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The spring 2011 final stratospheric warming above Eureka:
anomalous dynamics and chemistry
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Abstract. In spring 2011, the Arctic polar vortex was The anticyclone that transported lower-latitude ;N&bove
stronger than in any other year on record. As the polar vorteXPEARL became frozen-in and persisted in dynamical and
started to break up in April, ozone and M©@olumns were  GMI N>O fields until the end of the measurement period
measured with UV-visible spectrometers above the Polaon 31 May 2011. Ozone isolated within this frozen-in an-
Environment Atmospheric Research Laboratory (PEARL)ticyclone (FrlAC) in the middle stratosphere was lost due to
in Eureka, Canada (80.05!, 86.42 W) using the differ-  reactions with the enhanced NOBelow the FrlIAC (from
ential optical absorption spectroscopy (DOAS) technique.the tropopause to 700 K), NQiriven ozone loss above Eu-
These ground-based column measurements were compleeka was larger than in previous years, according to GMI
mented by Ozone Monitoring Instrument (OMI) and Optical monthly average ozone loss rates. Using the passive tracer
Spectrograph and Infra-Red Imager System (OSIRIS) sateltechnique, with passive ozone profiles from the Lagrangian
lite measurements, Global Modeling Initiative (GMI) sim- Chemistry and Transport Model, ATLAS, ozone losses since
ulations, and meteorological quantities. On 8 April 2011, 1 December 2010 were calculated at 600 K. In the air mass
NO, columns above PEARL from the DOAS, OMI, and thatwas above Eureka on 20 May 2011, ozone losses reached
GMI datasets were approximately twice as large as in pre4.2 parts per million by volume (ppmv) (58 %) and 4.4 ppmv
vious years. On this day, temperatures and ozone volumé61l %), when calculated using GMI and OSIRIS ozone pro-
mixing ratios above Eureka were high, suggesting enhanceéiles, respectively. This gas-phase ozone loss led to a more
chemical production of N@from NO. Additionally, GMI rapid decrease in ozone column amounts above Eureka in
NOx (NO+ NO2) and NO fields suggest that downward April/May 2011 compared with previous years. Ground-
transport along the vortex edge and horizontal transporbased, OMI, and GMI ozone total columns all decreased by
from lower latitudes also contributed to the enhancechNO more than 100 DU from 15 April to 20 May. Two lows in the
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ozone columns were also investigated and were attributed to Spring-time polar ozone loss is typically associated with
a vortex remnant passing above Eureka-&00K on 12/13  heterogeneous chemistry in the lower stratosphere. However,
May and an ozone mini-hole on 22/23 May. Konopka et al. (2007) found that N&liriven middle strato-
sphere ozone loss during stratospheric warmings can have a
greater impact than halogens for some Arctic springs. They
studied the transport of subtropical ozone andyMi©h air

to the Arctic in spring 2003, a year in which the Arctic lower
During the spring-time break-up of the Arctic polar vortex, stratosphere was warm. By late April 2003, local ozone loss
large variability in stratospheric trace gases can be observewas up to 50 % at the 600-K potential temperature level and
as vortex and lower-latitude air masses mix. Fragments ofvas dominated by NOchemistry, which accounted for 76 %
the polar vortex, containing characteristic values of chemi-of the loss for the region between 600 and 900 K. Therefore,
cal tracers, such as low-}, can become “frozen-in” and be the ozone loss rates were strongly dependent on the amount
advected throughout the hemisphere (e.g., Hess, 1991). Singf NOy transported from lower latitudes.

ilarly, lower-latitude air masses, containing, e.g., enhanced In spring 2011, the Arctic polar vortex was stronger
N2O, can be transported northward. In some cases, thesdérough February and March than in any other year on record
low-latitude air masses remain intact through the summer(Manney et al., 2011). Because of persistently low temper-
These so-called frozen-in anticyclones (FrIACs) were ob-atures, continuous depletion via heterogeneous chemistry
served in 2003 (Lahoz et al., 2007), 2005 (Manney et al.,was observed until 20 April, leading to record ozone loss
2006; Allen et al., 2011), and 2007 (Thieblemont et al., (Balis etal., 2011; Manney et al., 2011). These findings have
2011). The 2005 FrIAC formed during the final stratosphericbeen investigated with differential optical absorption spec-
warming and persisted until late May in dynamical fields, andtroscopy (DOAS), Fourier transform infrared spectrometer,
until late summer in chemical tracer fields measured by thgadiosonde, and lidar measurements taken at the Polar En-
Microwave Limb Sounder (MLS) satellite instrument (Man- Vvironment Atmospheric Research Laboratory (PEARL) in
ney et al., 2006). These features were also captured by theureka, Canada (80.08l, 86.42 W) by the Canadian Net-
Global Modeling Initiative (GMI) chemistry transport model work for the Detection of Atmospheric Change (CANDAC)
(CTM) (Allen et al., 2011). (Adams et al., 2012b; Lindenmaier et al., 2012).

Ozone volume mixing ratios (VMRs) within frozen-infea-  In early April 2011, DOAS NQ columns above PEARL
tures depend primarily on middle stratosphere chemistryreached approximately twice the column amount observed
as the air masses are isolated. Photochemical productiofluring the same season in previous years (Adams et al.,
through odd-oxygen reactions depends primarily on solar2012b). Therefore, we present an investigation of ground-
zenith angle (SZA), while catalytic loss depends primarily on based, satellite, and model MCand ozone data above
NOy concentrations and SZA. For large SZA (limited sun- PEARL in April/May 2011. NO and aerosol are used as
light), both the photochemical production and catalytic de-dynamical tracers, with low $O and aerosol indicating vor-
struction of ozone are slow. However, production drops offtex air masses and high,® and aerosol indicating lower-
more rapidly with SZA than does destruction. This leads to alatitude air masses (e.g., Ruth et al., 1994; Harvey et al.,
maximum ozone loss rate for SZA 80-9%innhuber et al., 1999). The ground-based, satellite, and model datasets used
1999). in this study are described in Sect. 2. The evolution of these

In the winter, low-ozone pockets have been observed indatasets above Eureka in the context of previous years is pre-
side anticyclones shortly after the peak of a stratospherisented in Sect. 3.1. The relative roles of chemistry and trans-
warming (Manney et al., 1995a; Harvey et al., 2002, 2004,port in the large increase in the N@olumn are discussed
2008). Low-ozone pockets form because the anticyclone isoin Sect. 3.2. The subsequent development and evolution of a
lates the air mass from ozone-rich lower-latitude air and sunFrlAC, and middle-stratosphere gas-phase ozone loss is in-
light is limited, repressing the photochemical production of vestigated in Sect. 3.3. In Sect. 3.4 a vortex fragment and an
ozone (Morris et al., 1998; Nair et al., 1998). Low-ozone 0zone mini-hole over Eureka are illustrated. Conclusions are
pockets tend to have 5-30% less ozone than surroundingiven in Sect. 4.
ambient air (Harvey et al., 2008). In the summer, lower
ozone has also been noted inside anticyclones, but is typi-
cally attributed to dynamics instead of chemistry (Orsoliniet2 Datasets
al., 2003; Orsolini and Nikulin, 2006). Overall, summertime
ozone loss is driven by 24-h sunlight, as Ni®released from  For this study, ground-based, satellite, and model datasets
its night-time reservoirs, leading toa30 % decrease in the were combined in order to produce a complete picture of
ozone column (e.g., Farman et al., 1985; Perliski et al., 1989the vortex break-up in 2011 above Eureka. Ground-based
Fahey and Ravishankara, 1999). DOAS measurements were used to identify unusual varia-

tions in ozone and N®columns above Eureka. Ozone and
NO, profiles were then resolved using Optical Spectrograph

1 Introduction
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and Infra-Red Imager System (OSIRIS) satellite measureRaman scattering. An additional cross-section was applied
ments. OSIRIS aerosol measurements were also used to idete correct for systematic polarization errors in the analysis.
tify vortex and lower-latitude air masses. Ozone Monitoring NO, was retrieved in two different wavelength regions: 425—
Instrument (OMI) satellite ozone and N@olumn measure- 450 nm (GBS-vis) and 350-380 nm (GBS-UV), depending
ments complemented these datasets, in particular in earlgn the selected grating. The N@is DSCDs were retrieved
April, when OSIRIS was turned off for annual maintenance. using the same cross-sections as ozone, with the addition of
The evolution of ozone and NOwas investigated using a first-order offset correction to account for stray light. Polar-
meteorological fields from Derived Meteorological Products ization correction cross-sections were not necessary fer NO
(DMPs) and modeled ozone, NQCand NO from the GMI perhaps due to the shorter wavelength region of the analysis.
CTM. Since passive ozone was not available from the GMIFor NO;-UV, a BrO cross-section measured at 223K (Fleis-
runs used in this study, ATLAS passive ozone was used tchmann et al., 2004) and an OCIO cross-section measured at
quantify NQ-driven ozone loss during these events. These204 K (Wahner et al., 1987) were also included in the analy-

datasets are described in the sections below. Sis.
Ozone and N@ vertical columns were retrieved from
2.1 DOAS ozone and N@ DSCDs using the Langley method in the SZA 86>gdnge,

or the nearest available SZA, with air mass factor look-up

Ozone and N@ columns were measured above PEARL by tables provided by the Belgian Institute for Space Aeron-
two UV-visible DOAS instruments: the PEARL and Univer- omy (IASB-BIRA). The ozone air mass factors produce total
sity of Toronto ground-based spectrometers (GBSs) (Frasecolumns (Hendrick et al., 2011), while the M@ir mass fac-
et al., 2009). Measurements were taken at PEARL (prior totors produce partial columns from 17 km to the top of the
2005, the Arctic Stratospheric Ozone Observatory — AStrO),atmosphere (Appendix A of Adams et al., 2012a). On aver-
which has been operated by CANDAC since 2005. Mea-age, errors of 6.0 % for ozone, 19 % for W®is and 19 %
surements included in this study were acquired during CAN-for NO2-UV were calculated for April/May GBS measure-
DAC routine operations (August 2006 to present), the Strato-ments. The mean relative differences for OSIRIS minus GBS
spheric Indicators of Climate Change Campaign (springcolumns in the Arctic are 5.7 % for ozoney.3 % for GBS-
2003) and the Canadian Arctic ACE Validation Campaignsvis NO,, and—3.3 % for GBS-UV (Adams et al., 2012a).
(springs 2004—-2011) (Kerzenmacher et al., 2005; Fraser et
al., 2008). The GBSs are part of the Network for the De-2.2 OSIRIS ozone, NQ, and aerosol
tection of Atmospheric Composition Change (NDACC) and
their Eureka ozone and NQlatasets are described in detail The OSIRIS satellite instrument was launched aboard the
by Adams et al. (2012a). Measurements from the two GBSOdin spacecraft in February 2001 (Murtagh et al., 2002;
instruments are nearly identical and therefore were combined lewellyn et al., 2004). It observes limb-radiance profiles
into a single GBS dataset. with a 1-km vertical field-of-view over altitudes ranging from

The GBSs are UV-visible Triax-180 triple-grating spec- approximately 10-100 km, with coverage from 82\2to
trometers, built by Instruments S.A./Jobin Yvon Horiba, with 82.2 S. The grating Optical Spectrograph measures scat-
cooled charge-coupled device detectors and digld-of- tered sunlight from 280—-800 nm, with 1-nm spectral resolu-
view. The resolution of the GBSs varies from 0.2—2.5 nm de-tion. The OSIRIS 25-km tangent height is within 500 km of
pending on the selected grating and wavelength range. ThEureka~ 5-10 times per day and measurements of ozone,
GBSs recorded spectra in April and/or May at Eureka inaerosol, and N@are taken during the sunlit part of the year
1999, 2003, 2004 and 2007-2011. Only data from 2004—from approximately 1 March to 15 October above Eureka).
2011 are used in the present study for consistency with GMI The SaskMART Multiplicative Algebraic Reconstruction
and OMI. Technique (Degenstein et al., 2009) v5.0x (v5.0.1 and v5.0.6)

Ozone and N@ differential slant column densities o0zone and aerosol were used in this study. Ozone absorption
(DSCDs) were retrieved using the DOAS technique with theinformation in both the UV and visible parts of the spectrum
QDOAS software (Fayt et al., 2011). Ozone DSCDs wereis used to retrieve number density profiles from 60 km to the
analyzed using the NDACC recommendations published incloud tops (down to a minimum of 10km in the absence
Hendrick et al. (2011) in the 450-545nm and 450-540 nmof clouds). OSIRIS ozone VMRS, calculated using OSIRIS
fitting windows for the UT-GBS and PEARL-GBS, respec- number density profiles and European Centre for Medium-
tively. The following cross-sections were all fit during the Range Forecasts (EMWF) neutral density profiles, are also
DOAS procedure: ozone measured at 223 K (Bogumil et al. available. SaskMART v5.0x ozone profiles agree with those
2003), NQ measured at 220K (Vandaele et al., 19980H  from SAGE Il (Stratospheric Aerosol and Gas Experiment)
(converted from line parameters given in Rothman et al.,to within 2% from 18-53 km (Degenstein et al., 2009). Sys-
2003), wavelength-correcteds(Greenblatt et al., 1990), tematic and other errors are expected to be on the same or-
and the Ring pseudoabsorber (Chance and Spurr, 1997er as the instrument noise. SaskMART aerosol extinction at
which accounts for the filling in of absorption lines due to 750 nm (Bourassa et al., 2007) is retrieved with an assumed
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height profile and a single-mode log-normal particle size dis-high-latitude ground-based DOAS measurements to within
tribution. OSIRIS aerosol agrees with SAGE Il and SAGE ~ 5 %.

Il measurements to within 15 % for the lower stratosphere The Dutch OMI NQ retrieval (DOMINO) stratospheric
(Bourassa et al., 2012). NO, product was used in this study (Boersma et al., 2007,
For NO,, the v3.0 Optimal Estimation data product was 2011; Dirksen et al., 2011). NOSCDs are retrieved using
used. NQ slant column densities (SCDs) are retrieved usingthe DOAS technique in the 405-465nm range. SCDs are
the DOAS technique in the 435-451 nm range. These SCD¢hen assimilated in a CTM and stratospheric partial columns

are converted to number density profiles from 10-46 km us-are produced. DOMINO stratospheric NGgrees with

ing an optimal estimation inversion, with high response for ground-based measurements to withig 0 10> mol cm—2
15-42 km (Brohede et al., 2008). OSIRIS NUMRs, cal- (13 %) (Dirksen et al., 2011).

culated from ECMWF number density and OSIRIS neu- To investigate air masses above Eureka, daily OMI ozone
tral density profiles, are also available. The precision ofand NGQ columns within 500 km of Eureka were averaged.
these measurements is 16 % between 15-25km and 6 % b&e produce polar maps at fixed potential temperature levels,
tween 25-35km based on comparisons with other instrudata were passed through a Gaussian filter with a standard de-
ments (OSIRIS, 2011). viation of 1° and interpolated ontc°k 1° horizontal grid, us-

To investigate air masses above Eureka, OSIRIS ozondng the method described in Sect. 2.2. Note that a smaller grid
aerosol, and N@profiles were averaged daily within 500 km and standard deviation were used for OMI than for OSIRIS
of Eureka. To produce polar maps at fixed potential temperabecause OMI has better horizontal resolution.
ture levels, data were passed through a Gaussian filter with a
5° standard deviation onto a55° grid. For each grid-point, 2.4 Derived Meteorological Products
the angular distance between the grid-point and the OSIRIS
measurements was calculated. Weights based on the angulifeteorological quantities were obtained from DMPs (Man-
distance between the measurements and the grid-point wemgey et al., 2007) that were calculated daily at 12:00 UTC di-
calculated using a Gaussian function, with a standard devirectly above PEARL using the GEOS Version 5.1.0 and 5.2.0
ation of . The weighted mean of OSIRIS measurements(GEOS-5) analyses (Reinecker, 2008). DMP temperatures,
at the given grid-point was then calculated. If the sum of scaled potential vorticity (SPV, potential vorticity scaled in
weights at a given grid-point was 1, the grid-point was left ~ “vorticity units” to give a similar range of values at each
empty. The filter and interpolation grid were tested for var- level, e.g., Dunkerton and Delisi, 1986; Manney et al., 1994)
ious cases to ensure that smoothing and interpolation werand equivalent latitude (EqL, the latitude that would enclose
not introducing any spurious features to the maps. The 5the same area as a given PV contour, e.g., Butchart and
filter provided the best balance between showing the detaiRemsberg, 1986) were all considered in this study. sPV val-
in the OSIRIS measurements, without introducing large gapsies of 16 x 1074s~1 and 12 x 10~*s~! are used to define
in the figure. The choice of interpolation grid did not have the inner and outer vortex edges, respectively (Manney et al.,
a significant impact on the maps for the measurement date2007). Manney et al. (2007) and Lindenmaier et al. (2012)

considered. have shown that using a single sPV value to define the vortex
edge throughout the fall/winter/spring season gives compara-
2.3 OMIl ozone and NG ble results to other commonly used vortex edge identification

methods. EqL provides a coordinate system that separates air

On board the Earth Observing System Aura satellite, OMImasses inside and outside the polar vortex.
(Levelt et al., 2006) measures sunlight backscattered from
the Earth’s surface at UV and visible wavelengths. OMI takes2.5 GMI
measurements in the sunlit part of the globe, with a nadir
resolution that varies from 18 24 kn? to 24 x 48 kn? and In order to interpret satellite measurements, GMI a 3-D
daily global coverage. CTM (Strahan et al., 2007) with full chemistry in the tro-

For the present study, OMIDOAOS3 ozone total columns posphere and stratosphere (Duncan et al., 2007) was used.
were used. OMIDOAS3 ozone columns are retrieved usingThe GMI CTM is integrated with meteorological fields from
an algorithm that is based on the DOAS technique (Veefkindthe GEOS-5.2.0 Modern Era Retrospective-analysis for Re-
et al., 2006; Veefkind and Sneep, 2009). Fits are performedearch and Applications (MERRA) (Rienecker et al., 2011).
in a 5-nm-wide fitting window, centred at 334.1 nm. AMFs The GMI chemical formulation includes 125 species, with
are determined using a radiative transfer model. OMDOAQ3322 thermal chemical reactions, 82 photolysis reactions, in-
total columns have been validated extensively against othecluding heterogeneous reactions on aerosols and polar strato-
instruments and have been shown to agree typically withinspheric clouds. Time-varying natural and anthropogenic
2 % or better, with a slight SZA dependence at high latitudesemissions are included. Tropospheric processes represented
(e.g., McPeters et al., 2008 and references therein). Hendricika the simulation include convection, wet scavenging, dry
et al. (2011) found that OMIDOAO3 columns agreed with deposition, and NQproduced from lightning (Allen et al.,
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2010). The GMI-MERRA simulation is integrated &t 2 1o WCESNO, £ 685 0,
2.5° (latitude x longitude) on 72 pressure levels, ranging 7 5 s 550
from the surface to 0.015hPa. For this study, daily ozone,  ° s ¥ = :,-‘a" S0 ., $
NO2, and NO fields used are averaged for 10:00-11:00 LT, £ °| , %" . % L= g
in order to sample NO and NCat the same part of the di- ¢ * S 0 & 40 A g >
urnal cycle throughout the Northern Hemisphere (e.g., at a 3 "4 c i | X
fixed LT). N2O was not available in the GMI 10:00-11:00  # i *
LT model output. Therefore, 2D, PV, and temperature are 1-Apr 15-Apr A-May 15May 3i-May  1-Apr 15-Apr 1-May 15-May 31-May
model “snapshots” from the daily 12:00 UTC model output. Lo O0MNO, HoMo,
Profiles were interpolated to the latitude and longitude of Eu- 7 550
reka. Polar maps at various potential temperature levels were el o L A . c
also produced. i .’tf‘-.,«‘""f»“"’*{ B s i v

= A =) 4 i
2.6 ATLAS passive 0zone 3 358 I c 350 .1\ LYo

2 300
Passive ozone was calculated using the Lagrangian Chem |, B toam 1oy 150y 3iay
istry and Transport Model ATLAS (Wohltmann and Rex,
2009; Wohltmann et al., 2010). Ozone was treated as a pas ,*'" s s o
sive dynamical tracer with no chemistry. The passive tracer 4| _ s0| s §
was initialized on 1 December 2010, using profiles from §s| 4%, ROE—— Y .t : J ¢
MLS. Meteorological data from the ECMWF ERA-Interim ~ £¢f A TG SEE o 0 18 00 v
reanalysis are used to drive the model (Dee et al., 2011). 5 s, 'J; ;P 30|+ # ’“'«'\, o
The model resolution is approximately 150km in the hor- © 2i= w0| A ¥
1

izontal and 1-2 km in the vertical. The model uses a hybrid
vertical coordinate (pressure/potential temperature), which is
to a good approximation a potential temperature coordinaterig. 1. Timeseries of N@ columns (mol criT2) and ozone columns

Heating rates from the ERA-Interim reanalysis drive the ver-(DU) above Eureka for 1 April to 31 May in 2011 (red) and
tical motion. Transport and mixing in ATLAS passive ozone in 2004-2011 (grey)(a) GBS-vis (closed circles) and GBS-UV
has been validated against other models and datasets and w@pen circles) N@ partial columns (17km to top of atmosphere)

found to be in good agreement (Wohltmann and Rex, 2009)_and (b) GBS ozone total columns, both measured both in morn-
ing and evening twilights,c) OMI stratospheric N@ columns and

(d) OMI total ozone columns averaged daily within 500 km of Eu-
3 Results reka. (e) NOo and (f) ozone total columns from daily GMI out-
put from 10:00-10:30a.m. local time at Eureka. Note that there

3.1 The springtime stratosphere above Eureka in 2011  are fewer ozone than NOGBS measurements because, for some
years, spring-time dedicated BrO measurements excluded the visi-

Figure 1 shows the timeseries of N@nd ozone columns ble wavelengths used to measure ozone. Black arrows labelled A,
above Eureka from GBS ground-based measurements (top}; C indicate 8 April, 13 May, and 22 May, respectively.

OMI satellite overpasses (middle), and GMI model output

(bottom). The 2004—-2010 data is shown in grey and the 2011

data in red. Good agreement is observed between the thrdae to previous years. Ozone total columns also increase in
datasets. In years prior to 2011, B@olumns increase dur- early April, reaching maxima between10-15 April. They

ing April and May as hours of sunlight at Eureka increasethen decrease throughout the rest of April/May, at a faster
(SZAs decrease). This is expected asyNOreleased from rate than in previous years, due to enhanced homogeneous
night-time reservoirs through photochemical reactions. NoteNOy chemistry, some of which occurs within a FrlAC, as
that only qualitative agreement is expected, as the seasondiscussed in Sect. 3.3. Ozone columns above Eureka also de-
increase in N@ depends on the SZA at which N@s sam-  crease on 12/13 May (labeled B) due to a vortex fragment
pled. Ozone columns decrease throughout the spring, as det 500 K, and on the 22/23 May (labeled C) due to an ozone
scent in the polar vortex ceases and ozone is lost through gasnini-hole, as described in Sect. 3.4.

phase cycles. In 2011, N@&nd ozone columns are lowon 4  Profiles of meteorological quantities, trace gases, and
April, when the polar vortex briefly passes above Eureka. Onaerosol extinction are shown in Fig.. 2 for 2011 (red lines)

8 April (labeled A), NG increases to values that are nearly and 2004—-2010 (grey lines). Average profiles for 2011 (blue
two times larger than in previous years in all three datasetsdashed lines) and 2004-2010 (thick black lines) are also
This is attributed to NQtransport and the chemical produc- shown. Note that approximate altitudes corresponding to the
tion of NGOy in Sect. 3.2. Throughout the rest of April/May, potential temperature levels are given on the right y-axis
NO columns gradually return to values that are compara-of panel a. Temperatures above Eureka (panel a) in 2011

250
1-Apr 15-8pr  1-May 15-May 31-May 1-Apr 15-Apr  1-May 15-May 31-May
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reached the highest values in the record from 400 to 1000 K. a) Temperature b) Eql
Average April/May 2011 temperatures are also higher than 1600 1 3 1600

average temperatures in previous years for 400-1400K. 1400 1400

£
EqLs (panel b) in 2011 are smaller than observed in all of the 1200 38§ 1200
previous years< 30° N between 700K and 1400K, and at < 1000 T <om
~ 450 K) suggesting the transport of lower-latitude air above s 29 E 800
Eureka. A minimum equivalent latitude of 1@as observed 600 23§ 600
at 850K on 16 April. Therefore, the warm temperatures are  s0g.—— 8.3 400
likely due to the poleward advection of warm tropical air over T EqL ()
Eureka. OSIRIS NOVMRs (panel ¢) are enhanced in 2011 g0, iy IR
for 500-1400 K, which is consistent with the large NE»I- 40 - 1400
umn amounts (Fig. 1a, c, e). OSIRIS ozone VMRs (panel - 1200
d) in 2011 are on average smaller than in previous years for ¢ ., < 100
potential temperature levels below 1300K. OSIRIS aerosol © . -
extinction (panel e) and GMI §O VMRs (panel f) are larger 500 5 -
in 2011 than previous years above650 K, suggesting en- - P
hanced transport of lower-latitude air over Eureka. Average ? 2 (P;‘m) B 0 QUDUVMQU&UPMBDUD 200
GMI NOx (NO+ NO2) (panel g) is larger in 2011 than pre- ¢) OSIRIS Aerosol Extinction

vious years for potential temperature level§00 K. For po- 1600

tential temperature levels 700 K, many of the April/May
2011 NQ profiles are larger than in any other year. ”
Figure 3 shows the evolution of temperature (panel a) = '™

and EqL (panel b) above Eureka during April and May of ™ ]
2011. The white contour lines indicate sRY 1.6 x 104 800
ADUI—‘— r

1400
1200

s~1, which can be used to approximate the inner vortex edge. o 1 2 3 4 0 S
Air masses within these contour lines are considered to be Extinction (k') x 10 VMR (ppb)
inside the polar vortex. Selecb® contours (black) are over- 1600 | E

laid above the EqL. On 4 April, the vortex is above Eureka 1
from 550 to 1450 K. Above 600K, the vortex is displaced 120
from Eureka on 5 April. Between 4 and 6 April, temperatures < ;g
rise rapidly (from 226 to 246 K at the 850-K potential tem- 4,

Profiles 2004-2010

Profiles 2011 —
Mean profile 2004-2010
Mean profile 2011 —_— = -

perature level) and EqL decreases sharply (fromt8140° 500

at the 850-K potential temperature level). This suggests that i

the high temperatures are due to the rapid poleward transpor T ey

of lower-latitude air. Low EqL (values: 30°) and enhanced

N2O indicate tropical air for~ 10—20 April between~- 700—  Fig. 2. Profiles of meteorological fields and composition above

1100 K. The altitude range of low EgL narrows with time. PEARL for 1 April to 31 May. Thin grey and thick black lines indi-
During May, as SZAs decrease and more sunlight enters théate individual profiles and average profiles, respectively for 2004—
atmosphere, temperatures gradua“y increase. At altitudes b@DlO Thin red lines and thick blue dashed lines indicate individual
low 600 K, the vortex gradually moves away from Eureka profiles and average profiles, respectively for 2qa)Temperature
until 13 April. Following 13 April, there are intervals of high (<) @1d(0) EqL () from GEOS-5 DMPs at 12:00 UTC above Eu-

L . . . reka.(c) NO2 VMR (parts per billion by volume — ppbvjd) ozone
and low EqL (coinciding with low and high0), suggesting VMR (ppbv), and(e) aerosol extinction (km?) from OSIRIS mea-

that vortex anc_l lower-latitude air are moving ak?ove Eureka. g rements within 500 km of Eurekéf) NoO VMR (ppbv) and(g)
GMI NO2, with NOy contours overlaid (black lines) (panel NOy VMR (ppbv) from GMI daily profiles above Eureka. The ap-

¢) and GMI ozone (panel d) are also shown in Fig. 3. Noteproximate altitude corresponding to the potential temperature levels
that GMI data is shown because OSIRIS did not take meais shown in the y-axis ofa).

surements in early April. During the period of overlap, good

agreement between OSIRIS and GMI is observed. As the

vortex moves away from Eureka, NO/MRs increase and 3.2 NGO, maximum on 8 April

correspond to high temperatures (panel a) and large ozone

VMRs (panel d). The enhanced NOMRs are further in- A large maximum was observed in the WEolumn (Fig. 1a,

vestigated in Sect. 3.2. Reduced ozone VMRs approximatelyg, e, event A) and profile timeseries (Fig. 2c) on 8 April 2011.

follow low EgLs (panel b) from 15 April to 31 May. Thisis The chemical production of N&from NOy is favoured for

discussed further in Sect. 3.3. high temperatures and large ozone VMRs (e.g., Sander et al.,
2011). Above Eureka, enhanced p@n 8 April corresponds
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by Fig. 4. Polar maps of OMI N@ stratospheric columns in mol ¢né
(top row), OMI ozone total columns in DU (middle row) and the
g approximate inner vortex edge (bottom row) for 1, 3, 5 and 8 April
2011. Small [large] column values are given in blue [red]. The inner
T-mpr 15-Bpr 1-May 15-May 31-ttay VMR (ppbv) vortex edge is approximated at sR¥Y1.6 x 104 s~1 for 500-K
4) GMI O, (magenta), 600-K (cyan), and 850-K (blue) potential temperature
1600 sa0n levels. Eureka is indicated by the black circle.
1400 —_—
1200
% 1000 l | 4000
E . . .
2EE = 2000 have stretched into a “C” shape, with Eureka and very high
] e e e — at NO, columns at its centre. The low in 0zone remains across
1-Bpr 15-Apr 1-May 15-May F1-May WM (ppby)

the pole from Eureka. Low N&columns coincide approx-
Fig. 3. Time-potential temperature plots above Eureka for imately with the location of the polar vortex in the middle
April/May 2011. (a) Temperature (K) from GEOS-5 DMP#b) stratosphere~ 850 K), while low ozone columns coincide
EqL (°) (color-scale) from GEOS-5 DMPs and,® VMR (black  with the lower stratosphere vortex 600 K). This is consis-
contour lines, with labels given in ppbv) from GMt) NO, VMR tent with the differences between the altitudes of the ozone
(color-scale in ppbv) and NOVMR (black contour lines, with la-  and NG number density maxima.
bels given in ppbv) from GMI(d) Ozone VMR (ppbv) from GMI. Polar maps of GMI N@, ozone, NO, and NQ for 1, 3,
Low [high] temperatures, EqLs, and VMRs are given in blue [red]. 5 and 8 April at 600 K £ 23 km) are shown in Fig. 5. This
Thick white lines |rl(£:11|c§t1e boundaries of the polar vortex determlnediS the altitude of the N@number density maximum above
by SPV=16x10""s"". Eureka in 2011 according to OSIRIS profiles and therefore

yields the largest contribution to the N@olumns. The po-

lar vortex (bounded by the white PV contours), encloses low
to large ozone VMRs and high temperatures for potentialNO,, ozone, NO, and NQ. At this level, the vortex moves
temperature levels 600 K (Fig. 3), suggesting the chemical over Eureka on 5 April as a pocket of warm air (enclosed by
production of NQ from NO. Additionally, NG increases as the purple contour line) appears between Alaska and Siberia.
the vortex moves away, suggesting that transport also plays @n 8 April, the pocket of warm air is situated directly above
role (Fig. 3c, black contours). This section describes the synEureka, the vortex has stretched away and MCGnhanced.
optic evolution of the transport and chemical production of The NG,/NOy ratio above Eureka at 600K is 2.4—4.4 times
NO, from 1-8 April. larger than in previous years on the same datex NRIRs

Figure 4 shows polar maps of OMI ozone total columnsabove Eureka on 8 April 2011 at 600K are comparable to

and NG stratospheric partial columns for 1, 3, 5, and 8 April previous years, but they are 1.5-2 times larger than surround-
2011. sP\= 1.6 x 10~4 s~1 contours, which approximately ing airmasses (Fig. 5p). North of Eureka, Néch air is
enclose the polar vortex, are also shown for three potentialocated along the vortex edge, whereNis low, suggest-
temperature levels. On 1 April, low ozone and Nélumns  ing the downward transport of higher-altitude N@ch and
reside over Siberia and Northern Europe, coinciding with theN,O-poor air. Transported lower-latitude air, indicated by
location of the polar vortex. On 3 and 5 April, low ozone and high N;O, is located southwest of Eureka. This suggests that
NO; columns stretch toward Eureka as the polar vortex shiftshe NQ-rich air that has been transported downward along
and stretches overhead. By 8 April, the low N@olumns  the vortex edge was drawn over Eureka between the polar
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Fig. 6. As for Fig. 5 at the 850-K+ 31-km) potential temperature
level. The area enclosed by the purple contour indicAtes245 K.
Note that color scales are different from Fig. 5.

Fig. 5. Polar maps at the 600-K{(23-km) potential temperature of
GMI NO», (top row), ozone (top middle row), /0 (bottom mid-
dle row), and NQ (bottom row) VMRs given in ppbv for 1, 3, 5
and 8 April 2011. Low [high] VMRs are given in blue [red]. White
lines indicate PV contours. The area enclosed by the purple contour

indicatesI’ > 235 K. Eureka is indicated by the black circle. 3.3 FrlAC and gas phase ozone loss

In early April, lower-latitude air was transported above Eu-
vortex to the north and lower-latitude air to the south. There-reka into an anticyclone. The early evolution of this anticy-
fore, the high N@ VMRs above Eureka at 600K are due to clone is evident in the GMI fields at 850 K, shown in Fig. 6.
both downward transport and chemical production. Low-latitude air, identified by high pD enclosed by PV con-

Figure 6 shows polar maps of GMI NQozone, NO and  tours, wraps counter-clockwise around the polar vortex. By
NOy at 850K ¢~ 31 km), the altitude of the large increase in 8 April, the edge of this air mass is above Eureka. Ozone
GMI NO2 VMRs (Fig. 3d) and the altitude at which OMI VMRs inside the air mass on 1 April are enhanced, as is
NO, columns appear to follow the shape of the polar vortexconsistent with the transport of ozone-rich lower-latitude air.
(Fig. 4). Low-latitude air, indicated by highJO, is trans-  However, as the anticyclone moves over Eureka, the ozone
ported from Northern Europe, wrapping counter-clockwise VMRs within it decrease, suggesting chemical ozone loss.
around the vortex. By 8 April, the vortex has shifted to a “C” The anticyclone persists at 850K in PV contours and high
shape, with high temperatures and N&d its center, directly  N2O throughout April and May, as shown in Fig. 7. OSIRIS
above Eureka. At this altitude, the ratio of WOy above  and GMI ozone agree well, both showing filaments of high-
Eureka is 2.0-4.6 times larger in 2011 than on the same datezone lower-latitude air being drawn around the anticyclone,
in previous years. At this level, the NOncrease is domi- and low ozone within the anticyclone. The anticyclone at
nated by production from NO, due to the high temperatures850 K remains centred above Eureka for 13-20 April and is
Enhanced lower-latitude ozone is also transported polewarahen advected by easterly winds and begins to rotate around
and VMRs decrease as it reaches Eureka. This is discusseate pole, with the edge of the anticyclone remaining above
further in Sect. 3.3. Eureka. This feature persists until at least the end of May,

Above the 1000-K potential temperature level, tempera-suggesting a 2011 FrlAC.
tures above Eureka are normal within the context of previ- The evolution of the FrlAC can be seen in Fig. 3b. EqLs
ous years, but NQand NQ are enhanced (Fig. 2a, ¢, g) (color scale) are low and4#D VMRs (black contours) are en-
and strong poleward transport of N@& apparent in synoptic hanced untit~ 20 April as the anticyclone remains above Eu-
maps (not shown here). Therefore, at these altitudes, horireka. Following the advection of the anticycloneMmax-
zontal transport of NQfrom lower latitudes also contributes ima (and EqL minima) pass over Eureka on 1, 6, 21, and 29
to the enhanced Nfcolumns. May. Examination of NO polar maps at 850K and 1150 K
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(not shown here) indicates that the FrlAC has weakened but

has not tilted during this period. Low ozone VMRs (Fig. 3c) Fig. 8. (a)2011 ozone VMRs (ppbv) at the 600-K potential temper-
are first observed at 1400 K on 6 April and are centered at ature level from ATLAS passive ozone above Eureka (black line),
~1150K on 12 April,~ 850 K on 22 April, and~ 700K on OSIRIS ozone within 500 km of Eureka (red stars), and GMI ozone

. ... above Eureka (blue squarefl)) Ozone loss (ppbv) calculated for
Zhgﬂgg.rizgiecilt?/v;r?goeaﬁtl}g\gR;Znagt()em(;? tﬁgrﬁ)ﬁ ézlfglgﬁ dwét:_ A_TLAS passi\_/e ozone minus OSIRIS (red stars) and ATLAS pas-
. ; sive ozone minus GMI (blue squares).

hanced MO (Fig. 3b), suggesting that ozone loss has oc-
curred within the FrlAC.

NOy was enhanced in 2011 compared with previous years
(Fig. 29), suggesting that the observed low ozone VMRsmated using the passive tracer technique (e.g., Manney et al.,
within the FrlIAC were caused by homogeneous chemistry.1995b; WMO, 2003; Konopka et al., 2007) with ATLAS pas-
Furthermore, SZAs above Eureka range frenri5-9% on sive ozone, which was initialized on 1 December 2010 with
1 April to ~60-80 on 31 May and are therefore fre- MLS ozone data. Unlike the loss rates calculated with GMI,
quently within the 80-95SZA range for which catalytic which are averaged over a particular latitude/longitude, the
ozone destruction cycles (dominated by N@ad to maxi-  passive subtraction method estimates the ozone loss within a
mum ozone loss (Sinnhuber et al., 1999). Ozone loss due tgiven air mass throughout its average trajectory since 1 De-
NOy chemistry above Eureka was calculated between 1 Aprilcember 2010. Therefore, it captures the ozone loss that oc-
and 31 May for 2004-2011, using GMI monthly average O curs as lower-latitude air is transported toward Eureka (see
loss rates due to NO+ O — NO + Oo. Note that these Fig. 6).
average loss rates include processes inside the polar vortex Figure 8a shows the 2011 timeseries of ozone VMRs at
in early April, as well as periods during which the FrlAC 600K from ATLAS passive ozone, OSIRIS, and GMI. Good
was above Eureka. N@riven ozone loss above Eureka was agreement is observed between OSIRIS and GMI. The low
larger in 2011 than in any previous year from the tropopausepzone VMRs in early April coincide with the vortex pass-
to 18 hPa { 700 K) and above 6.9 hPa-(1000 K). ing above Eureka. The timeseries of ATLAS passive ozone

Below the FrlAC, at 600K, low ozone (Fig. 3c) also co- minus OSIRIS and GMI ozone at 600K is shown in Fig. 8b.
incides with low EqLs (Fig. 3b), suggesting that ozone lossPrior to 15 April, much of the variability in ozone loss can be
within transported air masses also occurred at these altitudesattributed to transport, as the polar vortex passes briefly over
Ozone loss due to NOchemistry calculated in GMI above Eureka and an anticyclone moves overhead (see Sect. 3.2).
Eureka at 37 hPa~{ 600 K) was 1.2 parts per million by vol- On 15 April 2010, an ozone loss 6f 2 ppmv is calculated.
ume (ppmv) for 1 April to 31 May 2011, compared with 0.7— This is likely due to NQ chemical cycling since 1 Decem-
0.9 ppmv in 2004-2010. Ozone loss at 600K was also estiber 2010, as low EqgL values (see Fig. 3b) suggest that the
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Fig. 9. Polar maps at the 500-k~(18 km) potential temperature tudes) are in blue. The white contour lines indicate the geopotential

level of OSIRIS ozone VMR in ppbv (top row), GMI ozone VMR height, with thick lines indicating 13.4 and 13.6 km and thin dashed

in ppbv (top middle row), GMI NO VMR in ppbv (bottom middle  lines indicating> 13.6 km on 0.2-km intervals. Eureka is indicated

row), and OSIRIS aerosol extinction at 750 nm irff kéh—1 (bot- by the black circle.

tom row) for 26 April and 3, 6, 13 May 2011. Low [high] VMRs

and aerosol extinctions are given in blue [red]. The white dashed

lines indicate sP\= 1.2 x 10~4 s~1 (the approximate outer vortex .
edge) and the thick white lines indicate SPVL.6 x 10~4 s~ (the is observed between GMI and OSIRIS ozone. The approxi-

approximate inner vortex edge). Eureka is indicated by the blackmate outer vortex edge (sPY1.2 x 104 s1, dashed white
circle. lines) and inner vortex edge (SPY 1.6 x 104 51 , thick
white lines) are also indicated. Low ozong® and aerosol
are enclosed within the vortex across the pole from Eureka
air mass at 600K originates from lower latitudes. Around on 26 April. This air mass is stretched and a vortex remnant
12/13 May an isolated vortex air mass passes over Eurekaoves over Northern Europe in early May. On 13 May, the
(see Sect. 3.4). Ozone loss within this air mass is reducedyortex remnant passes over Eureka, leading to the low ozone
likely because it is poor in NQcompared with surround- column measurements. This is consistent with other studies
ing air masses. The maximum ozone loss at 600K since that have observed confined fragments of vortex air during
December 2010 is observed on 20 May 2011 at 4.4 ppmwand following the spring stratospheric final warming (e.g.,
(61 %) for GMI and 4.2 ppmv (58 %) for OSIRIS. Ozone Hess, 1991).
losses of~ 3 ppmv between 1 December 2010 and 1 May Minimum ozone columns of 294DU, 283DU, and
2011 are comparable to the losses observed by Konopka €11 DU are observed above Eureka in the GBS, OMI and
al. (2007) at 600K between 1 December 2002 and 1 MayGMI datasets around 22/23 May 2011 (Fig. 1b, d, e, event
2003. Konopka et al. (2007) attributed this ozone loss toC). Figure 10 shows the evolution of this event. On 22
transport of NQ during several stratospheric warmings ear- May, a large pocket of low 0zone<(300 DU) is observed
lier in the year. in OMI total column data over the pole and Ellesmere Island
(panel a). This coincides with low GMI ozone VMRS (panel
3.4 Other phenomena affecting ozone columns above  ¢) and high GMI NO VMRs (panel d) at 400 K. Equiva-
Eureka lent latitudes are< 50° above Eureka (not shown here) for
350-700K on 22 May. This suggests that ozone-poor lower-
Ozone and N@ columns decreased on 12/13 May (Fig. 1, latitude air has been transported above Eureka. Geopoten-
event B). These low columns coincided with high EqLs, low tial heights at 400K (white contours, panels c, d) indicate
temperatures, and low ozone VMRsab00 K (Fig. 3). Fig-  that the isentropes around the mini-hole region are raised.
ure 9 shows the evolution of this event at 500K in OSIRIS The tropopause (panel b) is also elevated. This suggests that
ozone and aerosol and GMI ozone ariNGood agreement  more 0zone-poor tropospheric air is contributing to the total
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column. This is consistent with the formation of an ozone ozone loss via gas-phase chemistry was previously observed
mini-hole, which can lead to large decreases in the ozone colin spring 2003, following a warm winter that was perturbed
umn over a short time period (e.g. Peters et al., 1995; Jame®y a minor stratospheric warming in December and a major
1998; Hood et al., 2001; Iwao and Hirooka, 2006). Ozonewarming in January (Konopka et al., 2007). In the present
mini-holes are caused by dynamical processes (e.g., Hood study, similar middle-stratospheric ozone losses were ob-
al., 2001), usually resulting from a combination of the trans-served during the break-up of the record-strength vortex in
port of lower-latitude ozone-poor air masses and a rise in theApril/May 2011, indicating that significant NOtransport
tropopause, as shown on 22 May 2011 above Eureka. and subsequent ozone loss can also follow an unusually cold,
dynamically quiescent winter.
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horizontal transport of lower-latitude ozone-poor air and a

rise in the tropopause height.
The dynamical variability in the Arctic stratosphere ap-

pears to be increasing, with warm winters getting warmer

and cold winters getting colder: the four warmest and the

two coldest winters since the 1970s have occurred within the

last decade (e.g., Manney et al., 2011). Substantial transport

of lower-latitude NQ and subsequent middle stratospheric
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