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Abstract. As a consequence of dynamically variable mete- SLIMCAT, and the passive subtraction method were used.
orological conditions, springtime Arctic ozone levels exhibit The chemical ozone depletion was calculated as the mean
significant interannual variability in the lower stratosphere. percentage difference between the measured ozone and the
In winter 2011, the polar vortex was strong and cold for an SLIMCAT passive ozone, and was found to be 35 %.
unusually long time. Our research site, located at Eureka
Nunavut, Canada (80.05l, 86.42 W), was mostly inside
the vortex from October 2010 until late March 2011. The
Bruker 125HR Fourier transform infrared spectrometer in-1 Introduction

stalled at the Polar Environment Atmospheric Research Lab-

oratory at Eureka acquired measurements from 23 Februar§ignificant springtime polar stratospheric ozone depletion
to 6 April during the 2011 Canadian Arctic Atmospheric Was first observed at the British Antarctic Survey station
Chemistry Experiment Validation Campaign. These mea-at Halley Bay (Farman et al., 1985). It was later shown
surements showed unusually low ozone, HCI, and H&© that the large ozone loss over Antarctica in late winter is
tal columns compared to the previous 14 yr. To remove dy_caused by chlorine chemistry in the presence of polar strato-
namical effects, we normalized these total columns by thesPheric clouds (PSCs) (Solomon et al., 1986). Although not
HF total column. The normalized values of the ozone, HCI, as large as the chemical ozone depletion observed in Antarc-
and HNGQ; total columns were smaller than those from pre- tica, Arctic lower stratospheric ozone can also be destroyed
vious years, and confirmed the occurrence of chlorine activaby similar processes. During the polar winter, heterogeneous
tion and chemical ozone depletion. To quantify the chemicalréactions on the surfaces of stratospheric particles at cold

CIONO: to active chlorine, which participates in springtime
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ozone destruction (Solomon et al., 1986). The backgroundonged cold period (e.g., Petzoldt, 1999) and from underlying
stratospheric aerosols formed by liquid-phase binary sultropospheric disturbances (e.g., Orsolini et al., 1998).

furic acid/water (HSQO4/H20) droplets are found globally Since 1998/1999, there have been several warmer-than-
throughout the stratosphere. Inside the vortex, where temaverage and dynamically disturbed winters: 1998/1999,
peratures are very low, these take up nitric acid (HN&hd ~ 2000/2001, 2001/2002, 2003/2004, 2005/2006, 2008/2009,
H>O (Carslaw et al., 1994; Tabazadeh et al., 1994) transand 2009/2010 (WMO, 2007; WMO, 2011), combined with
forming into ternary HNGQ/H>SOy/H,O droplets, usually re-  cold winters in 1999/2000 (Mellgvist et al., 2002;{iler
ferred to as supercooled ternary solution (STS) PSCs that furet al., 2003), 2002/2003 (WMO, 2007), 2004/2005 (Jin et
ther freeze to nitric acid trihydrate (NAT).J2@ ice and solid  al., 2006; Rsevall et al., 2008), 2006/2007 §Bevall et al.,
hydrates of HNQ are other forms for PSC patrticles (Voigt et 2007), and 2007/2008 (WMO, 2011). These cold winters
al., 2000). were characterized by chemical ozone depletion, with re-

Based on their optical parameters, PSCs are classified gsorted reductions in the ozone column ranging from 80 to
type |, which usually form at temperatures 195K (the 135 DU.

NAT equilibrium temperature for typical partial pressures of  In winter 2010/2011, another cold and strong Arctic vor-
water vapor and HN@in the lower stratosphere), and type tex formed (Manney et al., 2011). It was located above our
I, which form at temperatures lower than the stratosphericresearch site, Eureka, for much of the time until late March.
ice frost point of~188 K (Steele et al., 1983). During the This paper reports unusually low ozone, HCI, and HNOI-

polar winter, a mixture of liquid binary or ternary droplets umn measurements at Eureka, compared to measurements
and solid particles, NAT, and4®, of various sizes and num- from previous years. The measurements were made with the
ber densities can be found in the stratosphere (Toon et alBruker 125HR Fourier transform infrared (FTIR) spectrome-
2000; Drdla et al., 2003). It has been shown that chlorine acter during the 2011 Canadian Arctic Atmospheric Chemistry
tivation rates on stratospheric particles depend on the uptakExperiment (ACE) Validation Campaign, which took place
coefficient of the particle and the particulate surface area denfrom 21 February to 6 April.

sity (Lowe and MacKenzie, 2008). These are generally much The paper is organized as follows: Sect. 2 introduces the
larger for the STS compared to the NAT PSC particles, mak-measurement site and the instruments. Section 3 presents
ing liquid particles much more efficient in chlorine activation the meteorological conditions during the winter-spring
(Portmann et al., 1996; Lowe and MacKenzie, 2008). In the2010/2011, describes our measurements, and compares them
Arctic, the STS PSCs are common, but the temperature diswith results from the previous 14 yr. The chemical ozone loss
tribution and the volume of air in which the PSCs can existis quantified in Sect. 4, followed by a summary of the results
depend very much on the dynamical situation of each win-in Sect. 5.

ter (Pawson and Naujokat, 1999). As a consequence, chem-

ical ozone loss in the Arctic vortex can vary considerably

from year to year depending on the stratospheric meteorol2 Measurements

ogy (e.g., Manney et al., 2003; Rex et al., 2004; Goutail et

al., 2005; Feng et al, 2007). 2.1 CANDAC Bruker IFS 125HR

The Northern Hemisphere winter polar vortex typically
forms in the lower stratosphere early in November, isThe Polar Environment Atmospheric Research Laboratory
strongest in mid-January and dissipates in late March or earlfPEARL) was established in 2005 by the Canadian Network
April (WMO, 2011). Its dynamical variability changes from for the Detection of Atmospheric Change (CANDAC) in the
year-to-year and as such, quantifying Arctic ozone loss is dif-Canadian high Arctic. It is located on Ellesmere Island at
ficult since it requires the effects of chemical processes to b&ureka, Nunavut (80.09N, 86.42 W) at 610 m above sea
distinguished from those of transport and mixing (Tegtmeierlevel. The high-resolution Bruker 125HR FTIR spectrome-
et al., 2008). The period between 1989/1990 and 1997/1998&r (henceforth called the 125HR) was installed in July 2006
was characterized by reduced dynamical variability, withat PEARL and records solar absorption spectra throughout
nine consecutive years without a major stratospheric warmthe sunlit part of the year (mid-February to mid-October)
ing (Pawson et al., 1998; Labitzke et al., 2002). in the mid-infrared spectral range (600-4300dn A com-

The polar vortex that formed in the 1996/1997 winter- prehensive description of the instrument is given by Batch-
spring persisted in the lower stratosphere into May (Man-elor et al. (2009). Altitude-dependent volume mixing ratio
ney et al., 1997). Temperatures below the 195K PSC threshtVMR) profiles were retrieved from the acquired spectra us-
old persisted into late March, leading to a column ozoneing SFIT2 (Pougatchev et al., 1995), a profile retrieval algo-
loss of 10 % due to chemical depletion for the period from rithm that employs the Optimal Estimation Method (OEM)
late January to early April 1997 (Donovan et al., 1997; Fi- developed by Rodgers (2000). The OEM is a regularization
oletov et al., 1997; Manney et al., 1997; Newman et al.,method that retrieves VMR profiles from a statistical weight-
1997). A larger proportion of column ozone anomaly, how- ing of the a priori information and the measurements. These
ever, arose from dynamical effects, from the unusually pro-profiles were converted to density profiles using temperature
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Fig. 1. Typical column averaging kernels (black solid line) and sensitivities (red dashed line) for the 125HR springtime measurements
(calculated for 6 March 2009 at a solar zenith angle of 85.58

and pressure profiles and integrated throughout the column t@able 1. Springtime mean (for the period 24 February to 6 April)
yield the column densities. SFIT2 v.3.92c and the HITRAN total errors for ozone, HCI, HN§ CIONO,, and HF total columns
2004 + updates line list (Rothman et al., 2005) were used foretrieved from the FTIR spectra. The total error was calculated as
the retrievals with the spectral microwindows, a priori pro- described in Sects. 2.1 and 2.2, respectively.

files, and covariance matrices as described by Batchelor et

Total error (%)

al. (2009).

The averaging kernel matrix produced during the retrieval 125HR DAS8
can be used to characterize the information content of the O3 4.5 11.3
retrievals. Figure 1 shows typical column averaging kernels HCI 3.7 12.3

HNO; 135  16.9
CIONO, 4.5 18.2
HF 4.7 13.2

for the 125HR, along with the sensitivity (the sum of the
elements of the averaging kernels) and the degrees of free-
dom for signal (DOFS), defined as the trace of the averaging
kernel matrix. The sensitivity indicates the fraction of the
retrieval at each altitude that comes from the measurement
rather than the a priori (Vigouroux et al., 2008). The retrieval 2.2 Environment Canada ABB Bomem DAS
for each gas has good sensitivity in the lower stratosphere,
with DOFS varying from 1.06 for CIONgXto 6.64 for ozone.  The Environment Canada ABB Bomem DAS8 FTIR spec-
Total columns from 0.61 to 100 km were calculated and usedrometer (henceforth the DA8) was installed at Eureka in
in this work. 1993 and acquired solar absorption spectra each spring
The error calculations in this work are based on thethrough to 2008 (Donovan et al., 1997; Farahani et al.,
methodology of Rodgers (1976, 1990), and the results ar@007; Paton-Walsh et al., 2008; Fast et al., 2011; Fu et al.,
given in Table 1. In addition to smoothing error and measure-2011). An intercomparison of the DA8 and 125HR measure-
ment error, forward model parameter errors have been calments was conducted by Batchelor et al. (2010). The DAS
culated as described by Rodgers (2000) using a perturbatiogpectrometer is a vertically aligned Michelson interferome-
method and our best estimate of the uncertainties in temperaer that, similarly to the 125HR, records high-resolution so-
ture, line intensity, air-broadened half width, and solar zenith|gr absorption spectra over the spectral range from 700 to
angle. Interference errors, as described by Rodgers and Co%000 cnt. The spectra were analyzed using the SFIT1 spec-
nor (2003) have been calculated to account for uncertaintiegral fitting routine (Rinsland et al., 1982, 1988), using the
in retrieval parameters (i.e., wavelength shift, instrument linejine parameters in the HITRAN 1992 compilation (Rothman
shape, background slope and curvature, and phase error) aed al., 1992) plus updates. Scaling factors derived from the
in the interfering gases simultaneously retrieved. The totakits were applied to the a priori VMR profiles at all altitude
error was calculated by adding all these errors in quadratayers to obtain the final scaled profiles. These profiles were
ture. The error budget calculation is described by Batcheloicombined with the density-weighted pressure and tempera-
etal. (2009). ture profiles to generate the column profiles, which were in-
tegrated to derive the column densities. In this work, these
DAB total columns were scaled prior to comparison with the
125HR total columns to account for the bias induced by the
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use of a different retrieval algorithm and line list. The biaseswinter-spring. Since the Northern Hemisphere polar vortex
in the DA8 measurements relative to those retrieved with thecan be highly variable on both horizontal and vertical spa-
HITRAN 2004 compilation and SFIT2 are3.9 % for ozone, tial scales throughout its life cycle, it is important to deter-
—0.4% for HCI,—14.3% for HNQ;, +15.6 % for CIONQ, mine the vortex edge evolution on multiple heights in the at-
and 0.0 % for HF as shown by Fast et al. (2011). The same pamosphere, which contribute significantly to the 125HR col-
per also describes the error budget calculation for the erroreimn measurements. The vortex edge was determined using
presented in Table 1. The total error was calculated considthe Q-diagnostic and the algorithm developed by Harvey et
ering the instrumental error, errors arising from the retrievalal. (2002), which has been used in other studies to character-
algorithm and from the chosen microwindow, uncertaintiesize the polar vortex (Chshyolkova et al., 2007; Manson et al.,
introduced by the a priori VMR profile, uncertainties due to 2008; Xu et al., 2009). The scalar quantity Q is a measure
temperature and solar zenith angle, spectral signal-to-noisef the relative contribution of strain and rotation in the wind
ratio and spectral fitting. In this paper, we present DAS8 re-field, derived from the Met Office (MetO) analyses (Swin-
sults for 10 yr from 1997 to 2006, to provide a 15-year recordbank and O’Neill, 1994). To identify the vortex edge, Q was

for the trace gas comparisons. integrated along the stream function contours. A detailed de-
. . _ scription of the Q-diagnostic method can be found in Fairlie
2.3 CANDAC Rayleigh-Mie-Raman Lidar (1995) and Harvey et al. (2002) and references therein. For

. . ) ) the Eureka measurements discussed in Sect. 3.3, the tem-
The CANDAC Rayleigh-Mie-Raman Lidar (CRL) is a poral evolution of scaled potential vorticity is shown. Vor-
ground-based lidar system installed at the Zero Altitudeiey edge identification using a scaled PV (sPV, PV scaled so
PEARL Auxiliary Laboratory (@PAL) at Eureka. The CRL 5 to have a similar range of values at levels throughout the
transmits at 532nm and 355nm using two Nd:YAG lasersgiratosphere) contour was used by Manney et al. (2007). This
with repetition rates of 10 Hz. The CRL has eight detec- method is most robust in the lower and middle stratosphere
tion channels: vibrational and pure-rotational Raman chanyynen the vortex is strong and well defined, as was the case
nels for the measurement of tropospheric molecular nitrogenduring winter/spring 2011. Results using sPV to identify the
water vapor and temperature profiles, along with two _e|aStinortex edge agree closely with those using the PV gradient
backscatter channels. The 532nm and 355nm elastic chan; \indspeed criterion and other criteria (e.g., that of Nash et

nels can be used for PSC detection and for characterizatiog) 1996 and the Q-diagnostic), based on PV gradients (Man-
and determination of aerosol/cloud backscatter ratio. The depey et al., 2007).

polarization ratio can also be calculated at 532nm allowing A movie showing the evolution of the vortex in the

for the discrimination between liquid and solid phase cloudNerthern Hemisphere can be foundkatp://www.usask.ca/
particles. For a complete description of the instrument Se&hysics/isas/vtex11jfm.giaind is included as Supplement. It
Nott et al. (2011). shows that on day 37 (6 February), the vortex moved above
Eureka and stayed above our site until day 83 (24 March).
In Fig. 2, the edge of the vortex on the 525-K isentropic
Balloon-borne radiosondes measure profilgs of atmOSpheriglérrzi?e(;iakmeagglrjndee)lel\?ellnqllﬁzt?i?éta:;%gel\/\g(t)r:rtehsepct)irgé o
tgmperature, pressure and humidity. qulosonde observagay 54 (23 February), the firét day of the 125HR measure-
tions are taken year round at Eureka twice daily, at 6a.m. ents. The followin [;)anels have a 5-day time step, and the
and 6 p.m. (corresponding to 11a.m. and 11 p.m. Universa[n ' 9 '

Time) using Vaisala RS92 radiosondes. These have an accu"let panel corresponds to day 96 (6 April), the last day of the

racy of 0.5 hPa for pressure-0.5 K for temperature, and campaign. A second movie showing the evolution of the tem-

+3.5 % for relative humidity (émel et al., 2007; Steinbrecht peratures can be found Bitp://www.usask.ca/physics/isas/

et al., 2008). The data from the balloon are transmitted con-tklo'll'g'f’. and is also mcludeq as supplementary ”_‘ate“_a'-
The minimum temperatures inside the vortex during win-

tinuously to the launching station, where they are interpreteq . : :
. . ) . . er/spring 2010/2011 were persistently cold, staying below
and entered into Environment Canada’s Upper Air Archive. the PSC formation threshold for more than 100 days (Man-
ney etal., 2011). On the 525-K level, temperatures within the

2.4 Radiosondes

3 Results and discussion vortex first dropped below the type | PSC threshold (195 K)
on day 330 of 2010 (27 November) and continued to decrease
3.1 Arctic meteorological conditions (as shown in the movie). They dropped below 190K (the pre-

cision is limited by the temperature step of 5K in the plots)
The polar vortex dominates the winter dynamics of the strato-on day 353 (20 December), remaining low until 11 January.
sphere and has a profound effect on the distribution of chemOn day 21 in 2011 (21 January), the temperatures again fell
ical constituents. Before analyzing the evolution of the tracebelow 190 K until day 60 (1 March) except on days 17, 18,
gas columns above Eureka, it is useful to know what theand 31-35 (17, 18 and 31 January—4 February). The tem-
Arctic meteorological conditions were during the 2010/2011 peratures continued to oscillate between 190 and 195 K from
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Fig. 2. MetO 5-K temperature contours for the 525-K potential temperature level (color-coded as shown in the legend), with the overlaid
vortex edge for the same level (black solid line). These contours correspond to the days shown on the top left side of each map. The white
square indicates the location of Eureka, while the white circle indicatehl é&itude. The southern boundary is af30.

day 60 (1 March) to day 90 (31 March), when they increased(CALIPSO) showed the presence of PSCs near Eureka be-
above 195K, and remained above this threshold for the retween 11 and 17 February between 18 and 23 km (not shown,
mainder of the spring (Manney et al., 2011). images can be found ahttp://www-calipso.larc.nasa.gov/
products/lidar/browsémages/showcalendar.php
3.2 Temperature measurements and PSC observations ~ 1he CRL was not operational at that time (it started op-
at Eureka eration on 20 February), but indicated the presence of PSCs
above Eureka during March (Fig. 4). The backscatter ratios
iﬁt 532 nm for 8-12 March show that the cloud has two dom-
inant layers centered at 15 and 18 km. The mean backscatter

Fig. 3, show the evolution of temperature at each altitude .
. ratio of the background aerosol at 11-13 km, where the tem-
F t I March tt Is). ’ .
during February (top panels) and March (bottom panels) peratures were greater than 200K, was £Q3. This was

For each month, these are split into three periods for clar- .
ity. The type | and Il PSC threshold temperatures are alsotaken as the background aerosol backscatter ratio for compar-
shown. From 7 February to the end of the month, the t em.Son with the clouds, whose backscatter ratio varied between
peratures dropped below the type | PSC threshold at alti-.1'3 and 2.3. The clouds had a depolarization ratio of approx-

tudes of~17 to 24 km, reaching the type Il PSC threshold imately 10 % and this, along with the enhanced backscatter
from 20 to 23km on ’14 and 15 February. NASAs Cloud- ratio, indicates mixed-phase type | PSCs (Pitts et al., 2009)

Aerosol Lidar and Infrared Pathfinder Satellite Observationdurlng this period. As can be seen in Fig. 3, the temperatures

The Eureka radiosonde temperature profiles, presented

www.atmos-chem-phys.net/12/3821/2012/ Atmos. Chem. Phys., 12, 3&8B5 2012
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shown), much later into the season than PSCs are usually

,_.
L
Backscatter Ratio

3.3 Total column measurements

seen in the Arctic (Langematz and Kunze, 2006).

In 2011, the 125HR began acquiring useful data on 24 Febru-

ary (at solar zenith angles, SZA, betweert @ad 90) and

0.8 results are reported here through 6 April (at SZA between
73 and 78), the end of an intensive period of measurements
that were made as part of the Canadian Arctic ACE Valida-

Fig. 4. Backscatter ratio at 532 nm as measured by the CRL for 8 to_tion Campaign. There are some gaps in the data, particularly

12 March. The hashed areas represent data that were consideredifh late March, due to cloudy and unsettled weather. From
these measurements, ozone, HCI, HF, HNé&nd CIONG

vertical profiles were retrieved, and total columns were cal-
culated. The results are discussed and compared with total
from 15 to 24 km during this period were below the threshold columns from previous years. Note that we neglected species
for type | PSC formation but above that for type Il clouds. trends in our comparisons, as they are very small compared
PSCs were observed by the CRL as late as 18 March (noto the changes of dynamical or chemical origin (e.g., see

be noise.
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et al., 2011) for the 21-km altitude above Eureka. For 2007—
2011 (years with 125HR measurements), sPV was calculated
at 21 km along the 125HR line-of-sight using the GEOS ver-
sion 5.2.0 (GEOS-5) analyses (Rienecker et al., 2008) and is

Temperature (K)

K surface (Fig. 2) agrees very well with the combination of

GEOS-5/sPV used in the remainder of the analyses shown in

£ spy BE this paper. For days 53 to 84 and 88 to 93, both vortex-edge
3 . methods agree in showing Eureka inside and outside the vor-

HNO, T — L G only shown for days with 125HR measurements. An sPV of
ziz Ly o4 1.2x104s1 was used as proxy for the outer edge of the
E oo T T D Y polar vortex and sPV of 15610~4s~! was used for the in-
53.1015 s o Ll : ner edge (Manney et al., 2007). While during some years,
210E AR SR : the instruments sampled mostly inside the polar vortex (e.g.,
e 2ane *e2 - 1997, 2000, 2004, 2005, 2007, 2011), for other years they
£ 0o C'O_NOZ. ey L ) -gc), measured mostly outside the vortex (e.g., 1999, 2001, 2008,
Tawp I R L ¢ 2009, 2010).
R PEN AL S SRR AR ‘N fg0 In 2011, our sampled air masses were well inside the vor-
g ¢ °* | :F; tex from the start of the measurements until day 78 (19
110 1o (dy=5° March). For the remainder of the campaign, the 125HR sam-
£ 1212: B y o ogs ;.’ 5003 pled through the edge of the vortex or outside, except on
Bk a3, “":3;: e "Ry 8 day 86 (27 March) and days 95 and 96 (5 and 6 April). The
comE | O eteene e sol il ot 0 gray shading highlights the days in 2011 when the instru-
4RI : i ment sampled air masses on the edge or outside the vortex.
o T i . S N '%(e):é Note that the daily sequence of MetO images that shows the
_g 2107 MR PETIAL 44 hereear.., 4 vortex edge (Q-diagnostic) for days 50 to 100 on the 525-
8 E 2 g« ®ete .° LA 205° e

, tex, respectively. The only mild disagreement occurs on day
e K&; '''''''''''''' (i pene 87, when the combination of GEOS-5 with sPV contours in-
2. oer v ctge 7""‘*’"; ‘ - 71500 dicated Eureka inside the vortex or on the edge depending
upon the height, while both GEOS-5 and MetO using the Q-
Fig. 5. From(a) to (e), spring time series of HN§) HCI, CIONO;, diagnostic at 525 K21 km) showed Eurekalon the edg?'
ozone, and HF total columns from 1997 to 2011, respectively. Filled The 2011 gas-phase HN,(T_DtaI columns, Fig. 5a red dia-
circles represent DA8 measurements and open diamonds represeftonds, decrease slowly until day 64 (S March), followed by
125HR measurements. The colors correspond to different years & sharp decrease with a minimum on day 68 (9 March) and
shown in the legend. For ozone, pat), the left y-axis gives the  low values until day 77 (18 March). The instrument sam-
column amounts in molec cfi?, while the right y-axis gives the pled air inside the vortex through all these days. The solid
column amounts in Dobson units (DU). Parfe) also shows the  black line represents the temperature along the 125HR line-
evolution of the temperature at 21 km along the 125HR line-of-sightof-sight at 21 km. The minimum HNg&column occurs at the
for the measurements at Eureka (black solid line) and the thresholgime when the temperature was well below the type | PSC
temperature value for the formation of type | PSCs (black dOttedtemperature threshold, indicating that Hfad been taken
line). Panelf) shows the evolution of sPV at 21 km above Eureka up onto the surfaces of (liquid or solid) PSC particles. The
(as described in the text), for all years as shown in the legend. For

the years with 125HR data, sPV is only shown for days when mea—mlnlmum HNG; total columnis 1.3% 10*°moleccn?, ap

surements were made. The red and blue dot-dash lines show th%rommately the same as the 1997 (bl‘_%k circles) minimum
inner (red) and the outer (blue) vortex edge, respectively. The gray€€n on day 78 (19 March). The minima measured during
shading highlights the days when the instrument sampled air massdfiese two years stand out from the HjtOtal column values

on the edge or outside the vortex. measured during the past 15 yr. 2000, 2005 and 2007 are also

highlighted, as these three years were cold and characterized

by chemical ozone depletion (Jin et al., 2006; Manney et al.,
Vigouroux et al., 2002; SPARC CCMVal, 2010; Kohlhepp 2006; Rex et al., 2006; &sevall et al., 2007; Singleton et al.,
etal., 2012). 2007; WMO, 2007; Rsevall et al., 2008; WMO, 2011).

Figure 5 shows total columns of the gases mentioned The evolution of the chlorine reservoir HCI is shown
above, along with the evolution of the scaled potential vor-in Fig. 5b. The 2011 total columns are persistently lower
ticity at Eureka for each year. For 1997-2006 (years withthan all previous years for days 55-78 (24 February—19
daily average DA8 measurements), sPV was calculated dailyviarch). The 2011 HCI total columns reached a minimum
at 12:00UT using MERRA (Modern Era Retrospective- of ~1.2x 10 molec cnT? on days 68—71 (9—12 March), in-
analysis for Research and Applications) analyses (Rieneckedicating chlorine activation, and then gradually increased.

E 2011

0
Day of year
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Beginning on day 77, the chlorine slowly converted back intoity are observed (being in agreement with the evolution of the
its HCI reservoir, as shown by the recovery of HCI inside the vortex above Eureka shown in Fig. 5f for each year), but none
vortex. This recovery continued until the last day of mea- of the minima are as pronounced as those in 1997 and 2011.
surements. For comparison, in 1997 the maximum reduction HF is a long-lived tracer of vertical motion in the strato-
in HCI occurred on day 64 (5 March). For the other years, sphere (Mankin et al., 1990; Toon et al., 1992). It is produced
no extreme values were observed, although low values cam the stratosphere through photodissociation and is chem-
be seen for days 58 (27 February) to 65 (6 March) and 68 (9cally unreactive. If an air column is displaced downward,
March) to 83 (24 March) in 2005 and 2007, respectively.  with replacement at the top by air from neighboring columns,
Total columns of the second chlorine reservoir, CIGNO then the total column abundance of HF will increase. Since
are shown in Fig. 5c. The minima seen for 2005 corresponahe temperatures inside the vortex were low, we expect the
to measurements outside the vortex, as shown in panel 5told air to sink and for all air masses sampled inside the vor-
The 2011 values are in the lower range of columns measuretex, the HF total columns to be larger than those outside the
over the past 15yr. At the beginning of the 2011 campaign,vortex. During 2011, HF total columns (Fig. 5e) are large
the CIONQ total columns are close to the values measuredand relatively constant through days 55-83 (24 February—
in 1997. After day 59 (28 February), the 1997 total columns24 March) when the instrument sampled air masses inside
increase, while the 2011 ones remain low, increasing on dayhe vortex, decreasing and then increasing after day 84 (25
77 (18 March). Note that during days 68—71, there is a smallMarch) as the instrument sampled air outside and then inside
decrease in the CIONQcolumn, which coincides with the the vortex, respectively.
HCI decrease and suggests that chlorine activation is occur-
ring. The increase on day 77 that persisted inside the vorte-4 Normalizing with HF
until the end of the campaign shows the conversion of active . . .
chlorine to its CIONQ reservoir. When PSCs can no longer Because dynamlcaI. effects usyally dominate the evolution of
form and the active chlorine reverts to its reservoir speciest€ column ozone in the Arctic, in order to assess the de-
the resulting repartitioning of the chlorine in the Arctic typ- 9r€€ to which changes in the total columns of ozone, HCI,
ically results in enhanced CIONGand sustained low values HNOs, and CIONQG are due to chemical processing, we nor-
of HCI for some time after PSCs have disappeared (Sante@al'zed the mea§ured total colum_ns of these species Wltlh the
et al., 2008). The enhancement in CION® due to the re- HF columns. HF is a good dynamic tracer; the VMR profiles
action of NG with CIO, which is more rapid than the com- ©f 0zone, HCl, HN@, and CIONGQ generally correlate well
peting reaction of active chlorine to form HCI, and is fol- With the HF profile in the lower stratosphere, where most
lowed by a slow repartitioning between CION@nd HCI of_ their cqumn_abunpiances reside, so that vertical transport
over the following weeks. However, in 2011, the conversionW'” change their vertical colpmn abundances pro.portlonally
of active chlorine back into these two reservoirs was simulta-{T00N etal., 1999). Another important advantage is that there
neous, differing from the usual repartitioning. This suggests's very little troposph_erlc contrlbu'qon to the HF total column,_
that the NQ necessary for CION©to form was less abun- which could otherwise mask va_r|at|0r_ls due to stratospheric
dant than in previous years, possibly due to permanent rel/@nsport. Thus, the normalization with HF removes many
moval through PSC sedimentation (Manney et al., 2011). dypam|cal effects, such as diabatic desc.ent and tropopause
Figure 5d shows the evolution of ozone total columns.€ight changes (Toon etal., 1999; Mellqvist et al., 2002).
The columns slowly decrease, with the lowest ozone column Figure 6 shows the normalized total columns of HNO
seen on day 77, being 620 molec cnt? (257 DU). This HCI, CIONG,, and ozone. The shaded area hlgh“ghtS the
minimum follows after the chlorine activation and is con- 9&ys 0f 2011 when the instrument sampled the air on the edge
sistent with chemical ozone destruction. However, the un-O" outside the vortex (as in Fig. 5). We assume that if the
usually persistent cold in 2011 would have resulted in lowerNormalized value for any of these gases decreases inside the
column ozone than in most previous Arctic winters even in VOrteX, this is due mainly to chemical processes.
the absence of chemical loss (Petzoldt, 1999: Manney et al., FOr 2011, the HNGQHF ratios (Fig. 6a) have the same
2011). The evolution of column ozone in 1997 was domi- €volution as the HN@total columns in Fig. 5a. The slow
nated by dynamical effects (Petzoldt, 1999) and the chemidecrease in the normalized HN@alues from the beginning
cal ozone depletion was modest in that year. The 1997 ozon@' the measurements to day 64, followed by the sharp de-
total columns slowly decrease in the first half of the interval, Créase on day 68, is of microphysical origin and confirms that
followed by the 0zone minimum on day 76 (17 March) and HNQ3 was taken up in PSC patrticles. For 2000, the low nor-
then by a gradual recovery. For 1997, the minimum valueMalizéd HNQ total columns between days 80 and 90 corre-
was 5.4<10' molec cnr? (201 DU). Low ozone was also spond to dgys when the instrument sampled inside the vortex.
seen in 2007, when the 125HR sampled inside the vortex forl € Same is true for 2005, days 81 to 82, and 2007, days 68
approximately two weeks (as shown in Fig. 5f), but those to-t0 83,.but none of these low values is as pronounced as those
tal columns are-100 DU larger than the 2011 total columns. S€€n in 2011.
For the other years, both day-to-day and interannual variabil-
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] with 1997 and 2007 values being close to those in 2011 for
Y . . some days, but none of them smaller than those seenin 2011.
EXA Y . coe o ey 8f3 g To conclude, normalizing with HF reduced the dynami-
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cal effects, thus highlighting interannual differences due to
e chemistry. The low values of normalized HNCHCI, and
o ®) CIONGO, that occurred on days 68-71, followed by the min-
$ imum in normalized ozone that occurred on day 77, are in-
2 Tests -‘-.'_‘,..."“ e dicative of chlorine activation on cold aerosol particles fol-
. e PRORTIG AR PR S AL L P lowed by chemical ozone destruction. Since the 125HR is a
o0 N e0ee 1 sun-dependent instrument, we do not have measurements in-
side the vortex (late in the fall and during the polar night)
from times without chemical loss, and so we are not able to
define a baseline for quantifying chemical loss using only
$po0 . k measurements. For a quick estimate of the chemical ozone
depletion, we can assume a standagfHP ratio of 4500 on
1897 . ) the edge and inside the polar vortex (e.g., Mellgvist et al.,
ol 2002). Using this value, a column loss of 34 % can be cal-
o LIRS . culated from ((4500-2977)/4500), where 2977 is the mean
T e s % Os3/HF value for 2011 measurements inside the vortex. Since
this approach is oversimplified and has not been validated, a
50 60 " ayoryear % 100 more rigorous method is needed to confirm this result. The
methods commonly used to estimate chemical ozone loss
Fig. 6. Spring time series ofa) HNOg, (b) HCI, (c) CIONO,, and  gre: the ozone/tracer correlation methodi(Mr et al, 2002;
(d) ozone, normalized by HF total columns, from 1997 to 2011. Tjimes et al., 2003), the Match method (Schulz et al., 2000),
Filled cwclgs represent DA8 ratios and open diamonds represeqhe vortex-average method (Christensen et al., 2005), the La-
125HR ratios. The colors gorrespond to different years as shown "brangian transport calculation method (Manney et al., 2003),
the legend. The gray shading has the same meaning as in Fig. 5. and the passive subtraction method (Manney et al, 1995;
Goutail et al., 1999; Feng et al., 2005). In this study, the pas-
sive subtraction method was used to quantify the chemical
ozone depletion above Eureka.
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The 2011 HCI/HF and CIONGHF ratios (Fig. 6b and c,
respectively), exhibit behavior similar to the total columns
shown in Fig. 5b and c. Low values are again seen for dayst Comparisons with a chemical transport model
68-71 (9-12 March), and are evidence of chemical activa-
tion on the surfaces of PSC particles. After day 77, the nor-SLIMCAT (Chipperfield, 2006) is a three-dimensional off-
malized values slowly increase, as the active chlorine returngine chemical transport model. It differs from a general cir-
into the reservoir species HCI and CIOBAn 1997 and  culation model in that the chemistry component is not in-
2007, for measurements within the vortex, the HCI/HF ratiostegrated into the dynamical model, but is off-line and per-
are lower (except for 2011) while the CIONMIF ratios are  formed separately for each time-step. This model has been
higher than during other years. These show the overshoot afised for many studies of ozone and ozone-related gases in the
CIONO, when the active chlorine returns into this reservoir. polar regions (e.g., Chipperfield and Jones, 1999; Solomon

The O/HF ratio maintains its very low values, being et al., 2002; Feng et al., 2007; Manney et al., 2009; Feng et
consistently below 4000 for days 55-78 (24 February—19al., 2011). The model uses winds and temperatures from me-
March), and much lower than most of the normalized ozoneteorological analyses of the European Centre for Medium-
values from previous years. These low values are evidenc®ange Weather Forecasts (ECMWF) to specify the atmo-
of chemical ozone depletion given the meteorological con-spheric transport, and calculates the abundances of chemical
ditions and all observations presented above. The minimunspecies in the troposphere and stratosphere.
normalized value is 2489 and occurs on day 77 (18 March), Figure 7 shows, from top to bottom, the SLIMCAT (blue
right after the period when we see the chlorine activation.triangles) and the 125HR (red diamonds) total columns of
Ozone inside the vortex remains low, the normalized ozoneozone, HCI, HN@, CIONO,, and HF, along with the corre-
value on day 95 (5 April) when the instrument again sampledsponding percentage differences. SLIMCAT simulations are
vortex air masses, is as low as 2503. The ratios are muckompared with 125HR measurements for days 55 to 96 (24
higher for the measurements performed outside the vortexi-ebruary—6 April). Good agreement can be seen for ozone
as highlighted by the shaded region. For the other cold yeargpanel a) except on days 86-93 (27 March-3 April), when
the normalized ozone values are also low within the vortex,the model total columns are slightly larger than the 125HR
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Fig. 7.125HR (red diamonds) and SLIMCAT (blue triangles) total column comparisons for ozone, HCk,HHINMONO,, and HF. For ozone,

the Eureka ozonesonde measurements (black circles) are also superimposed. In the panels on the left side, the total columns for each gas &
shown for the measurements and the model, while in the panels on the right side the corresponding percentage differences are shown. Th
mean percentage difference, the standard deviation, and the standard error of the mean are also given. These were calculated as describec
the text. The gray shading has the same meaning as in Fig. 5.

total columns, likely due to model resolution smoothing over compared to the measurements, which is more pronounced at
the vortex edge. The mean difference was calculated as  the beginning of the measurement period. This may indicate
a limited treatment of the PSCs in the model. For CIGNO
N we have good agreement except on days 86-93 (27 March—

A% — 100 [(MODEL(i) —125H ”)/125H i)] (1) 3 April) as in the case of ozone. For these days, SLIMCAT

N e c c total columns are larger than those for the 125HR. The mean
_ percentage difference calculated for all the CIQNfata is
where 125HI5}é is the total column measured by the 125HR 10.4+0.2 %.

and MODEI_-(riC is the total column simulated by the model, The HF total columns for the 125HR and for the model ex-
for day i. For ozone, we found a mean percentage differ-hibit a similar evolution from days 55 to 96 (24 February to
ence of 7.8:0.3 %, where the given error is the standard error6 April), but there is a positive bias in the simulated values,
of the mean. The standard error of the mean relative differ-SLIMCAT total columns being larger by 19t%.1 %. SLIM-
ence between the model and the 125HR total colusem( CAT overestimates the total column abundance of HF in the
in percent) has been evaluatedsdg+/N, in whichsdis the lowermost stratosphere, the result being a positive bias com-
statistical 1-sigma (@) standard deviation of the observed Pared to the measurements. A similar result, 22645 %
differences, anaV is the number of coincidences. Tesem  (here+lo), was found by Duchatelet et al. (2010), when
provides a measure of the significance of an observed biagomparing SLIMCAT HF total columns with mid-latitude
(e.g., De Mazére et al., 2008). ground-based FTIR total columns, for the 1984—2009 period.

For HCI, the agreement between SLIMCAT and the To quantify chemical ozone loss, we used SLIMCAT and
125HR total columns is good for the entire period, the the passive subtraction method. SLIMCAT can be run in two
mean percentage difference being#40904 %. The modeled Modes: one with full chemistry and dynamics (the “active”
HNOj3 total columns show a negative bias-623.8£0.1%  fun) and one in which ozone is treated as a passive dynamical
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10°F Pasaive I EdE 5 Conclusions
£ mf & 2 o?@% ACI;E P <>Q> %&%AAAMA 7:600 ) . .
S oo haf RS PV ;ﬁ%‘s a0z As a consequence of dynamically variable meteorological
% ol lzsﬁ‘”‘%f J0 conditions, springtime Arctic ozone levels exhibit significant
o interannual variability in the lower stratosphere. Meteoro-
$ gagel sp-sa . logical conditions during winter/spring 2011 were particu-
5 o0 o A .g] ézm larly favorable to the formation of a strong vortex that lasted
£ w0 ', o o ;uu{ 2" 10 into April. Temperatures above Eureka were persistently low,
SHIE TR S I and below the type | PSC threshold in the lower stratosphere
0E© i 7 for an extended period. PSCs were observed over Eureka by
g 50 [(Sp-Say/splr100 CALIPSO and by the CRL between 11 and 17 February and
3 (pazsrmisnrioo o™ | DO between 8 and 12 March, respectively.
H ﬂi,,ﬂu“:,;: o The spring 2011 ozone, HCI, HNOQCIONG,, and HF
measurements made at Eureka using the Bruker 125HR FTIR

60
Day of year

80

spectrometer are consistent with the occurrence of significant

Fig. 8. (a) Passive (purple) and active (blue) SLIMCAT, and the Chemical ozone depletion. Unusually low ozone columns
125HR (red) ozone total column@) The absolute differences be- were meas.ured from mld-Februar_y to late March compared
tween the SLIMCAT passive (Sp) and active (Sa) ozone columndl© the previous 14yr. The normalizecs®IF, HCI/HF, and
(blue squares) and the differences between the SLIMCAT passivé1NOs/HF ratios, for which the effects of dynamics have
(Sp) ozone and the measured (125HR) total columns (red circles)peen reduced, also showed record minima over this period.
Panel(c) is similar to panelb), but for the percentage differences The normalized HN@ columns decreased during the period
calculated for the two cases. The gray shading has the same meawthen temperatures were below the NAT formation threshold.
ing as in Fig. 5. The normalized HCI and CION©Ocolumns also decreased
during the same period, indicating chlorine activation. The

) . . - . normalized ozone columns showed minima immediately af-
tracer with no chemistry (the “passive” run). In this method, (g the chiorine activation period, confirming the occurrence
differences between the measured ozone total columns angk o-one chemical processing.

those from the passive model runs are assumed to be due t0 The 5| IMCAT and 125HR total columns showed good

chemistry (Manney et al, 1995; Goutail et al., 1999; Feng etagreement for 0zone, HCI, and CIONQwith larger differ-
al., 2005).

) ences for HNQ@ and HF. SLIMCAT was used to quantify
The SI._IMCAT act'lve ozone total Column; are shown tO_' chemical ozone loss using the passive subtraction method.
gether with the passive ozone total columns in Fig. 8a. Whilechemical ozone depletion inside the vortex above Eureka

at the beginning of January there is no significant differ-,q estimated to be 35 %, consistent with the record ozone

ence between the two time series, they begin to diverge inggq ghserved in the Arctic vortex in 2011 (Balis et al., 2011;
mid-January, reaching a maximum difference on day 80 (21Manney etal., 2011; Adams et al., 2012).

March). The differences vary from day 81 (22 March) to the

end of the period, with a second maximum difference on day

95 (5 April). The evolution of the absolute differences be- Supplementary material related to this article is

tween the passive and active SLIMCAT ozone (blue squaresavailable online at: http://www.atmos-chem-phys.net/12/

can be seen in Fig. 8b. The maximum difference of 266 DU3821/2012/acp-12-3821-2012-supplement.zip

was reached on day 95 (5 April). The differences between

the SLIMCAT passive ozone total columns and the 125HR

measured total columns are shown with red circles. These

O D e S ncviedgomenaheahors ih o o e st e 1
) . reka weather station and CANDAC for the logistical and on-site

reached on the same day, day 95, being 276 DU and 3.6 (ygupport provided at Eureka. Thanks to CANDAC/PEARL opera-

higher than the model maximum difference. tors Ashley Harrett, Alexei Khmel, Paul Loewen, Keith MacQuar-
The corresponding percentage difference between the pase, Oleg Mikhailov, and Matt Okraszewski, for their invaluable
sive and active SLIMCAT ozone is shown in panel c. To assistance in maintaining the Bruker 125HR and for taking mea-
quantify the chemical ozone depletion inside the vortex, wesurements. CANDAC and PEARL are funded by the Atlantic In-
calculated the mean percentage difference, excluding theovation Fund/Nova Scotia Research Innovation Trust, Canadian
days when the instrument sampled out of the vortex. TheFoundation for Climate and Atmospheric Sciences, Canada Foun-

ozone depletion above Eureka from 24 February to 6 April Canada (EC), Government of Canada International Polar Year fund-
"ing, Natural Sciences and Engineering Research Council (NSERC),

is then 35 %. . ; .
0 Ontario Innovation Trust, Polar Continental Shelf Program and the
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