as Figure 3 but separated by year.
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Figure 5. Same as Figure 2 but an expanded view of each year, and 3051 and 1000 O; products are
combined into black (TAO) and cyan (CARE) points. The total errors on these partial columns are 3% for
HF, 3.5% for HCl, 7.5% for 12-23 km O3, 11.6% for 23—50 km Os, and 9% for N,O. Grey and yellow
boxes highlight the polar intrusion events (grey showing events that met the four criteria and yellow
showing events that met only three of the four criteria).

gets a similar percentage with polar intrusions to that found
with the sPV time series.

[33] Since HF is a good dynamical tracer, we expect polar
vortex intrusions to cause variability in the FTIR time series
(though to a lesser extent if the polar intrusion is shallow
and/or much higher than 35 km where it is not contributing

12,7

a large amount to the column). Therefore, we looked at (1)
the HF stratospheric columns that were enhanced, defined as
the HF stratospheric column was more than 1o greater
than the monthly mean (in either the singular monthly
or the climatological (2002-2013) monthly mean).
We flagged those days as “enhanced HF” days. Then we

when

mean
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Figure 6. Same as Figure 6 but later years.

determined whether these flagged days also had (2) reduced
N, O stratospheric columns (compared to a few days before
and after the event), and (3) sSPV > 1.2 x 107*s7!. Finally,
(4) we checked the MIMOSA and MERRA PV maps at the
four vertical levels in the stratosphere mentioned above to
see if there was a vortex excursion or filament over Toronto
on those dates. Using these four criteria, we found 47 polar
vortex intrusions. Six additional polar intrusions were found
that did not quite satisfy all of the criteria. Either there
were not enough HF measurements to make the 1o statistic

meaningful (but the HF column was increased, and sPV was
> 1.2 x 107*s™") or the sPV value was just below 1.2 x
10%#s™! (but the HF column was enhanced and the polar
map confirms a filament). Nevertheless, we include those
six in our study for a total of 53 “polar intrusion events,”
on which we focus the rest of our discussion. There were
an average of four events detected in the FTIR time series
per year. Between November and April inclusive (“win-
ter/spring”), the polar intrusion events consist of 16% of
our measurements.
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Table 2. Percent Increase in 2003-2012 Stratospheric Column
Variability and sPV Variability Over Toronto Due To Polar Intru-
sion Events®

Mean Increase in

Species Variability (2003-2012)
HF (12-50 km) 15.1%
HCI (1250 km) 7.1%
N,O (12-50 km) 1.7%
0O; (12-50 km) 5.7%
05 (12-23 km) 3.8%
0O; (23-50 km) —-0.5%
sPV 435 K 4.4%
sPV 475K 11.2%
sPV 675 K 14.5%
sPV 950 K 52%
sPV 435K 9.3%
sPV 475K 14.4%
sPV 675K 58.8%
sPV 950 K 62.0%

205 products are from the 1000 and 3051 microwindows combined. The
first set of sPV variability is due to 53 polar intrusion events on sPV dur-
ing the FTIR measurement days. The second set of sPV variability is due
to all polar intrusion days in the sPV time series not constrained by HF
measurement days.

[34] The monthly and yearly distribution of these 53 polar
intrusion events are shown in Figures 3¢ and 4(c), respec-
tively. Note that the monthly distribution is similar to the
enhanced sPV distribution, with the differences being due to
the measurement sampling bias. It turned out that all of the
HF enhancements in December through March were during
polar vortex intrusions. The HF enhancements in April, May,
October, and November were rarely coinciding with a polar
vortex intrusion, and only one enhancement in the sum-
mer (August 2005) was during a polar intrusion event. This
suggests that the December to March variability in the HF
time series is due to polar vortex air passing over Toronto.
The late spring, summer, and fall variability in HF must be
due to other causes, and this variability (in May through
September) is about half that during the winter (see
section 4.2 for more discussion on HF variability).

[35] Note that no one criterion for HF enhancements
(e.g., 1o, median absolute deviation, and absolute cutoff)
captured all of the polar intrusion events so there could
be more intrusions in the FTIR data set that were missed.
Also the DMPs (and hence sPV) are interpolated values;
therefore, a slight mismatch in the location of the filament
between MERRA and the “truth” could make the difference
between considering something inside or outside the vortex
[Fairlie et al., 1997; Manney et al., 1998]—hence the six
additional days.

4.2. Effect on Trace Gases: Variability

[36] All of the polar intrusion events we found in the mea-
surements are highlighted by the grey (met all four criteria)
and yellow (met three out of four criteria) boxes in Figures 5
and 6. These figures show the time series expanded for
each year.

[37] The variability introduced in the FTIR time series
by the polar intrusion events (Var) for each trace gas in the
complete time series is calculated for each year and for the
complete time series, with the latter given in Table 2. This
table shows the percent differences between the standard

deviations calculated from our FTIR measurements with
(owitn) and without (0o ), the polar intrusion events:

Var = Zwith Zwout 4 690y, @)

Owith

The upper stratospheric Oz value in Table 2 is negative; this
means that the polar intrusion events decreased the vari-
ability in the time series. The magnitude of the negative
value is small (< —0.5%), which may just be interpreted as
a negligible effect on the time series variability. However,
O; variability can be reduced by the following scenarios:
(i) the polar vortex filament may have a similar amount of
O; to that in unperturbed midlatitude air or (ii) a springtime
polar vortex filament may have Os-poor air, making the col-
umn more like the summertime O; columns (when there is a
seasonal minimum and more FTIR measurements).

[38] From 2003 to 2012, polar intrusion events cause a
mean increase in variability of 15.1%, 7.1%, and 5.7% for
stratospheric HF, HCI, and O;, respectively. We left out 2002
and 2013 from our calculations because early 2002 was
before regular daily measurements commenced at TAO, and
therefore, there were very few measurements during January
to April 2002, and the 2013 data set is not yet complete.

[39] The variability introduced by the polar vortex intru-
sions is greatest for HF, consistent with it being a good
dynamical tracer. For example, in January 2003, we have
one of the highest outliers in the HF (and N,O) columns
(Figure 5), which occurred when the polar vortex was
over Toronto for the largest altitude range (see mauve line
in Figure 12). In this year, the polar intrusions caused a
35% increase in HF variability. The variability of HCI is
less sensitive to the polar vortex intrusions in most years,
likely because dynamical enhancements of HCI can be offset
by chemical processing. However, HCI is still significantly
affected by polar vortex air, consistent with Coffey et al.
[2008]. The polar vortex intrusions have a smaller effect on
the variability of O3 because the amount of O; in the fila-
ments is not consistently greater than (like HF and HCI) or
less than (like N,O) that in midlatitude air. The amount of O;
in a filament is influenced by the altitude range at which it
occurs, the dynamics of the polar vortex system, and chemi-
cal processing. Finally, the small effect on N,O variability is
likely due to the smaller altitude range that contributes to the
N, O stratospheric column (see end of section 2.1.1). There-
fore, only lower stratospheric polar intrusions would have a
significant effect on the N,O time series.

[40] Figure 7 shows the variability (given by the standard
deviation from the climatological monthly mean) of each
species for the complete time series (black circles) and the
time series without the polar intrusion events (red crosses).
In addition to Table 2, this figure shows that the largest effect
on variability occurs for HF, during the winter and early
spring months. Figure 7 illustrates that there is about twice
as much variability in the HF time series in the winter as
there is in the summer and that about half of the increase of
the winter variability compared to summer is due to the polar
intrusion events.

[41] The variability in sPV at four different levels (435 K,
475 K, 675 K, and 950 K) was also calculated and included
in Table 2 and Figure 7. The first set of sPV values in
Table 2 are results when we only consider the 53 events and
their effect on sPV during the FTIR measurement days. The
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Figure 7. Variance in TAO stratospheric partial columns of (a) HF, (b) HCI, (c) O3, (d) N,O, and in (¢)
sPV, as given by the standard deviation from the climatological monthly mean for each month. Circles are
for the full time series, and crosses are for the time series without the polar intrusion events. In Figure 7e,
435 K is green, 475 K is blue, 675 K is orange, and 950 K is cyan, and the crosses are for the time series

without the enhanced sPV days.

second set of sPV values are the results if we are not con-
strained to FTIR measurement days and consider the full
sPV time series during which there are a total of 2167 polar
intrusion days from January 2002 to March 2013. When all
of these are taken into account, their effect on sPV variability
is 9.3%, 14.4%, 58.8%, and 62.0% at 435 K, 475 K, 675 K,
and 950 K, respectively, and Figure 7 shows this effect
by month (with circles showing the variability on the full
sPV time series and crosses showing the variability on the
sPV time series without the enhanced sPV days). Note that
the monthly HF variability with and without polar intrusion
events follows a very similar shape to the sPV variability
(Figures 7a and 7e), which supports the use of FTIR HF
columns to detect polar vortex intrusions.
4.2.1. Effect on O; Columns

[42] Generally speaking, stratospheric O3 columns above
Toronto are slightly greater during the polar intrusion
events, consistently agreeing with the GMI model, the
Microwave Limb Sounder (MLS) on the Earth Observing
System Aura satellite, the Earth Probe/Total Ozone Mapping

Spectrometer (EP/TOMS), the Ozone Monitoring Instru-
ment (OMI), and OSIRIS O; measurements. The O3 strato-
spheric columns can be split into 12-23 km and 23-50 km,
as these partial columns have at least 1 DOFS each. Though
not shown in Figures 5 and 6, these lower and upper strato-
spheric partial columns provide more insight into which
region of the stratosphere any changes to the O; column
are occurring. The total errors on these partial columns
are 7.5% (12-23 km) and 11.6% (23-50 km) for the 3051
microwindow and 9.0% (12-23 km) and 5.7% (23-50 km)
for the 1000 microwindow. When only random errors are
considered, they are 2.6% (12—23 km) and 2.3% (23-50 km)
for the 3051 microwindow and 2.0% (12-23 km) and 2.1%
(23-50 km) for the 1000 microwindow.

[43] In 2005, 2010, and the total time series, there were
significant (greater than the standard error in the O; par-
tial columns) changes in the average of our stratospheric
O; columns due to the polar intrusion events. The only sig-
nificant decreases in annual stratospheric Oz columns due
to the polar intrusion events were in the 23—50 km partial

Table 3. Percent Change in Stratospheric Columns of O3 Over Toronto Due To Polar Intrusion Events for the Given Year and

for the Total Time Series (2002 to 2013)*

Partial Total (2003-
Column 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2012) mean
12-50 km -1.3% 2.3% 2.1% 4.2% 0.3% 1.4% 0.3% 15.3% -3.3% 5.1% 4.5%
12-23 km 1.0% 2.9% 7.3% 5.7% 0.0% 1.5% 5.8% 14.9% -1.2% 3.3% 4.8%
23-50 km —4.2% -0.5% -7.0% -1.4% 0.4% —0.1% —6.5% —2.9% —2.1% 1.3% —0.9%

*Bold values highlight changes that are greater than the standard error of the mean difference.
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Figure 8. Polar intrusion event on 20 January 2003. MERRA PV (in pvu) at 435 K, 475 K, 675 K,
and 950 K. The EP TOMS total O3 column map is also shown (note that this map is oriented 90° coun-
terclockwise compared to the MERRA maps). White circles on each map represents the location of
Toronto/Egbert. White contours denote the inner and outer vortex edge limits.

columns in 2003, 2005, and 2009. These changes in O; are
summarized in Table 3 and were calculated using

03with - 03wout

Change = x 100%, 3)

3with

where Osyim and Osyoy are the means of the stratospheric O;
partial columns for a given year, with and without the polar
intrusion events, respectively. The bold values in Table 3
indicate that the changes in O; are greater than the standard
error on Osyim. However, since our FTIR measurements are
neither frequent nor uniform in time, these statistics apply
only to our data set and should not be interpreted as repre-
senting the increase/decrease in O3 over the Toronto region
that would be observed in a continuous data set.

4.3. Effect on Trace Gases: Case Studies

[44] As mentioned in section 4.1, polar PV maps from
MERRA and MIMOSA (when available) were used to ver-
ify structures extending from the polar vortex southward
over the Toronto region. Figures 8 to 11 present these maps
for four sample polar intrusion events at the vertical levels
at which the intrusion occurred. In these maps, Toronto’s
location is marked by a white circle, and two white contours
indicate the inner and outer vortex edges (equivalent to the
horizontal black lines in Figures 2, 5, and 6). In Figures 9
to 11, the shape of the polar vortex and its filaments given by
MERRA PV were confirmed with the MIMOSA PV maps
(for which the magnitudes of PV are also similar) and mod-
eled N,O from GMI. Also from GMI is modeled O3, which
will be discussed below.

[45] For all 53 polar intrusion events, the VMR of N,O
given by GMI is much lower inside the polar vortex and

filaments compared to midlatitudes as discussed in section 1
(see Figures 9 to 10 for four examples). Recall that GMI
is driven by MERRA meteorological fields; therefore, we
would expect the GMI maps to agree well with MERRA PV
maps, which is why we also include MIMOSA PV in this
study as a more independent check on the location of the
polar vortex and its filaments.

[46] Section 4.3.1 discusses the impact of polar intru-
sions on Toronto area O; using three case studies. The first
two (January 2003 and February 2007) are examples of
when polar O3 depletion caused a reduction in stratospheric
O; over Toronto, and the third (March 2011) is an exam-
ple of when polar O; depletion did not have an effect on
Toronto stratospheric Os. Section 4.3.2 discusses an exam-
ple of stratospheric warming causing the polar vortex to
split apart.

4.3.1. Impact on O;

[47] Unlike some previous studies that focus on reduced
O3 at midlatitudes [Marchand et al., 2003; Millard et al.,
2003; Konopka et al., 2003; Keckhut et al., 2007], we find
that the majority of the polar intrusion events identified
over Toronto resulted in either a small increase or a neg-
ligible change in the O stratospheric columns (consistent
with Newman et al. [1996], Orsolini et al. [2001], Godin
et al. [2002], and Hauchecorne et al. [2002]). Marchand et
al. [2003] modeled the effect of chemically depleted polar
vortex air on northern midlatitudes with MIMOSA-CHIM
(MIMOSA with chemistry) and reported that midlatitude
O3 VMRs became increasingly affected by the polar vor-
tex starting from around March (when it was responsible for
15% of diminished O; at 475 K from 45°-55°N), reach-
ing a maximum in April (when it was responsible for 50%
of the diminished O; at 475 K from 45°-55°N). Since the
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Figure 9. Polar intrusion event on 6 February 2007. (top) MIMOSA PV, MERRA PV (both in pvu), and
GMI N,O (in ppbv). (bottom) GMI O3 at 475 K and 575 K (both in ppbv) and OMI total column O3 (note
that the OMI map is oriented 90° counterclockwise compared to the other maps). White circles denote
the location of Toronto/Egbert. White contours denote the inner and outer vortex edge limits.

Toronto region is located just south of their reported lati-
tude band and most of our polar intrusion events occurred
in March or before, we would expect polar intrusions to
have less of an effect on our O3 columns. Marchand et al.
[2003] also reported negligible O; reductions in the filament
structures (rather than vortex excursions). Since most of our
events were filaments, our findings are consistent with the
Marchand et al. [2003] study, as reduced O; columns were
rarely measured as a result of a filament over Toronto.

[48] We only found reduced O; columns during six of the
53 polar intrusion events: on 20 January 2003, 23 February
2005, 15-16 March 2005 (both 2005 events supported by
Résevall et al. [2008]), 6 February 2007, 3—4 March 2009,
and 27 October 2010 (see arrows in Figures 5 and 6).
The lower (12-23 km) and upper (23-50 km) stratospheric
columns were affected differently during these six events,
with about half having a drop in the lower stratospheric
partial column and little change in the upper stratospheric
partial column, and the other half having a drop in the
upper stratospheric partial column and little change in the
lower stratospheric partial column. Two of these events are
discussed in more detail below.

[49] On 20 January 2003, we have FTIR observations of
reduced Oj in the 12-50 km (Figure 5) and 23-50 km par-
tial column, and MERRA PV maps showing a large filament
over Toronto at all four levels (Figure 8) due to a vortex
split during a major stratospheric warming [Jayanarayanan
et al., 2011], but there are no O; observations by OSIRIS
on this date nor is there GMI output. O; total column obser-
vations from EP/TOMS exist (from ozoneaq.gsfc.nasa.gov)
and are shown in Figure 8 (note the different orientation of
the map). In this figure there is a large amount of O; to the
west of the polar vortex structure (over western Canada and
over the Pacific ocean) which represents regular midlatitude

O3, but where the intrusion occurs (over Ontario and Que-
bec), the O; total columns are reduced, in agreement with
our ground-based measurements. The winter of 2002/2003
had appropriate conditions for chemical Os loss inside the
vortex through late January, as it was cold [ WMO, 2007], and
Arctic O3 depletion was reported [e.g., Christensen et al.,
2005; Singleton et al., 2005; Jayanarayanan et al., 2011].
The HCI stratospheric column is also decreased (Figure 5),
which is consistent with chemical ozone loss, as it implies
that Cl is activated.

[s0] On 6 February 2007 the CARE O; 12—50 km partial
column is reduced (Figure 5). The MIMOSA and MERRA
PV maps and the GMI N, O and O; maps at 475 K (Figure 9)
all show a large filament over our region, but the GMI
475 K map on 6 February 2007 has enhanced O; com-
pared to the surrounding midlatitudes. However, the GMI
575 K (~23 km) O; map does show reduced O; in both
the vortex and filament. There is no OSIRIS coverage over
the Northern Hemisphere during early February to com-
pare with GMI, but Rosevall et al. [2007], Sonkaew et al.
[2011], and Sovde et al. [2011] report significant Arctic O;
depletion that winter, including on the date of our observa-
tion at the 575 K level. Observations of O3 from MLS at
490 K (not shown) show vortex O that is comparable to
midlatitude Oj; (http://mls.jpl.nasa.gov/plots/mls/mls_plot
locator.php) consistent with the GMI 475 K map. The O;
total column map from OMI (from ozoneaq.gsfc.nasa.gov)
is shown in Figure 9 and supports our ground-based mea-
surements, as the O; columns in the polar vortex region
(including the filament over Ontario and Quebec) are smaller
than the O3 columns at other midlatitudes (e.g., over the rest
of Canada).

[51] In contrast to the events on 20 January 2003 and
6 February 2007 discussed above, polar intrusions on 23
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Figure 10. Polar intrusion event on 25 March 2011. (from left to right) MIMOSA and MERRA PV
(both in pvu), GMI N,0 and Oj; (both in ppbv), and OSIRIS O3 (also in ppbv). (bottom) OMI O; total
column (note the different orientation). (from top to bottom) 475 K, 675 K, and 950 K. White circles
denote the location of Toronto/Egbert. White contours denote the inner and outer vortex edge limits.

February 2007 and 23-25 March 2011 do not show reduced
O3 columns (Figures 5 and 6), which might have been
expected given the chemical O; depletion observed in the
polar vortex by Résevall et al. [2007] in 2007 and Manney
et al. [2011] in 2011. In these cases, O3 was not reduced in
the vortex filaments, which extended over Toronto (e.g., the
25 March 2011 case shown in Figure 10, first and last rows).
It would seem that the filaments were not O3 poor because
O3 depletion was not uniform throughout the vortex. For
example, at the end of March 2011, the vortex was O3 poor
near the center but not around its edge (see O; in top row
of Figure 10). The filament originated from the edge region;
therefore, the filament has enhanced O3 compared to midlat-
itude air. In contrast, on 6 February 2007 (discussed above),
the Os-poor air is located near the edge of the polar vortex at
575 K; hence, its filament is also O3 poor (Figure 9).

[52] The polar intrusion event on 23-25 March 2011 is
shown for one day in Figure 10 at 675 K and 950 K, which
are the levels where the polar intrusion occurred, and 475 K,
which is approximately where the peak contribution to the
O3 stratospheric column occurs. The OSIRIS O; maps are
also shown for this day, confirming the GMI results, and
the OMI total column O; is shown, confirming reduced O;

inside the polar vortex, but not in the filament that passed
over Toronto.
4.3.2. Impact of a Stratospheric Warming

[53] Similar to January 2003 (Figure 8), January and
February of 2009 had interesting polar vortex activity, when
a major mid-winter warming occurred [Manney et al., 2009;
Labitzke and Kunze, 2009], and the vortex split in two,
one half passing over southern Ontario in early February.
The maps in Figure 11 show the beginning of this breakup,
and the polar vortex is already over Toronto as early as
16 January 2009. Figure 6 shows the effect on the FTIR
columns. The HCI stratospheric column is decreased. The
upper stratospheric O3 columns (23-50 km) were reduced,
while the lower stratospheric O3 columns (12-23 km) were
enhanced (not shown), resulting in the stratospheric O;
columns (12-50 km) being unchanged (shown in Figure 6).
These results are consistent with the GMI modeled Os,
though the OMI total column O; appears to be slightly
reduced in the polar vortex region (Figure 11).

4.4. Vertical Structure of Polar Intrusion Events

[s4] Figure 12 shows the vertical extent of the 53 polar
intrusion events in sPV. The vertical grey lines in Figure 12
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indicate the outer and inner polar vortex edges, as given by
the sPV criterion described in section 3.3. The mean sPV
profile from nonintrusion (sPV < 1.2 x 107*s™") days and
its standard deviation are the thick black lines shown for
comparison. Most of the polar intrusion events have sPV
values that are within the edge region, but at least half of our
53 events have even higher sPV values, putting them well
inside the polar vortex at some part of the profile. In most
cases, sPV tends to be large compared to the nonevent mean
from about 370 to 1500 K (or 12 to 45 km), which coincides
with the vertical range over which the FTIR retrievals are
sensitive (see Figure 1 and section 2.1.1).

[s5] These results indicate that FTIR partial column
measurements provide useful information for polar intru-
sion detection. Previous publications describing midlatitude
polar intrusion events have presented trace gas vertical
profiles from aircraft, lidar, and balloon-borne in situ mea-
surements [Newman et al., 1996; Orsolini et al., 2001,
Godin et al., 2002; Durry and Hauchecorne, 2005; Tripathi

et al., 2006]. However, these aircraft, lidar, and balloon
measurements were limited to the lower stratosphere (about
10-30 km or 350-800 K)), which may miss events that occur
between 30 and 50 km (~800-2200 K) (e.g., the 14 May
2003 and 14 December 2004 events detected in this study—
red and dark green lines in Figure 12, respectively). For
HF, HCI, N,0, and Oj;, the 30-50 km partial columns con-
tain about 45%, 27%, 2%, and 30% of the stratospheric
(12-50 km) columns, respectively.

[s6] The vertical thickness of the intrusions ranges from
about 5 km (e.g., 3 March 2005—orange line in Figure 12) to
about 30 km (e.g., 16 January 2009—pink line in Figure 12),
and there is often more than one peak in the vertical pro-
files of sPV (e.g., 27 October 2010—light green line in
Figure 12), indicating vortex filament structures occurring
at more than one level. These results for vertical extent are
consistent with Newman et al. [1996] who observed shal-
low intrusions at midlatitudes in the lower stratosphere, as
well as with the studies by Orsolini [1995], Orsolini et al.
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Figure 12. Scaled potential vorticity over Toronto during the 53 polar intrusion events derived from
MERRA (blue and colored lines). The grey vertical lines indicate the outer and inner polar vortex edges.
The horizontal dashed lines are the four vertical levels at which sPV was sampled in the time series.
The thick black line and dashed black lines are the mean sPV profile from all nonintrusion days and its
standard deviation, respectively. The colored lines are sPV profiles from specific days that were discussed
in sections 4.2 and 4.4: mauve = 20 January 2003, red = 14 May 2003, dark green = 14 December 2004,
orange = 3 March 2005, pink = 16 January 2009, and light green = 27 October 2010.

[1997], and Schoeberl and Newman [1995] who observed
and modeled both shallow and deep polar vortex filaments
throughout the stratosphere.

5. Conclusions

[57] We have presented the TAO and CARE ground-based
FTIR time series of stratospheric HF, HCI, O3, and N,O par-
tial columns measured from January 2002 to March 2013
and have used these results, along with the sPV analysis,
to identify 53 polar intrusion events over the densely popu-
lated Toronto area. All 11 years had at least 2 days with a
polar intrusion event detected in enhanced HF columns, with
four events per year being the average. Most of the events
were detected in the late fall, winter, or early spring, when
the polar vortex was formed or distorted, rapidly changing,
and frequently shedding filaments. These conditions com-
monly occur throughout Arctic fall and winter [e.g., Manney
et al., 2000]. To our knowledge, this is the first study to
use ground-based FTIR column measurements to identify
multiple polar intrusions over the course of a decade over
a particular midlatitude region and to examine the impact
of intrusions on the stratospheric columns of four different
trace gases.

[s8] FTIR measurements of HF columns were useful
for detecting polar vortex intrusions; the HF stratospheric
columns were enhanced during 100% of the lower strato-
sphere (435 K and 475 K) polar vortex (sSPV > 1.6 x 107#s7")
overpasses. When the upper stratosphere (675 K and 950 K)
polar vortex intrusions are also included, 40% of HF strato-

spheric columns were enhanced, as the upper stratosphere
contributes less overall to the HF columns. However, 40%
is still a significant amount detected by HF column mea-
surements. When the polar vortex edge (sPV > 1.2 x
10~*s™") overpasses are also included, the percentage drops
to 30%(25%) for the lower (upper) stratosphere events.

[s59] Most of the late fall, winter, and early spring variabil-
ity in the TAO HF time series (Figure 7) can be explained by
transient polar intrusion events, although the magnitude of
the effect varies from year to year. The effect on the O; time
series (FTIR and OSIRIS) is irregular (Figure 7, Table 3);
most of the time, there is a small increase in O; during
an event, even when there is O3 depletion inside the vor-
tex. The vortex filaments often do not share the Os-depleted
state of the vortex (e.g., the unprecedented O3 loss in 2011
did not cause a decrease in Toronto O3 columns). Based on
our results and the Marchand et al. [2003] study, O3 deple-
tion over Toronto is more likely to occur during a vortex
excursion, and these are rarer than filaments.

[60] The vertical profiles of sPV (Figure 12) show that
the intrusions can occur at varying altitudes and span vari-
ous vertical ranges. While the FTIR retrievals cannot resolve
those features, the sensitivity in the 12-50 km range is
sufficient to see variability in the stratospheric columns
caused by these polar intrusion events, including mid-to-
upper stratospheric events, which are not measurable with
sondes, lidar, aircraft, and in situ instruments.

[61] FTIR spectroscopy is capable of measuring numer-
ous polar vortex tracers and stratospheric gases important
for O; chemistry over long periods. There are 14 NDACC
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sites north of 40°N; many of which have been taking obser-
vations for more than a decade (e.g., http://www.acd.ucar.
edu/irwg/). Based on the results of this study, these data
sets should also provide evidence of polar intrusion events
and afford an opportunity to study the accuracy of their
representation in models.
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