We would like to thank reviewer #2 for his/her corrections and recommen-
dations. Additions to the text are highlighted in blue and text that has been
removed from the original text is highlighted in red. The reviewer comments
are included in bold.

General remarks
Let me start by saying that this is a very good paper. It has many
strengths and using a high quality data set such as ACE-FTS to per-
form a consistent analysis of Arctic ozone loss constitutes a very valu-
able scientific study. Using six different methods (and comparing the
results) and employing the information from a ‘simulation only’ anal-
ysis is an achievement.
Nonetheless, I have reservations about the paper which concern the
conclusions drawn from the paper and the discussion of the different
methods. I also think that that the existing literature on the subject
should be discussed in a more balanced way. Further, some additional
references (of course not necessarily every single paper mentioned in
this review) should be taken into account.
My first general point is that I suggest improving the discussion of
the various methods. In the paper it is stated that the tracer-tracer
method “neglects descent from high altitudes”. This is a bit vague,
what means “high altitudes” in this case? Perhaps “above the ozone
maximum”, where ozone is no longer chemically inert? This should
be clarified. And there are a number of studies that address the
point of descent from high altitudes in the tracer-tracer method (see
below) that should not be neglected. The same is true for the issue
of “mixing across the vortex edge” which is discussed for the tracer-
tracer method. The basis for the discussion in the manuscript so far
is the important work by Michelsen et al. (1998) and Plumb et al.
(2000), but there is also a discussion of the arguments presented in
these papers in the literature which should not be neglected (e.g.,
Miller et al., 2005, cited in the manuscript, but not in this context)
and (Salawitch et al., 2002, not discussed in the manuscript so far,
see also below).
Further, it seems to be tacitly assumed in the manuscript that these
issues (high altitude descent and mixing across the edge) do not affect
the other methods used in this study. (See for example the discussion
on the artificial tracer method below). I strongly suggest to describe
the impact of these issues on all considered methods.
Perhaps most importantly, if I accept the conclusion from the paper
that the descent method is the most reliable one (at least it seems
to be a method with very small error estimates), there appear to
be significant differences between the SLIMCAT simulations (SLIM-
CAT only) and the estimated ozone loss. In the sense that SLIMCAT
overestimates the chemical ozone loss. For example for 2009/2010 the



simulated loss is 51 - 7 DU and the descent deduced loss is 13 +3 DU,
for the winter 2004/2005, the comparison is 67 + 3 and 47 + 4 DU.
(Are these error estimates for ozone loss really comparable). Perhaps
I am misreading this conclusion on the reliability of the methods, but
the manuscript should provide a clear guidance to what the message
of the paper is in this respect. Thus, I think the paper should dis-
cuss these questions in more detail and make a clearer statement on
simulated versus observed ozone loss. In summary, I suggest a more
extensive and a more balanced discussion of both the employed meth-
ods and the obtained results in a revised version of the manuscript.

We thank the reviewer for the thorough review and great suggestions to im-
prove our paper. These general comments have been addressed and detailed
comments are provided in the revisions below.

Artificial tracer method

The authors use the artificial tracer method by Esler and Waugh
(2002), who have developed the method for NO, in midlatitudes: they
report that they construct an “artificial ‘reference tracer’ from a lin-
ear combination of other long-lived tracers. The reference tracer is
designed so that, as far as possible, it has a linear canonical relation-
ship with NO, in midlatitudes”.

The further development of the technique for analysing ozone loss
was done by Jin et al. (2006). They state: “The decrease of O3 with
respect to this artificial long-lived tracer can be regarded as the chem-
ical O3 loss. However, because the correlations inside and outside the
vortex are different, this method cannot correct for the mixing across
the vortex edge. This kind of mixing can only increase O3 for an ar-
tificial tracer value, which suggests that neglecting mixing across the
edge gives a conservative Oj loss estimate for this method”. This
concept is also illustrated in Fig. 1 of this review.

Thus it is an oversimplification to say that the artificial tracer method
compensates for ‘mixing’. If mixing occurs across the vortex edge,
this will be mixing between two different ozone-tracer relations, even
though both could be linear (Fig. 1). And then mixing would have
an effect in tracer-tracer space. The authors might not agree with
this concept, but I think a discussion is necessary.

We have included further discussion of the artificial tracer method, correcting
the statement that the artificial tracer correlation method corrects for mixing
across the vortex edge. The first paragraph of this Sect. 3.2 has been changed
according to the suggestions provided by the reviewer:

“The amount of mixing of extra-vortex air into the polar vortex varies widely
depending on the dynamics of each winter and spring, and is more likely to
occur in the NH (WMO, 2014). Neglecting mixing processes from the edge of



the polar vortex eowld—result—in—an-overestimation—ofthe—chemieal-ozoneloss
when—usine—the—tracer-tracermethod—and-mixine—within—the-vortex—{romhieh
attitdes—or mixing of high altitude air (above the ozone maximum) can lead

to an underestimation of the chemical ozone loss (e g., Rex et al 2002; Muller
et al., 2005). One method that provides a p addi
me%mdmm is the artificial
tracer method. This method was first proposed by Esler and Waugh (2002) and
uses a “tracer” created from a linear combination of several different trace gases
that is linearly correlated with ozone. This linear correlation makes it easier to
determine the ozone loss and reduces the impact of mixing, since mixing from
the edge of the vortex would only result in “moving” the air parcels along this
linear correlation line (Esler and Waugh,2002). Initially such an artificial tracer
method was used by Esler and Waugh (2002) to estimate denitrification inside
the Arctic polar vortex. However, this same method can be applied to estimat-
ing the chemical ozone loss as was done by Jin et al. (2006). While it reduces

the error from mixing of air near the vortex edge, this method, however, does
tracer. established from observations inside the polar vortex does not follow the
same linear correlation outside the polar vortex (Jin et al., 2006).

We also changed the fourth paragraph in Sect. 4.2, p.16, 1.15:

“Discrepancies are apparent between the measurement only methods and the
passive subtraction methods-in—using CTMs for 2010, especially for the com-
puted mean partial column loss. Each time the vortex splits and the two
parts reunite, extra-vortex air is mixed. In 2010 the polar vortex was very
disturbed, therefore for-2040-the-methods that do not account for the mixing
www&hg tracer-tracer and-method, the profile descent techniques
and the artificial tracer technique) are not reliable for that year since an iso-
lated vortex is essentlal for these methodsﬂiﬁﬁ—éﬁ—ﬂ%—&%ﬂ%‘f‘ﬁf—t—he—iﬂﬁﬁﬂg

ﬁﬂiﬁﬂﬂeﬁee&—by—mﬁﬂﬂg—iph& The loss estimates in 2010 using the artifieiat
tracer—techniqie—measurement only techniques do not agree with the passive
subtractlon ﬁ&etheds—{t—f&weftkhﬁeﬁﬂgﬂa&t—&ww&eﬂbﬂ&eﬂe&metheds
stnilartosses ¢ a5 ing-using CTMs. Generally, we

see the lar est, dlfferences between the assive subtraction method using CTMs
and methods that use measurements only for years with strong turbulence and

relatively small ozone loss (see Table 1).For example in 2010, when—the—vortex
W&S—H}H(%h—diﬁhﬁfbed—qlh&the the passive subtractlon methods fnﬂy—smeeth—eut

WWM
ozone loss than the methods that use measurements only. This could either be
due to mixing processes unaccounted for in the methods using measurements
only or the passive subtraction methods using CTMs may overestimate passive



Additionally, we have changed our wording in the final conclusions and dis-
cussion:

e sis—shews-Based on this study, for years with a stable and stron,
olar Vortex the tracer-tracer technique the artificial tracer technique and the
assive subtraction using both CTMs lead to similar ozone losses and seem to

estimate a similar passive ozone profile. We also found that from the six different
estimation methods presented, eitherthe artificial tracer correlation technique

er-and the passive subtraction method (with ATLAS or SLIMCAT) is-are best
suited for estlmatmg the ozone loss in the Arctlc polar vortex. Based-on—this
For years with an unstable

olar Vortex we recommend usin the passwe subtractlon or-the artificial4racer
- ; rewith-little t Hvatt technl ue, since

the artlﬁmal tracer OFY e
does not_account for mixing of extra-polar vortex air. We did not find any
difference_between an Fulerian or a Lagrangian model and found that both
types of CTMs seem to compute the Arctic ozone loss equally well. . ”

Tracer-tracer method

In the manuscript it is stated that the tracer-tracer method (e.g., p.
7, 1. 11) “neglects descent from high altitudes”. This is a bit vague,
what means “high altitudes” in this case? Perhaps “above the ozone
maximum”, where ozone is no longer chemically inert? However, e.g.
Salawitch et al. (2002) (in a study using tracer-tracer relations) con-
sider data up to 8.9 hPa, which is a relatively high altitude in the
stratosphere. They also discuss the question of ozone at higher alti-
tudes (Salawitch et al., 2002, see paragraphs [43] and [44]).

In particular, Salawitch et al. (2002) state that the “Plumb et al. [2000]
model results for ys versus x; are driven primarily by supply of air
at the top of the vortex with near zero mixing ratios of both species.
Our observations exhibit a critical difference with respect to these
heuristic model calculations. The OMS measurements show that the
top of the Arctic vortex is supplied with air having mixing ratios of
O3 between 3 and 4 ppm, considerably higher than the final value
of [Og] in the inner vortex”. Moreover, there could be intrusions of
mesospheric air to lower altitudes, which are discussed by Miiller et
al. (2007), in a case study. They conclude that “measurements influ-
enced by mesospheric air show ozone mixing ratios ranging between
3.6 and 5.6 ppm, which are clearly greater than those found in the
“early vortex” reference relation employed to deduce chemical ozone
loss”.

Rex et al. (2002) is cited (p. 7., 1. 8) in support of the criticism
of the tracer-tracer method. And indeed, Rex et al. (2002) mention
that “Michelsen et al. [1998] and Plumb et al. [2000] have suggested that



before chemical loss of ozone occurred, mixing between subsided in-
ner vortex air with extravortex air may lead to a flattening out of
the curved O3/N,0O relation and thus may be mistaken as chemical
loss of ozone. However, ... “ But the overall conclusion of Rex et
(2002) on this issue reads: “Thus the overall changes in the O3
versus N,O relation observed during the course of winter could not
have been caused by transport, and rather represent a lower limit for
the true chemical loss of ozone”. Therefore, I suggest rethinking of
how to use this citation in the paper.
Further, especially for the winter of 1999/2000 there are a number of
studies (not taken into account in the manuscript so far) that argue
that transport alone could not have led to the observed changes in
the O3 versus N2O relation (tracer-tracer method).
Richard et al. (2001) report that “there is relatively little change
in the ER-2 03:N;O [... ] relationships over the two week period
between 20 January and 3 February 2000. Additionally, the O3:N2O
profiles are found to be similar to the early winter vortex balloon
profiles which allow extension of the relationships to regions above
the ER-2 flight altitudes thus defining the chemical composition of
air that later descends to ER-2 sampling altitudes (18-21 km). [... ]
Therefore, these relationships allow for the establishment of a winter
vortex reference to quantify O3 chemical loss occurring during late
February/early March2000.”
Another piece of evidence on these issues is provided by Ray et al.
(2002) who find that “mixing of midlatitude air into the winter vor-
tex is not a significant contributor to the observed ozone changes in
the 1999/2000 season”.
Of course, the authors do not need to follow/accept these arguments
but I think a more balanced discussion in the manuscript is neces-
sary rather than relying mainly on the arguments of Michelsen et al.
(1998) and Plumb et al. (2000) here.

We have re-written some of the text in the paper and included a more bal-
anced discussion of the tracer-tracer correlation method as suggested by the
reviewer, and included the references as suggested.

We have changed the first paragraph of Sect. 3.1 according to the reviewer’s
suggestions:

“As described in Sect. 2.2, measurements taken in January inside the polar
vortex are used to quantify the ozone distribution before significant ozone de-
pletion occurs. This dataset is then compared to measurements taken in March,
when chemical ozone depletion is most pronounced in the observed ozone profile.
This method has been criticized for neglecting processes that mix extra-vortex

air into the polar vortex {e-esRex—et—=al52002)-(e.g., Michelsen et al., 1998b;
Plumb et al., 2000, 2003; Plumb, 2007), because it assumes that the polar vortex

is isolated, which is not true for all years, especially in the Arctic. ByOn the



other hand, some studies observing Arctic ozone loss the 1999/2000 winter (a

winter with an unusually strong polar vortex and thus little mixing) have found
that mixing of mid-latitude air was not a significant contributor to the observed
changes (e.g., Richard et al., 2001; Ray et al., 2002). In our study, using the
sPV criteria described above, we attempt to limit the influence of mixing of
extra-vortex air in our calculation of the early vortex reference function.

The tracer-tracer correlation method also neglects descent of ozone or the

tracer from high altitudes that-invalidates-theuse-of-(middle and upper stratos \pper stratosphere
and mesosphere) above 550K that is not included in our calculation of the

early vortex reference function. However, Salawitch et al. (2002) showed
that_supply of ozone depleted air into the top of the vortex did not play a
role in_the subsequent evolution of the ozone-tracer relation in the 1999/2000
Arctic winter (where the vortex was strong). Mixing of air from top of the
Arctic vortex (where mixing ratios are between 3 and 4ppm (Salawitch et al.,

2002)) into the polar Vortex could however, underestlrnate the ozone loss of
the t tracer—tracer : S . -

e&eh—&meefmethod Rex et al 2002) state that the tracer-tracer correlation
represents a lower limit of the true ozone loss in the case of the 1999/2000 Arctic
winter ( a year with a stable polar vortex). ”

And we included changes in Sect. 4.2, p.16, 1.1:

“In some years, the tracer-tracer correlation method and the average vortex
descent technique differ significantly from all other estimation methods. These
ciserepaneies-highlight-the-diffenlties-differences highlight the difficulty of using
the tracer-tracer correlation method, because mixing processes and descent in
the 2005 Arctic vortex are not eeﬁﬁdefedr—aﬂé%he—difﬁeu}ﬁevmw
These differences also highlight the difficulty of using the average vortex de-
scent technique in years of an unstable polar vortex. Fhis-eanthereforelead-teo
an-overestimated-ozone loss using the tracer-tracer correlationamethod-and-an
underestimated-ozoneloss—using-the-average-The average polar vortex descent
techmque —}H—&Hﬂ%heﬁf@&fs—ﬂi&%&e%&e%eﬁﬁe}&%fﬁﬁeﬂ&%—&gf%ﬁfeﬂ
iee-typically

underestlmates the ozone loss com ared to all other methods this technique
only agrees well with the other methods in March 2007 —-and 2008.”

Comments

p- 2., 1. 7: “Here we show” I think it is not really new that these
tracers are suitable.

We changed the sentence to:

“For the tracer-tracer, the artificial tracer, and the average vortex profile descent



approaches, various tracers have been used —Here;—weshow-that are measured

by ACE-FTS. From these seven tracers investi ate’d7 we found that CHy4, N5O,
HF, and CFC-12 are the most suitable tracers for investigating polar strato-

spheric ozone depletion with ACE-FTS.”

pP-2, 1. 20: This is true for the time period of elevated stratospheric
chlorine and bromine.

We have changed the sentence to:

“Arctic ozone column loss is extremely variable in the winter/springtime and
can range from near zero to about 150 DU...”

p- 3., 1. 1: Suggest citing here also the early theoretical study by
Carslaw et al. (1994).

The citation has been included.

p- 3., 1. 1, 2: Perhaps helpful: information on observed PSCs is
now also available from MIPAS (Spang et al., 2017).

The citation has been included.

P. 3., 1. 6: The paper by Solomon et al. (1986) is mostly about
heterogeneous chlorine activation, less on the relevant catalytic ozone
loss cycles.

The citation has been removed, only McElroy et al. (1986) and Molina and
Molina (1987) are cited in this sentence now.

p- 3., 1. 8: the point is that low temperatures are required but
they need to last long enough into the period when sufficient sunlight
is available to drive the ozone loss (as it is the case regularly in the
Antarctic).

This sentence has been added to clarify:

[43

For polar ozone loss, low temperatures are required but they also need to
last long enough into the period when sufficient sunlight is available to drive the

p-3., 1. 28: This statement is also true for the Antarctic. Perhaps
look at ozone loss estimates for the Antarctic.

We wanted to highlight that the dynamic variability is stronger in the Arc-
tic, and SSW occur more frequently in the Northern Hemisphere. The sentence



has been rephrased to:

“Because of the strong dynamical variability of the Arctic polar vortex, quanti-
fying chemical ozone loss is more challenging in the Arcticis-ehallenging.”

p- 4., 1. 2: T do not think this statement is correct as written here,
see the detailed discussion.

The sentence has been changed to:
“Using an artificial tracer(e.g., Esler and Waugh, 2002; Jin et al., 2006) that is

constructed (from observed trace gases) to be hnearly correlated Wlth ozone can
improve the accuracy of the loss estimate;—si Jations

p.- 7., 1 8: Rex et al. (2002) is cited here in support of the crit-
icism of the tracer-tracer method. However Rex et al. (2002) state
that “Thus the overall changes in the O3 versus N>O relation observed
during the course of winter could not have been caused by transport,
and rather represent a lower limit for the true chemical loss of ozone”.
I think some of the citations used in 1. 12 of this page are more ap-
propriate here.

As described above (in the discussion of the artificial tracer technique), we
have included these suggested changes in this paragraph.

p-7., 1. 12: I cannot see what the contribution of the citation to
Michelsen et al. (1998, GRL) is here. This paper does not discuss
ozone. Either explain why the citation is needed or drop the citation.

Michelsen et al. (1998,GRL) is a critical reference showing observational ev-
idence for different mixing lines inside and outside the vortex and at different
times within the vortex, and as such is a foundation for any use of tracer corre-
lation methods for ozone loss.

p- 7., 1. 15: add ‘over a polar season’; of course tracers like methane or
CFC- 12 are influenced by chemical processes, otherwise there would
be no vertical profile.

This has been added as suggested.

“A tracer is required to be long-lived and stable (Plumb and Ko, 1992) and
thus, not influenced by chemical processes over a polar season.”

p. 7., 1. 28: “neglecting mixing processes from the edge [... | over
estimation of chemical ozone loss... ”. I do not think that the papers



cited here make this point. See statement from Rex et al. (2002)
above. Also, Miiller et al. (2005) state in the abstract that “mixing
across the polar vortex edge impacts ozone-tracer relations in a way
that may solely lead to an ‘underestimation’ of chemical ozone loss
and not to an overestimation”’; this discussion needs to be revised.

We have revised this discussion accordingly, as stated above (in the discus-
sion of the tracer-tracer technique).

p- 10., 1. 9: If there is descent from higher altitudes, as discussed in
the paper elsewhere; would the ‘passive ozone assumption’ hold? If
ozone is not in complete darkness, it is not passive at higher altitudes.

In this study we focus on O3z between approximately 380 to 550 K. For this
altitude (the lower stratosphere), the time-scale for dynamical changes is much
shorter that that for chemical changes (unless there is heterogeneous PSC-
mediated chemistry). The region where chemical and dynamical time-scales
are similar is around 30 to 40 km (800-1000K). The region studied in this paper
is well below that altitude, and below the region where gas-phase chemistry
would affect the passive ozone in situ. If ozone was transported down from 700
or 800K to the 350-550 K region, in its new environment any chemical reactions
would take place at the rates consistent with that altitude, and thus would be
very slow compared to those for transport. So any significant affect on the pas-
sive ozone should be negligible at and below 550 K. E.g., Singleton et al. (2005)
compared two model runs with the gas phase chemistry turned on and the other
one off, the differences increased with altitude, but remained below 0.5 ppmv
for 550 K and are negligible for lower altitudes in March.

Singleton, C. S., Randall, C. E., Chipperfield, M. P., Davies, S., Feng, W.,
Bevilacqua, R. M., Hoppel, K. W., Fromm, M. D., Manney, G. L., and Harvey,
V. L.: 2002-2003 Arctic ozone loss deduced from POAM III satellite observa-
tions and the SLIMCAT chemical transport model, Atmos. Chem. Phys., 5,
597-609, https://doi.org/10.5194/acp-5-597-2005, 2005.

p.10., 1. 18: what about Wohltmann et al. (2017) here?
We have included the citation.

p. 10., 1. 32: Why HISPLIT? Would it not be more consistent
to calculate the trajectories with the (diabatic) trajectory scheme of
ATLAS. And likewise not change the meteorological analysis?

For practical purposes the trajectories were estimated with HYSPLIT. We agree
that possibly it would have been more consistent to calculate trajectories with
the diabatic trajectory scheme of ATLAS, however, the changing this would
require and effort that is not justified by the benefit. Small changes of the tra-



jectories will have a negligible effect on the end results.

p. 12., 1. 1: Is there a comparison (or comments along this line)
between the polar chemistry of SLIMCAT and ATLAS?

In this study, we did not use the results from the chemical model of ATLAS,
and therefore did not discuss the differences between the chemical ozone scheme
of the ALTAS and SLIMCAT model. As such, we did not perform a detailed
comparison between SLIMCAT and ATLAS, and there is currently no paper on
this subject.

p- 13, 1. 14: It is true that it is worrying that tracer profiles do
not agree well for March 2005 (which is not shown directly in Fig.
6a). However, I do not understand why this is only a problem for the
tracer-tracer method. I suggest that you also discuss the impact of
this finding on other ozone loss estimates considered here. Also the
column ozone loss estimates do not seem to differ too much (perhaps
with the exception of OCS) for the different tracers in 2005 (Fig. 6).

We have removed the last two sentences of this paragraph and included the
following sentence on p.13:

“This indicates the failare-shortcomings of the tracer-tracer correlation method,
even thetgh-in case where only inner core vortex measurements were used for es-
tunatmg the ozone loss. These results are in—ag 3

acer-¢ ‘ i @Mrev10us studles (e g.,
Mlchelsen et al., 1998 a, b, 2000 Plumb et al., 2000, 2003; Plumb, 2007)
that ﬁ%ﬂi@i—e@ﬁﬁffﬂeﬁi—t—h&haVe shown tracer- tracer eorrelation—method—teobe

inaeeurate—correlations are not ex ected to be accurate for estimating Arctic
ozone loss. However, in this study, though the profile loss estimates are different

for different tracers, the partial column losses (maximum and mean) are not

significantly different and agree within the estimated uncertainties. ”

We have also added a sentence describing the profiles for the other two methods,
on p. 14:

“The profile loss estimated for these different tracers looks similar for most years
with the exemption of OCS in 2005, 2008 and 2011, and CCI3F in 2010.”

p. 13., 1. 23: explain why this is likely.
We have changed the sentence to:
“Also, in 2007, the estimated loss is larger #-when HF is used as a tracer,

likely—beeause-of-mixinesand does not follow the ozone loss profile as estimated

with other tracers.”

10



p.- 13., 1. 33, 34: it seems obvious to me that average decent profiles
will have a small standard deviation, but perhaps I misunderstand.
In any event it would be good to give a citation for the smaller un-
certainties and how they are calculated.

Section 3.2 explains how the uncertainties are estimated for the average vor-
tex profile descent technique and highlights some of the difficulties estimating
this uncertainty that might result in underestimating the true uncertainty. The
following has been added:

[43

Note, this method only allows the estimation of one vortex averaged passive
ozone profile; all other methods applied in this study estimate a passive ozone
mixing ratio for each data point in March. Consequently, this method does
not consider any changes of the passive ozone levels that can occur throughout
March. The uncertainty of the passive ozone is estimated based on the £1g
standard deviation of the average vortex profile descent (that is quite small for
the average vortex profile descent technique). To obtain the total uncertainty,
the statistical fitting error of the ACE-FTS tracer measurements and the uncertainty
of the passive ozone are added in quadrature. This uncertainty estimate is based
ou statistical errors only and as such underestimates the true uncertainty. It is
difficult to estimate the true uncertainty in this case, because of the unknown
effect of ozone due to mixing processes.”

And we have included the following sentence in Sect.4.1, p.14, 1.12:

W

Note that this does not represent the true uncertainty but more of a statistical
uncertainty, since there is only one passive ozone profile for each March (and,
therefore, the same amount of ozone at each potential temperature level) the

Additionally, we have included a sentence highlighting some of the difficulties
using the average polar vortex descent technique, in last paragraph of Sect. 4.2,
p- 17 1. 26:

“Overall, we have found that the different methods agree in most years within
the estimated uncertainties considering the profile mixing ratio loss, as well as
the mean and maximum partial column ozone loss. Typically, the average vor-
tex profile descent method estimates smaller ozone losses compared to all other

methods. This method provides an approximate ozone loss estimate, however,
from only one passive ozone profile, and hence, the passive ozone is the same
throughout the month at each potential temperature level”

p- 18., 1. 24: There also could be more comparison here with re-
sults in the literature based on the methods used in this study. For
example, Tilmes et al. (2006) and Rosevall et al. (2008) report chem-
ical ozone loss for the Arctic winter 2004/2005.

11



We have added the following in Sect. 4.2:

“A comparable partial column loss (120DU) to our loss estimate using the

tracer-tracer correlation method has been estimated by Tilmes et al., 2006

with satellite-borne HALOE observations using the tracer-tracer correlation

method.The peak ozone loss in 2005 has also been estimated by Rosevall et
al. (2008) using the tracer-tracer correlation technique (with the satellite-borne

MLS and Sub-Millimetre Radiometer (SMR) instruments) that is around 1 ppmv
and more comparable with our other loss estimates. ”

P- 2, 1. 32: drop ‘ice’ here this discussion is about NAT and STS
We have changed the sentence accordingly to:

“ PSCs that contain primarily iee-particles...”

p- 3., 1. 13: an Arctic...

This sentence has been modified according to Bjorn-Martin Sinnhuber’s review
and this part of the sentence has been removed.

“In January 2012, very strong polar vortex disturbance occurred tikely—dueto

Berhard et al,, 2012; Chandran et al., 2013) .”

)

p- 5., l. 6: trace gases
This has been fixed.

p- 6., 1. 21: I would formulate: ... “not a sufficient number of
measurements” ...

The sentence has been changed to:

“... consequently there were not sufficient number of measurements inside the

polar vortex in March to perform the analysis with ACE-FTS.”
p. 8, 9: Egs. (1) (4): do not use italics for ppb and ppt
This has been fixed.

p- 9., 1. 26: here and elsewhere, use proper minus signs; i.e. —25
rather than -25

We changed the minus signs accordingly throughout the text.
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p.- 10.,110: is applied

We changed this sentence accordingly.

p. 11., 1. 27: citation for SLIMCAT chemistry scheme?
We changed the sentence to:

“It contains a detailed stratospheric chemistry scheme including all processes

that are related to polar ozone depletion (Chipperfield et al., 2006; Dhomse et
al., 2013; and references therein). .”

p.- 19, 1. 24: “...ACE, also known as SCISAT” is this really true?
The CSA refers to ACE in this manner.

p- 19., 1. 4: citation for loss in 20107 Also same line ‘larger’ than
what?

We have changed the sentence to:

“For a highly disturbed vortexandlittleteneo—aectivation-, e.g. 2010}, the
passive subtraction methods using CTMs indicate larger ozone loss and-than
the methods that use measurements only, indicating that cither measurement
ouly methods underestimate the ozone loss due to unaccounted mixing processes
or the the passive subtraction methods using CTMs might smooth out the year-
to-year variability by overestimating passive ozone. ”

References: there are still a few typos, missing spaces, additional
spaces, etc.

We have corrected the following typos and spelling mistakes that we were able
to find. Please let us know if there are any more specific typos and spelling
errors that we should correct in the list of references.

Bernhard, G., Manney, G., Fioletov, V., Groo, J.-U., Heikkild, A., Johnsen,
B., Koskela, T., Lakkala, K., Miiller, R., Hund-Myhre, C. L., and Rex, M.:
Ozone and UV Radiation, in: State of the Climate 2011, Bull. Amer. Meteor.
Soc., 93 (7), S129-S132, 2012.

Fromm, M. D., Bevilacqua, R. M. - Hornstein, J.,

Shettle, E. PShe%He—K—Heppel—ﬁmek Ho el K and Lum e, J. D.Lbumpe:
An analysis of Polar Ozone and Aerosol Measurement POAM II Arctic strato-

spheric cloud observations, 1993-1996, J. Geophys. Res., 104, 24,34124,357,
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We would like to thank reviewer #3 for his/her corrections and recommen-
dations. Additions to the text are highlighted in blue and text that has been
removed from the original text is highlighted in red. The reviewer comments
are included in bold.

Given that the Match approach has been applied to similar measure-
ments (e.g., from POAM), and one of the authors is highly versed
in that technique, it is perhaps a little surprising that that method
was not included, or even discussed very much. That said, I can well
believe that the ACE-FTS sampling presents a challenge to the im-
plementation of Match-based calculations. Whatever the reason, it
would make sense to comment on why it is omitted here. If its left
for ”future work”, then its fine to just say that. On the other hand,
if there is some reason why its not practical in this case, it would
be good to note it here, as this may prevent others from potentially
spending time fruitlessly investigating it in future.

The reason for not including the Match approach is that due to the orbit of
ACE-FTS there is a measurement gap in the Arctic in February that is typi-
cally 2-3 weeks. This time period is too long for trajectory estimations to match
the observations and track the air parcels. We have investigated applying the
Match approach, but it would only be possible to use this approach either in
January or March, but not over the entire winter/spring period that was inves-
tigated in this study.

Specific comments:

Page 2 line 10: Add a comma after ”March 2005” possibly.

We have changed the text accordingly.

Page 7 line 16 and line 20: ”blue dots” should be ”green dots” in
both places. Also, its a little jarring to be talking about dot color
before the figure has been formally introduced (line 16/17).

The sentence has been changed to:

“Fhe-Figure 1 shows the Os-tracer correlation between for these six tracers for

the winter/spring 2011, displayed are the ACE-FTS measurements in January
(black dots) and March (b}ue%mﬁ—fm—ZO%knge%lowts)vyogether Wlth the es-

timated early vortex reference function (red solid line)azre

~

Page 7 line 29/30: I think ”One method that provides a correction for
both mixing and for descent...” would be clearer. That is unless Ive
misunderstood the currently ambiguous wording (it currently could
be read as saying that ”descent” is another "method” that fixes the



mixing issue, rather than another problem to be addressed).

The sentence has been changed accordingly to:

“One method that provides a

for both mixing from the vortex edge and for descent is the artlﬁm
method.”

Page 8 line 21: ”blue dots” should be ”green dots” again.
This has been corrected.

Page 11 line 5: Just to clarify this is a ”horizontal” interpolation
only, correct? From the text I get the sense that the vertical ”inter-
polation” is simply ”nearest neighbor”, correct? Would be good to
clarify.

Yes, the interpolation is only horizontal. But for the vertical, we simply used
the points that have the same potential temperature levels as the ACE-FTS
measurements within the the ATLAS resolution without interpolation. To clar-
ify, we added the following sentence in Sect. 3.4.1 (p.11):

“The interpolation is only done horizontally, we did not apply interpolation in
the vertical direction but instead chose only ATLAS points that were at the

same potential temperature levels as the ACE-FTS observations, within the

Page 11 line 29: "reset” to what (presumably ”ozone that responds
to chemistry”, but would be good to be clear).

We have changed the sentence to be more clear:

“The passive ozone from the SLIMCAT model run was reset on 1 January
for each year to the values of the model chemical ozone field at that time.”

Page 12 line 3: I suggest you change ”up to” to ”within” and add
”great circle” after 0.5 degrees (unless its actually latitude or longi-
tude specifically you mean here).

We changed the sentence accordingly:

“Although the geo-location of the ACE-FTS measurements change with alti-
tude, the location of the measurements at the altitudes of interest (approxi-
mately 15-25km) are up—te—within an approximately 0.5° great circle of the
location of the 30 km tangent altitude and, therefore, within the model resolu-
tion.”



Page 14 lines 14-19: It feels odd to have the ”artificial tracer” discus-
sion after the discussion of descent here, given that earlier, in section
3, you introduced those techniques in the other order.

The order in section 3 has been changed to 3.1 Tracer-tracer method, 3.2 Aver-
age vortex profile descent technique, 3.3 Artificial tracer method.

Page 14 line 32: Id suggest changing ”error” to ”estimated uncer-
tainties” here, to avoid anyone thinking your taking some kind of
inter-method difference as a measure of a (potentially ”correctable”
error).

This has been changed accordingly.

“The uncertainties of these averages have been computed by propagating the
errer-uncertainties from each method and tracer.”

Page 15(ish): It does feel a little disjoint to have section 4.1 talking
about the various tracer methods, and yet not have any discussion
of the ATLAS/SLIMCAT results until you get to the overall inter-
comparison discussion in 4.2. Might some of the ATLAS/ SLIMCAT
discussion not merit a subsection of its own.

Sec. 4.1 discusses different tracers that can be used for any of the measure-
ments only methods and the differences we found between them. There are up
to six different results for each of the measurement only methods for each year
due to the different tracers that can be used. Each of the CTM methods have
only one single solution for each year. The discussion of the CTM methods is
included in the overall comparison between all methods in Sec.4.2. There is
no section of its own for the passive subtraction methods using CTMs since we
found it repetitive to have another section to discuss only the CTM results.

Page 16 line 7: Here I think youre using ”passive subtraction” to
only mean the ATLAS/SLMICAT methods, correct? However, in
the opening discussion of the manuscript, you have used ”passive
subtraction” to describe all of your methods (rightly so, as all involve
some kind of estimate of passive ozone). Might be better to use a
different term here.

We changed the term used to “passive subtraction method using CTMs” through-
out the text.

Figure 1. Im curious as to where the cluster of black points (”fliers”
actually) with O3 around 4.5-5 ppmv in panels a,b,c and d have
”gone” in e and f? Are these cases where there were no OCS or
CCI3F measurements? Or are they all hiding under the ”e)” and



”f)” legends (I hope not). Also, in the former cases (a-d) I would ex-
pect that they may be contributing significantly to the ”uncertainty”
in the fit. Might there be something geophysically unusual about
them (their ozone abundance clearly implies as much) that would
give you a good basis for discounting them? Also, you might want to
think about moving the a-f legends to a different corner of the plot
to avoid clutter.

We have used the recommended ACE-FTS quality flags as Sheese et al. (2015)
suggested for all species. In the case of OCS and CCIF3 no extreme values were
left after applying the quality flags. For the other trace gases outliers with high
ozone can be seen, however, since we applied the quality flag filter as recom-
mended we have no justification to remove these.

Figure 2: I"d move the legend (January, March) somewhere else so it
doesnt get in the way. Also you dont need it on all four panels (you
only had it on one panel in figure 1). That should make it easier for
you to find an out of the way place.

Figure 2 has been changed accordingly.

Figure 5, caption, line 2: ”...2011, with the combined regression fit
for January and March...”, assuming thats a correct interpretation.

We have changed the sentence as suggested.

“Panel (a) shows a comparison between the SLIMCAT ozone and ACE-FTS
ozone dataset inside the polar vortex for January (black dots) and March (green
dots) 2011, shere-with the combined regression pletfit for January and March
is-shown as a red line. ”



We would like to thank Bjérn-Martin Sinnhuber for his corrections and rec-
ommendations. Additions to the text are highlighted in blue and text that has
been removed from the original text is highlighted in red. The reviewer com-
ments are included in bold.

General comments:

1) artificial tracer: The argument that mixing does not change the
correlation between ozone and the artificial tracer (p4, 14) is only
true if the correlation exhibits the same slopes inside and outside the
polar vortex. If not, than mixing across the vortex edge can influence
the correlation. On p7, 130 it is stated that this method provides a
mixing correction. This is not immediately clear. As this is a critical
point, I suggest to show the correlations inside and outside of the
vortex.

Mixing of outside polar vortex air affects the correlation of the artificial tracer
as air outside the polar vortex does not follow the same correlation. We have
included the following statement at the end of the paragraph to clarify this:

W

While it reduces the error from mixing of air near the vortex edge, this method,
The artificial tracer, established from observations inside the polar vortex does
not follow the same linear correlation outside the polar vortex (Jin et al., 2006).”

2) Uncertainty of passive subtraction with ATLAS (pll, 18): Esti-
mating the uncertainty by comparing ATLAS and ACE-FTS for Jan-
uary will almost certainly underestimate the true uncertainty, as the
model was initialized in early January and run only for a relatively
short period uncertainties in model transport will accumulate until
March, not captured here. While it is difficult to come up with a
better uncertainty estimate, this needs to be at least acknowledged
and discussed.

We have included the following sentence in Sect. 3.4.1 to point out this is-
sue:
“Note that the uncertainty estimated here is a lower bound on the actual

uncertainty since it does not consider the accumulated uncertainties in model
transport since the initialization in January (e.g. caused by deficiencies in ERA

Specific comments and technical corrections:

P3, 113: Polar Night Jet Oscillation Event: I suggest either to give
more information or drop the reference to the Polar Night Jet Oscil-
lation Event. What is this and why is this relevant?



A discussion of the Polar Night Jet Oscillation is probably too specific in the
context of this paper. We have changed the sentence to:

“In January 2012, very strong polar vortex disturbance occurred tikelydueto

Berhard et al., 2012; Chandran et al., 2013) .”

P4, 113: estimate differences between model and observations: The
meaning of this sentence is not fully clear and should be rephrased
accordingly.

This sentence has been removed as it was not relevant.

P4, 120: ...and the passive subtraction method using only modelled
ozone: If the meaning here is ...and compare this to the modelled
chemical ozone loss better say so.

The sentence has been changed accordingly to:

“Chemical ozone depletion for each spring is estimated using the tracer-tracer
correlation method, the artificial tracer approach, the average vortex profile
descent technique, the modelled passive ozone subtractlon method usmg a La-
grangian and an Eulerian transport model, and %

ustng-only-medeled-ezeremodelled chemical ozone 1055 usin, SLIMCAT Ch1 erfield
et al., 2006).”

P7,111: high altitudes: upper stratosphere and mesosphere?

We have changed this sentence accordingly to:

“The tracer-tracer correlation method also neglects descent of ozone or the

tracer from high altitudes H&&t—m&@hd&tes—ﬂ&eﬂs&eﬁﬁARRWMwN
E@&Q@P}E’Iﬂ above 550K that is not included in our calculation of the early
vortex reference function.”

P13, 111: uncertainty 10-20%: absolute or 10-20% of the ozone loss?
To clarify, we have changed the sentence to:

“The estimated uncertainties of the ozone loss profile are ~0.2-0.6 ppmv, or
approximately ~10-20% of the estimated ozone loss, and the results from all

tracers agree within the uncertainties ...”

P13, 113: that further confirmed the tracer/tracer correlation method
to be inaccurate for estimating Arctic ozone loss: This is a strong



statement. Do you really want to say tracer/tracer methods are in-
accurate for ozone loss estimates?

Numerous studies (including the references cited here; e.g., Michelsen et al.,
1998 a, b, 2000; Plumb et al., 2000, 2003; Plumb, 2007) have shown both the-
oretically and observationally that trace correlation methods are inaccurate.
However, we have softened the language and rephrased the last two sentences
of this paragraph:

“This indicates the failare-shortcomings of the tracer-tracer correlation method,
even theugh-in cases where only inner core vortex measurements were used for
estlmatlng the ozone loss. These results are in—agreement—with—the-disetssions

er-trae in-consistent with previous studies (e g.,
Michelsen et al., 1998 a, b, 2000 Plumb et al., 2000, 2003; Plumb, 2007)
that %ufeher—eeﬁﬁﬁﬁed—eh&have shown tracer- tracer eorrelation—nethod—tobe

inaeeurate—correlations are not ex ected to be accurate for estimating Arctic
ozone loss. However, in this study, though the profile loss estimates are different

for different tracers, the partial column losses (maximum and mean) are not

significantly different and agree within the estimated uncertainties. ”

P14, 124: does this apply specifically to ACE-FTS retrievals of OCS
and CCI3F ? If so it would be good to mention explicitly.

We have changed the sentence accordingly to:

‘However, using OCS or CCl3F as a tracer, at least for the ACE-FTS v3.5
dataset, seems to result in larger uncertainties and has the disadvantage that
there are not as many profiles available as there are for the rest of the tracers.”

P16, 16: The results of the artificial tracer technique should be unin-
fluenced by mixing: Again, it needs to be demonstrated that this is
also true for mixing across the vortex edge.

We have changed the paragraph to:

“Discrepancies are apparent between the measurement only methods and the
passive subtraction methods-using CTMs in 2010, especially for the computed
mean partial column loss. Each time the vortex splits and the two parts reunite,

extra-vortex air is mixed. In 2010 the polar vortex was very disturbed, therefore,
for-2040-the-methods that do not account for the mixing of extra-vortex air (the

tracer-tracer and-method, the profile descent techniques and the artificial tracer

%are not reliable for that year since an 1solated vortex 1is essentlal
for these methods‘ ‘ > ‘ : : ~ S

The loss estlmates in 2010 using the &kﬁﬁel&l—#eaee%%ee}mme%mx
mdo not agree with the passive subtraction met ;




inehrding—using CTMs. Generally, we see the largest differences between the
assive subtraction method using CTMs and methods that use measurements
only for years with strong turbulence and relativel ﬂnall ozone loss (see Table 1).

For example in 2010, , the passive
WM@%NWWWWMMMW
ozone loss and more than three times as high for the mean ozone loss than
the methods that use measurements only. This could either be due to mixing

rocesses unaccounted for in the methods using measurements onl or the pas-
sive subtraction methods %% i > - 5 S

2 K%Q@bﬂl@@%

b overestimatin assive ozone.”

P16, 19: The passive subtraction methods may smooth out the year-
to-year differences and model results in some years may compute
some ozone loss even in the absence of ClOx chemistry: Why?? The
meaning and basis for this statement is unclear.

We have changed the paragraph where this comment has been addressed, see
comment above (p.16, 1. 6).

P16, 122: ozone loss has also been estimated using only the SLIM-
CAT ozone and passive ozone (SLIMCAT only): Again, I believe this
is better expressed as modeled ozone loss.

We have changed the sentence accordingly:

“The ozone loss has also been estimated using only the SLIMCAT ezone—and
passive-ezore-modelled ozone (“SLIMCAT only”).”

P18, 133: passive subtraction methods using either ATLAS or SLIM-
CAT seem to have smaller computed uncertainties: As remarked
above, I suspect that for these methods the uncertainties here are
systematically underestimated.

The sentence has been changed to:

“While similar ozone losses were computed for all methods in years with an
isolated polar vortex, the passive subtraction methods using either ATLAS
or SLIMCAT seem to have smaller computed uncertainties. Note that the

uncertainty estimated here is a lower bound on the actual uncertainty since

it does not consider the accumulated uncertainties in model transport until
March.”

P19, 14: and might smooth out the year-to-year variability: again,
any idea why the year-to-year variability may be smoothed out?



The sentence has been changed to:

“For example in 2010, Wheﬂ—t—he#@ﬁ%fﬂﬂdfdiﬁmfbeé—%ﬁwaSSIVG
subtraetlon methods ¢ ; ; ; at

WWMMWW
more than three times as high for the mean ozone loss than the methods that use
measurements ouly. This could either be due to mixing processes unaccounted
for in the methods using measurements only or the passive subtraction methods

”

using CTMs may overestimate passive ozone.

P19, 111: For years with little to no ClOx activation the artificial
tracer correlation technique might be the most reliable because it
considers mixing and seems to compute a reasonably small ozone loss:
This statement is problematic for two reasons: (a) one may argue that
possible mixing across the vortex edge is better represented by the
passive subtraction method that takes into account tracer gradients
across the vortex edge at least in first order, and (b) the relatively
good agreement between the passive subtraction method and mod-
eled ozone loss (SLIMCAT only) for this year (2010) indicates that
according to our understanding of the processes involved there was
potential for substantial chemical loss.

We have changed this paragraph to:

“

an unstable olar Vortex we recommend usin the passwe subtraction ei—ehe

echm ue, since the art1ﬁc1al tracer g

W@@QMMM&&QM
did not_find any significant difference between an Eulerian or a Lagrangian
model and found that both types of CTMs seem to compute the Arctic ozone
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Abstract. Stratospheric ozone loss inside the Arctic polar vortex for the winters between 2004/2005 and 2012/2013 has been

quantified using measurements from the space-borne Atmospheric Chemistry Experiment Fourier Transform Spectrometer

(ACE-FTYS). Six-different-methodsineluadingFor the first time, an evaluation has been performed of six different ozone loss

estimation methods with one dataset to determine the Arctic ozone loss (mixing ratio loss profiles and the partial column
ozone losses between 380 K and 550 K). These methods include the tracer-tracer correlation, the artificial tracer correlation,

the average vortex profile descent, and the passive subtraction with model output from both Lagrangian and Eulerian chemical

transport models (CTMs);-hav

column-ozonelosses-between380K-and-5504). For the tracer-tracer, the artificial tracer, and the average vortex profile de-
scent approaches, various tracers have been used —Here;—we-shew-that are measured by ACE-FTS. From these seven tracers

investigated, we found that CH4, NoO, HF, and CFC-12 are the most suitable tracers for investigating polar stratospheric
ozone depletion with ACE-FTS. The ozone loss estimates (in terms of the mixing ratio as well as total column ozone) are
generally in good agreement between the different methods and among the different tracers. However, the tracer-tracer corre-
lation method does not agree with the other estimation methods in March 2005, and using the average vortex profile descent
technique typically leads to smaller maximum losses compared to all other methods. The passive subtraction method using
output from CTMs generally results in smaller uncertainties and slightly larger losses compared to the techniques that use
ACE-FTS measurements only. The ozone loss computed, using both measurements and models, shows the greatest loss during
the 2010/2011 Arctic winter. For that year, our results show that maximum ozone loss (2.1-2.7 ppmv) occurred at 460 K. The
estimated partial column ozone loss inside the polar vortex (between 380 K and 550 K) is 66-103 DU, 61-95 DU, 59-96 DU,
41-89 DU, and 85-122 DU for March 2005, 2007, 2008, 2010, and 2011, respectively. Ozone loss is difficult to diagnose for
the Arctic winters during 2005/2006, 2008/2009, 2011/2012, and 2012/2013 because strong polar vortex disturbance or major
sudden stratospheric warming events significantly perturbed the polar vortex thereby limiting the number of measurements

available for the analysis.

1 Introduction

Arctic ozone column loss is extremely variable in the winter/springtime and can range from near zero to about 150 DU (e.g.,
Manney et al., 2011; Kuttippurath et al., 2012; Livesey et al., 2015), unlike in the Antarctic, where ozone loss is typically large,
and shows smaller interannual variability (e.g., WMO, 2014). The large interannual variability is mostly caused by the Arctic
dynamies-and-meteorology (e.g., Andrews, 1989; Schoeberl and Hartmann, 1991; Schoeberl et al., 1992). Due to topography
and land-sea contrasts, wintertime wave activity that drives stratospheric circulation is much stronger and more variable in the
Northern Hemisphere (NH) than in the Southern Hemisphere (SH) (e.g., Weber et al., 2003). Therefore, the polar vortex in the
NH is typically weaker and more variable from year-to-year than the polar vortex of the SH. Climatologically, the Arctic lower
stratospheric polar vortex forms in November and breaks up in April, but break up dates can be much earlier (when there are
major sudden stratospheric warmings (SSWs), during which temperatures increase rapidly and mid-stratospheric zonal mean

winds reverse) or later (in particularly quiescent winters) (WMO, 2014). If, however, the polar vortex remains stable and tem-
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peratures within it are low, polar stratospheric clouds (PSCs) can form (e.g., Steele et al., 1983; Toon et al., 1986; Crutzen and
Arnold, 1986; Lowe and MacKenzie, 2008). PSCs that contain primarily iee-particles (Steele et al., 1983) typically form at tem-
peratures below 188 K (Poole and McCormick, 1988). Other PSCs are composed of either ice and nitric acid trihydrate (NAT)
particles, or super-cooled ternary solution (STS), a mixture of HNO3-H2SO4-H2O particles, and can form at much higher tem-

peratures around 195-197 K (e-g

Since wintertime temperatures in the Arctic polar regions are higher than those in the Antarctic winter, most PSCs in the Arctic
are nitric-acid containing ones that form at higher temperatures —(Solomon, 1999, and references therein). Chlorine activation is
triggered on the surface of PSCs and/or cold binary aerosols (e.g., Portmann et al., 1996; Drdla and Miiller, 2012; WMO, 2014),
releasing chlorine molecules. When the chlorine molecules are exposed to sunlight, these molecules break into chlorine radicals

that are responsible for springtime polar catalytic ozone depletion

e.g2., McElroy et al., 1986; Molina and Molina, 1987). For polar ozone loss, low temperatures are required but they also need

to last long enough into the period when sufficient sunlight is available to drive the ozone loss. Thus, the amount of yearly
ozone loss in the Arctic is strongly influenced by the temperature within the polar vortex and whether an SSW event occurred.

In recent years, there have been several major SSWs in the Arctic: the most pronounced SSW events occurred in Jan-
uary 2006 (Manney et al., 2008a; Coy et al, 2009; Manney et al., 2009a), January 2009 (Labitzke and Kunze, 2009; Man-
ney et al.,, 2009b), in January/February 2010 and January 2013 (Manney et al., 2015; Coy and Pawson, 2015). In those

years, the polar vortex broke up in January and hence no significant springtime chemical ozone depletion was detected.

In January 2012, very strong polar vortex disturbance occurred tikely—due-to—a—-Aretic Polar-NightJet-OsetlationEvent
{Berhard-et-al; 2012 Chandranetal;2043:-2)(Berhard et al., 2012; Chandran et al., 2013). During the 2010 winter, the polar

vortex was highly influenced by dynamics and mixing due to a major SSW: the vortex split in two parts in mid-December 2009,
these two parts reunited in January, and in mid-February the vortex split again into two parts and reunited at the beginning of
March (e.g., Dornbrack et al., 2012; Kuttippurath and Nikulin, 2012; Wohltmann et al., 2013). In the Arctic spring if a polar
vortex exists, the ozone mixing ratio inside that polar vortex peaks at around 3.5 ppmv between approximately 450 K and 475 K
in the absence of chemical ozone depletion (based on ACE-FTS measurements inside the polar vortex in January). During the
winters of 2004/2005 (Manney et al., 2006; Jin et al., 2006; Kuttippurath et al., 2010), 2006/2007 (Kuttippurath et al., 2010),
and 2007/2008 (Kuttippurath et al., 2010), the Arctic polar vortex was strong and ozone depletion on the order of 1.5 ppmv
(around 40 % loss) occurred in the lower stratosphere. In the winter of 2010/2011, a very strong vortex and exceptionally pro-
longed cold period led to unprecedented Arctic chemical ozone loss (Balis et al., 2011; Manney et al., 2011; Sinnhuber et al.,
2011; Adams et al., 2012; Arnone et al., 2012; Kuttippurath et al., 2012; Lindenmaier et al., 2012). The chemical ozone loss
peaked by the end of March at around 2.5 ppmv (around 70 % loss) in the lower stratosphere.

In addition to chemical ozone depletion, dynamical processes, such as descent, mixing of extra-vortex air, and mixing
within the polar vortex affect the ozone concentration. Because of the strong dynamical variability of the Arctic polar vortex,
quantifying chemical ozone loss is more challenging in the Arcticis-challenging. As such, the effects of chemical loss versus
dynamics need to be understood and separated (e.g., Manney et al., 1994a, 1995; Chipperfield and Jones, 1999; Harris et al.,
2002; WMO, 2006; Livesey et al., 2015). Te-investigate-the-change-in-ozone-due-to-chemieal-proeesses;various-metheds—ean
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be-used-—Several approaches have been developed to estimate the springtime ozone abundance profile that results solely from
dynamical processes. The difference between this estimated “passive ozone”, which is only influenced by dynamics (and not
by chemical processes), and the observed ozone is assumed to be the chemical ozone loss.

Some methods, such as the tracer-tracer correlation approach (e.g., Proffitt et al., 1993; Miiller et al., 2001), only require
measurements to determine the passive ozone. The tracer-tracer correlation method determines the chemical depletion from the
relationship between ozone and a long-lived passive tracer. However, processes that mix extra-vortex air into the polar vortex, as
well as descent from higher altitudes are not considered in this approach, and these can change the tracer-tracer correlation sig-
nificantly, and thus render the tracer-tracer correlation method inaccurate
Using an artificial tracer (e.g., Esler and Waugh, 2002; Jin et al., 2006) that is constructed (from observed trace gases) to be
linearly correlated with ozone can improve the accuracy of the loss estimate;sinee-thattinearrelationship-will-net-be-changed
by-mixing-processes—(see-Eslerand-Waugh(2002)-for-more-details). Estimates can also be made by determining the average

descent rate inside the polar vortex, obtained from a long-lived tracer, and then estimating the passive ozone abundance (e.g.,
Manney et al., 2006; Jin et al., 2006). This method can be applied in most years since descent is typically the dominant dynam-
ical process in the Arctic vortex. Other methods use CTMs to determine the passive ozone profiles, where the ozone chemistry
processes are not included in the model run (e.g., Manney et al., 2005; Kuttippurath et al., 2010, 2012; Brakebusch et al., 2013;
Wohltmann et al., 2013). The ozone loss can then be estimated from the difference between the modelled passive ozone and the

observed (or modelled) ozone. These models also include detailed ozone chemistry, and this output can be used to understand

the accuracy of the simulations by comparing with observations. {Pﬁeﬂzeﬁ&eheﬁﬂ%ﬁyﬂ%u%ed#ei%heﬂmdek%nﬂmﬁeﬂ%he

The focus of this study is to use measurements from the Atmospheric Chemistry Experiment Fourier Transform Spectrometer

(ACE-FTS; Bernath et al., 2005) between 2005 and 2013 to compare ozone loss estimates from different methods. Chemical
ozone depletion for each spring is estimated using the tracer-tracer correlation method, the artificial tracer approach, the average
vortex profile descent technique, the modelled passive ozone subtraction method using a Lagrangian and an Eulerian transport
model, and the-passive subtraction-method-using-only-modeHed-ozoremodelled chemical ozone loss using the Eulerian model,
SLIMCAT (Chipperfield et al., 2006). Since ACE-FTS provides measurements of many trace gases, several tracers—of them
are investigated for the tracer correlation and descent approaches. This is the first study to evaluate these different ozone loss
estimation methods based on a single observational dataset. Thus, the purpose of this work is to assess the differences in
chemical ozone depletion obtained by different methods without the confounding influence of different trace gas datasets.
This paper is structured as follows: The ACE-FTS instrument and dataset are reviewed in Sect. 2, followed by a description
of the methods used to estimate the springtime chemical ozone loss in Sect. 3. The results of the evaluation of the choice of
tracer and the different methods are provided in Sect. 4. A comparison of results from this study with previous studies of Arctic

ozone loss in spring 2011 is also given in Sect. 4. This then is followed by a summary and conclusions in Sect. 5.
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2 ACE-FTS measurements
2.1 ACE-FTS instrument and retrieval algorithm

The Atmospheric Chemistry Experiment (ACE), on SCISAT, was launched on 12 August 2003 and measurements have been
taken since February 2004. The primary instrument on board SCISAT is the ACE-FTS, which measures the spectral region
between 750 and 4400 cm ™! at a spectral resolution of 0.02 cm™~*. The primary scientific objective of SCISAT is to improve
the understanding of polar ozone chemistry (Bernath et al., 2005). Therefore, the orbit of SCISAT was selected such that it
provides measurements over the Arctic during the winter and springtime every year. The observation technique used by ACE-
FTS is solar occultation, which provides profiles with a vertical resolution between 1.5km and 6 km depending on the beta
angle, the angle between the vector from the Earth to the Sun and the satellite velocity vector. Retrievals from the infrared
spectra provide profiles for over 30 atmospheric trace gases as well as the meteorological variables of temperature and pressure
(Boone et al., 2005). The volume mixing ratio (VMR) of the various trace gasgases, temperature and pressure profiles used in
this study are from the latest retrieval version, ACE-FTS v3.5 (Boone et al., 2013). The uncertainties provided with this dataset
for the ACE-FTS profiles are statistical fitting errors from the retrieval algorithm. Systematic errors are not included (Boone et
al., 2005). Profiles are retrieved from the top of the clouds up to approximately 150 km. For clear sky conditions, the lower
limit of the retrieved profiles can be as low as 5 km.

ACE-FTS ozone has been validated against various other space-borne as well as ground-based instruments. In the lower
stratosphere (between approximately 14 km to 27 km, the region of interest for this study), generally good agreement with
differences of less than +5 % was found between ACE-FTS v3.5 and the Aura Microwave Limb Sounder (MLS) and the
Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) ozone measurements (Sheese et al., 2016). The other
ACE-FTS trace gas retrievals that have been used in this study, such as NoO, CFC-12 (CClyF5), CFC-11 (CCI3F), HF, CHy,
OCS, and CFC-113 have also been reported and validated in previous studies. Sheese et al. (2016) have shown that below
27 km differences between ACE-FTS v3.5 and MLS and MIPAS N3O measurements are within £10%. ACE-FTS CCl3F
and CCleF have been compared with MIPAS by Eckert et al. (2016), and these species agree to better than 15 % for CCI3F
and 20 % for CClyF5 in the altitude range of interest. HF' has been compared to Halogen Occultation Experiment (HALOE)
observations and differences were within 10% (Harrison et al., 2016). Some species have not been validated for the latest
retrieval product. However, Waymark et al. (2013) have shown general improvements between the previous ACE-FTS v2.2 and
the current ACE-FTS v3.0/3.5 across all baseline species. For the ACE-FTS v2.2+updates, the CH4 mixing ratio is between
+10% of other space-borne instruments in the altitude range of interest here (De Maziere et al., 2008). OCS v2.2 has been
compared with balloon-borne MkIV and shuttle-borne Atmospheric Trace Molecule Spectroscopy (ATMOS) measurements
in Barkley et al. (2008) and Velazco et al. (2011), and initial CFC-113 retrievals have been compared with ground-based

measurements by Dufour et al. (2005).
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2.2 Dataset used for the ozone loss estimates

The orbit of ACE-FTS, which was selected to observe the same latitudes in the same month every year, does not cover the whole
globe at all times (Bernath et al., 2005). For example, measurements in the Arctic (> 65°N) are taken in approximately late
January, all of March, late May, mid July, mid September, and early October every year. For the ozone loss assessment in this
study, ACE-FTS v3.5 measurements north of 65° between potential temperature 375 K and 550 K are considered. Quality flags,
as recommended by Sheese et al. (2015), are used to remove physically unrealistic outliers and processing errors. Hereby, entire
profiles have been removed from the dataset that contained quality flags between 4 and 7, as well as individual observations
(within a profile) that contained a quality flag greater than 2. Version 1.1 of the ACE-FTS data quality flags was used.

Derived Meteorological Products (DMPs; Manney et al., 2007) are available at each 1-km tangent altitude within each ACE-
FTS occultation. The geographical location can change significantly with tangent altitude for the ACE-FTS measurements. The
geographical location of points from one ACE-FTS occultation, for altitudes between 15 and 25 km, can vary by up to 0.5°
(~ 100 km) depending on the beta angle. The DMPs include information about the potential temperatures, as well as potential
vorticity (PV), and are derived from GEOS version 5.2.0 analyses (GEOS-5; Rienecker et al., 2008).

In this study, ozone loss in March relative to January has been estimated inside the polar vortex. Thus, the ozone loss is esti-
mated over a time period of approximately 1.5 months. Since some chemical ozone depletion can occur as early as December,
most studies measure the chemical loss with respect to December. However, no December measurements are available at high
latitudes from ACE-FTS, and therefore January was selected as the reference. The scaled potential vorticity (SPV; Dunkerton
and Delisi, 1986; Manney et al., 1994b), from the DMPs is used to determine where the measurements were taken relative to the
4g-1

polar vortex. For March, measurements with sSPV > 1.6 x10~ are selected as those located inside the polar vortex (Manney

et al., 2007, 2008b). However, for January measurements, a more rigorous vortex selection criterion of sPV > 1.8 x 10~ 4s71
was applied. Since this criterion only considers measurements well inside the edge of the vortex, it reduces the influence of
mixing from the vortex edge region and improves the results of the tracer-tracer method. Both sPV thresholds are toward the
inside of the region of strong PV gradients demarking the vortex edge. These criteria have been applied to each method to be
consistent throughout.

The time period investigated in this study is between 2005 and 2013. ©zene-Howeyver, ozone depletion could not be deter-
mined for all of those years. In-For example, in 2004, no ACE-FTS measurements are available in January, and consequently
the tracer-tracer correlation, artificial tracer and average vortex profile descent techniques could not be applied. As discussed
in the introduction, during the winters of 2005/2006, 2008/2009, and 2012/2013 major SSW events and in 2011/2012 strong
vortex disturbance occurred (e.g., Manney et al., 2008b, 2009b; Coy et al, 2009; Manney et al., 2015); consequently there were
not stffieienta sufficient number of measurements inside the polar vortex in March to perform the analysis with ACE-FTS. The
ozone depletion inside the Arctic polar vortex was estimated for the remaining winters of 2004/2005, 2006/2007, 2007/2008,
2009/2010, and 2010/2011. Note that the ozone loss estimation for the 2009/2010 winter is the most challenging due to the

dynamics and associated strong mixing processes in that year.
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3 Different estimation methods used for the polar ozone loss
3.1 Tracer-tracer method

The tracer-tracer correlation method is based on the assumption that the relationships between long-lived tracers are constant
inside an isolated polar vortex (e.g., Proffitt et al., 1993; Miiller et al., 2001, 2003; Sankey and Shepherd, 2003; Tilmes et al.,
2003, 2004). An empirical relation between a tracer and ozone can be estimated inside the vortex prior to a time when chlorine
activation would occur. To derive this correlation function, the polar vortex has to be well established and isolated to limit the
influence of mixing processes that could be occurring. In the Arctic, this typically occurs in December or January. This “early
vortex reference function” provides the relation between the tracer and ozone in a chemically undisturbed environment. The
passive ozone (that includes dynamical processes only) can then be estimated from the early vortex reference function and the
tracer concentration later in spring. The chemical ozone loss is defined as the difference between the observed ozone and the
calculated passive ozone based on the simultaneous tracer measurements. The uncertainty of the estimated ozone depletion due
to chlorine activation is calculated from the 10 standard deviation of the fitted reference function.

As described in Sect. 2.2, measurements taken in January inside the polar vortex are used to quantify the ozone distribution
before significant ozone depletion occurs. This dataset is then compared to measurements taken in March, when chemical ozone
depletion is most pronounced in the observed ozone profile. This method has been criticized for neglecting processes that mix
extra-vortex air into the polar vortex {e-g-Rex-et-al52002)(e.g., Michelsen et al., 1998b; Plumb et al., 2000, 2003; Plumb, 2007),
because it assumes that the polar vortex is isolated, which is not true for all years, especially in the Arctic. By-On the
other hand, some studies observing Arctic ozone loss the 1999/2000 winter (a winter with an unusually strong polar vortex
and thus little mixing) have found that mixing of mid-latitude air was not a significant contributor to the observed changes
(e.g., Richard et al., 2001; Ray et al., 2002). In our study, using the sPV criteria described above, we attempt to limit the influ-

ence of mixing of extra-vortex air in our calculation of the early vortex reference function.

The tracer-tracer correlation method also neglects descent of ozone or the tracer from high altitudes thatinvalidates-the-use-of

(middle and upper stratosphere and mesosphere) above 550K thatis not included in our calculation of the early vortex reference
function. However, Salawitch et al. (2002) showed that supply of ozone depleted air into the top of the vortex did not play a
role in the subsequent evolution of the ozone-tracer relation in the 1999/2000 Arctic winter (where the vortex was strong).
Mixing of air from top of the Arctic vortex (where mixing ratios are between 3 and 4 ppm (Salawitch et al., 2002)) into the
W%(WMU%M-U%H felaﬂeﬂshfp&fha{—me}udeeﬂly%eweﬁwmdd{e

s

)

é%fmﬁ—pf@ﬁ%&@#ﬂzmﬁ@%@—f@%eaeh—%eefmethod Rex et al. (2002) state that the tracer-tracer correlation represents a lower
limit of the true ozone loss in the case of the 1999/2000 Arctic winter ( a year with a stable polar vortex).

With the tracer-tracer correlation method, a variety of tracer gases can be used. A tracer is required to be long-lived and
stable (Plumb and Ko, 1992) and thus, not influenced by chemical processes over a polar season. Since ACE-FTS retrieves
profiles for a large number of different trace gases, we have tested six different tracers: CHy, HF, N>O, CCl3F, CClyF5, and

OCS. Fhe-Figure 1 shows the Os-tracer correlation between for these six tracers for the winter/spring 2011, displayed are
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the ACE-FTS measurements in January (black dots) and March (blue-dets)for-26141-green dots) together with the estimated
early vortex reference function (red solid line)are-displayed-inFig——. There is evidence of large chemical ozone depletion
in March, since the March measurements are far from the estimated reference function. The ozone loss is estimated as the
difference between the measurements (blue dots) and the early vortex reference function (red line). For the estimation of the
early vortex reference function, a 4" order polynomial was fitted for all of the different tracers. Previous studies have used a
3rd (e.g., Miiller et al., 1997) or 4% order polynomial fit (e.g., Tilmes et al., 2003; Miiller et al., 2003; Tilmes et al., 2004).

We found that at least a 3™ order polynomial is required, with little difference between 3™ and 4" order; 4" order is chosen

to be consistent with the more recent publications. The uncertainty of the calculated passive ozone is estimated from the +1¢
standard deviation of the fitted linear correlation. The total error of ozone loss is derived from the uncertainty of the passive
ozone and the ACE-FTS v3.5 statistical fitting error for ozone, which are added in quadrature.

3.2 Average vortex profile descent technique

Chemical ozone loss can be estimated by applying average vortex profile descent rates to the observed winter ozone profiles.
This determines the approximate vortex average passive ozone profile that would be observed without chemical ozone depletion
in spring for an isolated vortex. This method has previously been used by, e.g.. Manney et al. (2006) and Jin et al. (2000) to
estimate Arctic ozone loss. The descent rates between January and March are derived at multiple potential temperature levels
from the profile of a long-lived tracer. These descent rates are then applied to the winter ozone profile to determine the passive
ozone profile in March, This method was originally utilized by estimating the average vortex profile descent rate from NoO
profiles within the polar vortex, but many tracers can be used for this technique. Here, we have determined the chemical ozone
depletion by applying the profile descent rates, between January and March, from six long lived tracers: CHq, HF, N2O,
CCl3F, CClzF3, and OCS. Note, this method only allows the estimation of one vortex averaged passive ozone profile; all
other methods applied in this study estimate a passive ozone mixing ratio for each data point in March. Consequently, this
method does not consider any changes of the passive ozone levels that can occur throughout March, The uncertainty of the
passive ozone is estimated based on the 1 standard deviation of the average vortex profile descent (that is quite small for
the average vortex profile descent technigue). To obtain the total uncertainty, the statistical fitting error of the ACE-FTS tracer
measurements and the uncertainty of the passive ozone are added in quadrature. This uncertainty estimate is based on statistical
errors only and as such underestimates the true uncertainty. It is difficult to estimate the true uncertainty in this case, because
of the unknown effect of ozone due to mixing processes.

An example for the average ACE-FTS N2 O profiles inside the polar vortex between January (black line) and March (green

line) 2011 is displayed in Fig. 2 (a). The strongest descent rates occur for high potential temperature levels (approximatel

—25 K/1.5 months), and very slow descent was observed at 400 K (approximately —4 K/1.5 months). Figure 2 (b) displays
the observed ozone in January (black dots) and March (green dots) 2011, The passive ozone profile estimated from the NoO

average descent rate between January and March is shown as a blue line. The difference between the observed March ozone
concentrations and passive ozone profile is the estimate of the chemical ozone loss, and is shown as red triangles. Similar figures
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using the remaining tracers (except for CCI3F as not enough data were available in 2011) can be found in the supplementa
material (Figs. S1-S4). The plots are very similar for all of the tracers used in this study.

3.3 Artificial tracer method

The amount of mixing of extra-vortex air into the Arctic polar vortex varies widely depending on the dynamics of each winter

and spring ﬁ'mdﬂs—mefe%tke}y;mc—euf—ﬂffhe%(WMO 2014). Neglectlng mixing processes from the edge of the polar

vortex

the-vortexfrom-high-altitades-or mixing of high altitude air (above the ozone maximum) can lead to an underestimation of the
chemical ozone loss (e.g., Rex et al., 2002; Miiller et al., 2005). One method that provides a mixingcorrectionin-addition-to

correction for both mixing from the vortex edge and for descent, is the artificial tracer method. This method was first proposed

by Esler and Waugh (2002) and uses a “tracer” created from a linear combination of several different trace gases that is linearly
correlated with ozone. This linear correlation makes it easier to determine the ozone loss and reduces the impact of mixing,
since mixing from the edge of the vortex would only result in “moving” the air parcels along this linear correlation line (Esler
and Waugh, 2002). Initially such an artificial tracer method was used by Esler and Waugh (2002) to estimate denitrification

inside the Arctic polar vortex. However, this same method can be applied to estimating the chemical ozone loss as was done

by Jin et al. (2006). While it reduces the error from mixing of air near the vortex edge, this method, however, does not account
for mixing of extra-polar vortex air into the vortex. The artificial tracer, established from observations inside the polar vortex
does not follow the same linear correlation outside the polar vortex (Jin et al., 2006).

Different combinations of tracers can be used to estimate an artificial tracer. Here, we have tested four different combinations

that were employed by Esler and Waugh (2002) and Jin et al. (2006). These tracers include a combination of:
1. N3O, CHy, CCl3F, and CCl3F5 (Esler and Waugh, 2002),
2. N5O, CHy, CCI3F, and CFC-113 (Esler and Waugh, 2002),
3. N0, CHy, and CClyF5 (Esler and Waugh, 2002), and
4. N0, CHy4, OCS, and CCI3F (Jin et al., 2006).

These artificial tracers will be referred to, in this paper, as Tracer 1, Tracer 2, Tracer 3, and Tracer 4, respectively. To estimate the
artificial tracer that is linearly correlated with ozone, ACE-FTS measurements inside the polar vortex in January are employed.
The correlation is then used to estimate the passive ozone levels that would be observed without chemical ozone depletion in
March. The difference between the observed ozone and estimated passive ozone equals the chemically depleted ozone between
January and March. The linear combination needed to obtain the artificial tracer is estimated for each year, since the trace gas
concentrations and the tracer-ozone correlation of these can vary from year-to-year. It is assumed that the linear combination
is constant on a shorter time frame, e.g., within the polar vortex of one winter (Esler and Waugh, 2002). This combination was
found to be similar (typically with constants on the same order of magnitude, see supplementary Tables S1 and S2) in some

years between 2004 and 2013, but was not the same for each year. The uncertainty of the calculated passive ozone is estimated
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from the +10 standard deviation of the fitted linear correlation. The total error of ozone loss is derived from the uncertainty of
the passive ozone and the ACE-FTS v3.5 statistical fitting error for ozone, which are added in quadrature.

An example of the artificial tracer correlation for all four artificial tracers is shown in Fig. 3. The data shown are mixing ratios
inside the polar vortex during January (black dots) and March (blue-green dots) 2011. While Tracer 1, Tracer 2, and Tracer 4
show a linear correlation with ozone and a small standard deviation, Tracer 3 is not quite linearly correlated and consequently
has a larger uncertainty. There is strong evidence in these figures of the chemical ozone depletion in 2011, since the ozone
levels in March are very low compared to January and are not linearly correlated with the artificial tracers. The passive ozone
is estimated from the linear fit, by assuming that without any chemical ozone depletion, the ozone levels should still follow this

correlation in March. The linear combinations used to estimate the artificial tracers for the 2011 dataset, are:

[Tracer]],,, =9.34 x 107 *[CHyJppp — 7.45 x 107 *[N2OJppp
—3.41 x 107 3[CClaF 2] ppe — 9.46 x 107 3[CCI3F] 0 + 2.86, (1)

[Tracer2],,, =4.86 x 10~ [CHyJppp — 1.63 x 1072 [N2O]ppp
+1.43 x 107?[CFC-113]pp — 1.52 x 107 2[CCl3F]pp — 0.175, 2)

[Tracer3],,, =3.20 x 107 *[CHyJppp — 1.73 x 107 [N2Oppp
—5.59 x 107 3[CClaF ] ppt + 3.77, (3)

[Tracerd],,, =2.22 x 10~ *[CHyJppp — 5.03 x 107*[N2OJppp
—3.91 x 1074[0OCS]pp — 6.05 x 1073 [CClyFa]pp + 3.15. 4)

Since Tracer 3 is not highly linearly correlated with ozone (R? = 0.8, the other tracers have R? > 0.9, see Tables S1 and S2)
and has a standard deviation of approximately 10 %, see Fig. 3, this tracer has been eliminated from further analysis as it seems
unsuitable to determine the passive ozone accurately. Tracer 2 contains CFC-113, which has limited coverage at higher altitudes
due to a processing issue. As such, limited measurements are available to determine the passive ozone with this artificial tracer.
Consequently, Tracer 2 is not a suitable tracer to use with the ACE-FTS v3.5 dataset. For further analysis only Tracer 1 and

Tracer 4 were considered for determining the ozone depletion.

3.4 Average-vertexprofile deseent-techniquePassive subtraction using CTMs
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3.5 Passive subtraction

In addition to approaches that only use the ACE-FTS dataset, the chemical ozone depletion was estimated by employing
passive ozone from CTMs. The passive ozone from two different models, the Lagrangian ATLAS (Alfred Wegener insTitute
LAgrangian chemistry/transport System; Wohltmann and Rex, 2009; Wohltmann et al., 2010) and the Eulerian SLIMCAT
(Chipperfield et al., 2006) models, has been used to investigate the chemical ozone depletion in March between 2004 and
2013. Within these models, ozone can be treated as a passive tracer that is not influenced by chemical depletion processes, and
only dynamies-are-dynamic is applied to the modelled ozone concentrations. In both models, ozone chemistry can be included

by employing appropriate chemical reactions.
3.4.1 Passive subtraction with ATLAS

The ATLAS model was specifically developed to assess stratospheric chemistry, transport and mixing. Passive ozone and
ozone that responds to both heterogeneous and homogeneous chemistry can be estimated with this model, however; in this
study only the passive ozone is used and compared to the ACE-FTS measurements to obtain the chemical ozone deple-
tion. This model was previously used to estimate stratospheric ozone within the polar vortex (e.g., Adams et al., 2013;

Wohltmann et al., 2013), and validation comparisons with measurements and other models have shown good agreement

Wohltmann-and-Rex;2009:-Wohltmann-et-al52040,2043)(Wohltmann and Rex, 2009; Wohltmann et al., 2010, 2013, 2017). For

11
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the model run presented in this study, the passive tracer was initialized each year on 1 January with Aura MLS (Waters et al.,
2006) v3.3/3.4 ozone measurements. The ACE-FTS dataset cannot be used for this since its daily latitude coverage is not
sufficient for the initialization of the model. However, relative differences between the Aura MLS and ACE-FTS ozone con-
centrations are small, between 2 and 5 % in the stratosphere (Sheese et al., 2016). The model was driven by the European
Centre for Medium-range Weather Forecasts Reanalysis Interim (ECMWF ERA Interim) meteorological reanalysis (Dee et
al., 2011). The passive ozone output has a horizontal resolution of 150km. The vertical coordinate is potential temperature
(~350 to 1900 K). The vertical resolution of the model changes depending on altitude and is typically between 10 and 40K at
altitudes between 350 and 550 K. Passive ozone concentrations are saved every 12 h at 00:00 UTC and 12:00 UTC.

Since ATLAS is a Lagrangian transport model, the locations of the model output change and are most likely not coincident
with the location of the ACE-FTS measurements. To obtain the passive ozone concentration at the location of each 1-km tangent
altitude for each ACE-FTS measurement, back or forward trajectories are utilized at individual altitudes to obtain the ACE-FTS
measurement location or “end point” at the time of the ATLAS output. Since passive ozone amounts are obtained from ATLAS
every 12h, the back or forward trajectories are estimated for a maximum of 6 h. These forward and back trajectories were
calculated with HYSPLIT (HYbrid Single-Particle Lagrangian Integrated Trajectory; Draxler and Hess, 2004), using the NCEP
(National Centers for Environmental Prediction) reanalysis (Kalnay et al., 1996) for the meteorological input. Note, the time
period of the back and forward trajectories is relatively short (a maximum of 6 h), therefore differences of the meteorological
input used to drive the CTM and the one used for the trajectory calculations are small compared to the total uncertainty. The
ATLAS data points that are at the same potential temperature levels (within ATLAS vertical resolution) as the end point of the
ACE-FTS measurement are then triangulated. If the three closest ATLAS points that surround the end point of the trajectory
are inside the polar vortex, they are interpolated to this position using a barycentric method. The interpolation is only done

horizontally, we did not apply interpolation in the vertical direction but instead chose only ATLAS points that were at the same
otential temperature levels as the ACE-FTS observations, within the resolution of ATLAS.

The passive ozone mixing ratios are compared to the ACE-FTS measurements in January and March. The difference between
the March measurements and the passive ozone is considered the chemical ozone loss. The difference between the ACE-FTS
dataset and ATLAS for this month is used to estimate an uncertainty of the modelled ozone. To determine the uncertainty of
the model results, the relative differences between ACE-FTS measurements and the ATLAS passive ozone for January are cal-
culated as [ACE-FFS-ATEASACE-FTS—ATLAS]/[0.5 X (ACE-FTS+ATLAS)]. These vary between 0.7 and 5.2 %, depending
on the individual year. Note that these uncertainty estimates may include the effects of January ozone loss, which cannot be
determined from these datasets. For the total uncertainty of the chemical ozone loss, the statistical fitting error from ACE-FTS
v3.5 O3 measurements and the mean difference of ACE-FTS measurements and ATLAS passive ozone in January are added

in quadrature. Note that the uncertainty estimated here is a lower bound on the actual uncertainty since it does not consider the

accumulated uncertainties in model transport since the initialization in January (e.g. caused by deficiencies in ERA Interim).

An example of the comparisons for January 2011 is shown in Fig. 4 (a). ATLAS passive and ACE-FTS measured ozone are
in good agreement. The difference is on average —5.2 £ 0.7 % with a high correlation coefficient (R = 0.94). This difference
between the ATLAS passive and ACE-FTS measured ozone is likely due to the difference between the Aura MLS and ACE-
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FTS datasets that is of the same order of magnitude. However, some of this difference could also be due to early ozone depletion
in January, as was seen by Manney et al. (2015). The ACE-FTS measurements (green dots) and ATLAS passive ozone (blue
dots) for March 2011 are displayed in Fig. 4 (b). The difference between the ATLAS and ACE-FTS ozone concentrations are

displayed as red triangles and indicate chemical ozone loss.
3.4.2 Passive subtraction with SLIMCAT

In addition to ATLAS, we have also used the SLIMCAT off-line 3-D CTM to investigate Arctic ozone loss. This model has
been widely used to study the stratospheric ozone abundance and chemical ozone depletion (e.g., Feng et al., 2007; Sinnhu-
ber et al., 2000; Singleton et al., 2005, 2007; Adams et al., 2012; Lindenmaier et al., 2012; Dhomse et al., 2013; Chipper-
field et al., 2015). A detailed description of the model can be found in Chipperfield et al. (2006) and recent updates are
described in Dhomse et al. (2013) and Chipperfield et al. (2015). SLIMCAT uses an Eulerian grid that extends from pole
to pole. It contains a detailed stratospheric chemistry scheme including all processes that are related to polar ozone deple-
tion (Chipperfield et al., 2006; Dhomse et al., 2013, and references therein). As such, passive ozone and ozone that responds
to ozone chemistry are modelled. The model was also forced by ERA-Interim meteorological reanalysis (Dee et al., 2011).
The passive ozone from the SLIMCAT model run was reset on 1 January for each year to the values of the model chemical
ozone field at that time. The model simulation used here has a horizontal resolution of 2.8° x 2.8° and the vertical coordinate
is defined on hybrid o-pressure vertical levels between the surface and approximately 60 km on 32 layers. The simulation was
initialized in 1979 (using output from a 2-D model) and constrained by specified global mean surface observations of long-
lived source gases. SLIMCAT therefore simulates ozone and all other stratospheric trace gases for all years in this study in a
single long-term simulation. The model was sampled at the locations of the 30 km tangent altitude of the ACE-FTS occultations
providing profiles of the passive ozone and ozone that responds to ozone chemistry corresponding to each measurement. Al-
though the geo-location of the ACE-FTS measurements change with altitude, the location of the measurements at the altitudes
of interest (approximately 15-25 km) are up-te-within an approximately 0.5° great circle of the location of the 30 km tangent
altitude and, therefore, within the model resolution. Therefore, the measurements and the modelled ozone fields can be directly
compared without further processing. The ozone loss was estimated from the difference between the modelled passive ozone
and the observed ozone inside the polar vortex in March. Additionally, the ozone loss has also been estimated by solely using
both modelled ozone that responds to ozone chemistry and passive ozone from the model (referred to as “SLIMCAT only”).
This helps to estimate the uncertainty of the modelled ozone (that includes ozone chemistry) by comparing it to the measure-
ments, and can indicate potential ozone loss in January by comparing the passive and ozone (that includes ozone chemistry).
To estimate the uncertainty of the model results, the relative differences between ACE-FTS measurements and the SLIMCAT
ozone for January and March are calculated as [ACE-FFS-SEEMEATACE-FTS —SLIMCAT]/[0.5 x (ACE-FTS+SLIMCAT)].
The ACE-FTS ozone measurements and the modelled ozone agree very well: with mean relative differences between 0.8 and
4.8 % (and R ~ 0.95), depending on the specific year. The total uncertainty of the ozone loss was estimated in a similar way
as was done for the ATLAS analysis (see Sect. 3.4.1), the ACE-FTS ozone measurement fitting error and the mean relative
difference between ACE-FTS and SLIMCAT ozone were added in quadrature.
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An example of the comparison for January and March 2011 is shown in Fig. 5 (a). The measurements and the model ozone
are in good agreement with a mean difference of 3.9+0.8 % and the correlation is high with a correlation coefficient R = 0.95.
This result confirms that the model simulates the measured ozone quite well. In Fig. 5 (b) and (c), ACE-FTS measurements
(green dots), SLIMCAT ozone (cyan triangles) and SLIMCAT passive ozone (blue dots) are displayed for January and March
2011, respectively. The ozone loss (red triangles) is obtained from the observed and modelled passive ozone, and indicate
the chemical ozone loss. Figure 5 (b) confirms that little ozone depletion was observed in January 2011, as the differences
between the measured and modelled passive ozone are on average around 0.1 ppmv. The results of the estimated ozone loss are

discussed in Sect. 4.

4 Annual intercomparison and interpretation of Arctic ozone loss estimates

In this section, the impact of the different tracers and the different methods on the estimated ozone loss is discussed for the
five years where no SSW event occurred. The mixing ratio profile and partial column (380K - 550 K) ozone depletion are

compared and the differences are discussed.
4.1 Impact of the choice of tracer

For the tracer-tracer correlation method and the average vortex profile descent technique, six long-lived tracers (CH4, N2 O,
HF, OCS, CCIsF, and CCI,F5) have been used to estimate the chemical ozone depletion in the Arctic polar vortex in March
with respect to January. These results are shown in Figs. 6 and 7, respectively. Two different combinations of tracers have been
investigated to create an artificial tracer that is linearly correlated with ozone, and these results are displayed in Fig. 8. Panel (a)
of Figs. 6-8 shows the mixing ratio loss profile of the maximum chemical ozone loss between 380 K and 550 K in March 2005,
2007, 2008, 2010, and 2011. The partial column ozone loss presented here is estimated from the mixing ratio losses using the
mean altitudes of the DMP potential temperature profile between 380 K and 550 K, and the ACE-FTS densities at the given
altitude level. This interpolation to altitude levels was necessary for the estimation of the integrated partial columns (Livesey
et al., 2015, personal communication in 2016, N. Livesey). Panels (b) and (c) of Figs. 6-8 show the maximum and mean partial
column ozone loss, respectively. The error bars displayed in panels (b) and (c) of Figs. 6-8 indicate the uncertainty of the
maximum and mean column ozone loss estimate that are derived from maximum and mean ozone loss VMR uncertainties,
respectively, as calculated in Sect. 3.

For the tracer-tracer correlation method (Fig. 6), the results for all six tracers are similar for the partial column ozone.
However, there are differences apparent in the profile of the estimated ozone loss for each tracer, especially for high and low
altitudes. The estimated uncertainties of the ozone loss profile are ~0.2-0.6 ppmv, or approximately ~10-20 % of the estimated
ozone loss, and the results from all tracers agree within the uncertainties between approximately 460-500 K for all years, with
the exception of 2005. Both, mixing and strong ozone loss was apparent in the winter of 2004/2005 (e.g., Manney et al., 2006),
and is consequently a good year to test the agreement between the different tracers. As shown in Fig. 6 (a), the profiles of

the different tracers do not agree well in March 2005. This indicates the faitare-shortcomings of the tracer-tracer correlation
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method, even theugh-in case where only inner core vortex measurements were used for estimating the ozone loss. These results

are 1

in-consistent with previous studies (e.g., Michelsen
et al., 1998a, b; Plumb et al., 2000, 2003; Plumb, 2007) that further-eenfirmed-the-have shown tracer-tracer eerrelation-method

to-be-inacenrate—correlations are not expected to be accurate for estimating Arctic ozone loss. However, in this study, though
the profile loss estimates are different for different tracers, the partial column losses (maximum and mean) are not significantl

different and agree within the estimated uncertainties.
Furthermore;both-Both OCS and CCI3F results show a smaller ozone loss (~ 0.5-1 ppmv) above approximately 500 K

compared to the other tracers in all years. For most years, the ozone loss profiles computed with CH4, N2 O, HF, and CClyF,
agree well and within the estimated uncertainties for the entire profile. The largest discrepancies between the tracers occur
in 2005, when the vortex was relatively weak and influenced by mixing. Also, in 2007, the estimated loss is larger #-when
HF is used as a tracer, tikelybeeatse-of-mixingand does not follow the ozone loss profile as estimated with other tracers.
For the partial column losses, all tracers agree within the estimated uncertainties. However, these uncertainties are quite large,
between approximately 20 DU and 40 DU, which represent roughly 40-60 % of the estimated ozone loss. The estimated profile
and partial column ozone loss is consistently smaller (~ 10 DU) if OCS or CCI3F is used as the tracer. In the ACE-FTS
v3.5 dataset many CCIl3F retrievals fail, especially in higher altitudes. Typically only one quarter to half as many profiles are
available each year compared to the other tracers. Due to this limited coverage, the column ozone loss could only be estimated
with CCl3F in 2011. It should be noted that OCS has a significantly shorter stratospheric lifetime that is approximately 2 years
(Montzka et al., 2007; Dhomse et al., 2014), whereas all other tracers have lifetimes of over 50 +years (Hoffmann et al., 2014;
Brown et al., 2013). As OCS is not as stable as all other tracers, this could negatively impact the ozone loss estimation using
OCSs.

Using these six different tracers to estimate the average vortex descent rate (Fig. 7) leads to very similar results for most
tracers, except for OCS. The uncertainties for this method are ~0.02-0.1 ppmv, or ~1-10 %. These are smaller than the ones

estimated for the tracer-tracer method due to the small standard deviation of the average vortex descent profile. Note that this

does not represent the true uncertainty but more of a statistical uncertainty, since there is only one passive ozone profile for each
March (and, therefore, the same amount of ozone at each potential temperature level) the uncertainty is likely much higher.

The profile loss estimated for these different tracers looks similar for most years with the exemption of OCS in 2005, 2008 and
2011, and CCl3F in 2010. During the winters of 2004/2005, 2006/2007, and 2009/2010 when using OCS, ascent inside the
polar vortex rather than descent is estimated (for all calculated descent rates, see Supplementary Tables S3-S8). In 2007/2008
and 2010/2011, when CHy4, N> O, HF, and CClyF5 estimate large descent of approximately 20-35 K over 1.5 months (between
approximately 450-550 K, see Supplementary Tables S3-S8), OCS only estimates half as much. The reason for this could be
the limited precision of the ACE-FTS OCS retrievals that have retrieval fitting errors of around 10 %, almost 10 times higher
than for other species (e.g., Oz and N2O). As shown in Fig. 7 (a), the mixing ratio loss profile is very similar for all different
tracers, with the exception of HF in 2007 where a larger chemical ozone depletion is estimated. This large discrepancy is also

seen in 2007 for the tracer-tracer correlation method. For this winter, the descent rates using HF' are almost twice as large as

those derived from the other tracers; for all other years HF provides descent rates that are similar to the other tracers. Due
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to the large estimated uncertainties of the integrated loss (~ 2.4 — 6.5 DU), the estimated partial column ozone loss for each
year agrees for all different tracers within the estimated uncertainties. Only in 2010 could the partial column ozone depletion
(between 380-550 K) be estimated using CCl3F because of limited retrievals for this species. Because ACE-FTS fitting errors
of OCS are quite large and there are limited ACE-FTS CCI3F retrievals, it is not advised to use OCS or CCl3F with the
ACE-FTS v3.5 dataset to determine the average vortex profile descent rates and subsequent ozone loss.

Two different combinations of tracers have been used to create artificial tracers that are used to estimate ozone losses
(Fig. 8). The ozone loss profiles and partial column ozone losses computed from Tracer 1 and Tracer 4 are very similar,
with differences of typically less than 0.1ppmv (the uncertainty of these calculated ozone loss profiles is 0.2-0.3 ppmv at all
altitudes). As expected based on the profile ozone loss, the estimated column ozone losses shown in Figs. 8 (b) and (c) agree
within approximately 5 DU for Tracer 1 and Tracer 4. The uncertainties of the column ozone loss for these artificial tracers are
typically between 15 DU and 30 DU (this equals roughly 30-50 % of the estimated loss depending on the year).

To summarize, for the tracer-tracer correlation, average vortex profile descent, and artificial tracer correlation approaches,
the computed partial column ozone losses for most tracers agree within the estimated uncertainties (which can vary between
approximately 2.5 and 40 DU depending on the method and year). The results for the profile and partial column losses are most
consistent when using CH,, N2 O, HF, and CClyF5 for the tracer-tracer correlation and profile descent techniques. However,
using OCS or CCl3F as a tracer, at least for the ACE-FTS v3.5 dataset, seems to result in larger uncertainties and has the
disadvantage that there are not as many profiles available as there are for the rest of the tracers. Based on this analysis with the
ACE-FTS v3.5 dataset, the best choices of tracers are CH4, NoO, HF, and CCl,F5. For the artificial tracer method, Tracer 1
and Tracer 4 seem to be equally suited for ACE-FTS v3.5.

To be able to compare between the different methods using the tracer-tracer correlation, the artificial correlation and the
average profile descent techniques in the following section, average mixing ratios and integrated ozone losses have been
calculated as follows. The average mixing ratio loss using CH,4, NoO, HF, and CClyF5 are utilized for the tracer-tracer
correlation and average vortex profile descent methods. For the artificial tracer method, the average of Tracer 1 and Tracer 4 is
employed. The uncertainties of these averages have been computed by propagating the errer-uncertainties from each method
and tracer. Note, the higher losses using HF as a tracer in 2007 increase the partial column and the profile ozone loss by

approximately 7% (~3 DU and ~0.05 ppmv, respectively).
4.2 Comparison between the different methods

The mixing ratio and partial column ozone losses have been derived for March 2005, 2007, 2008, 2010, and 2011 using six
different methods, as described above, and are shown in Fig. 9. As expected, all of these methods consistently show the greatest
chemical ozone loss in March 2011 (e.g., Manney et al., 2011; WMO, 2014; Livesey et al., 2015). The second largest ozone
depletion event for these years occurred in 2005. Based on our results, the losses in 2007 and 2008 seem to be similar and
are only slightly smaller than those in 2005. In 2010, the mean partial column ozone depletion seems to be lower than for the

other years. This can be explained by mixing and the break up of the polar vortex during this winter (e.g., Dérnbrack et al.,
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2012; Kuttippurath and Nikulin, 2012; Wohltmann et al., 2013). These estimated losses are as expected and are consistent with
previous studies (WMO, 2011, 2014; Livesey et al., 2015).

The maximum mixing ratio loss profiles, as displayed in Fig. 9 (a), show reasonably good agreement between the different
methods. The maximum ozone losses computed at 460 K (the approximate height of the peak ozone loss) are 1.2-1.6 ppmv
(mean: 1.5 ppmv) in 2005 (excluding the tracer-tracer method that showed a peak loss of 1.9-2.5 ppmv), 1.2-1.8 ppmv (mean:
1.5 ppmv) in 2007, 1.1-1.4 ppmv (mean: 1.3 ppmv) in 2008, 0.9-1.3 ppmv (mean: 1.1 ppmv) in 2010, and 2.1-2.7 ppmv (mean:
2.3 ppmv) in 2011. The uncertainties of these losses are on the order of 5-10 % for all methods, except for the average vortex
profile descent technique that is around +1.5%. There is significantly larger estimated ozone loss in 2005 using the tracer-

tracer correlation method. The estimated peak ozone loss at 460K is 2.2 £ 0.3 ppmv whereas the other methods estimate the

loss between 1.240.1 ppmv and 1.6+£0.1 ppmv. The maximum partial column ozone loss using the tracer-tracer technique
comparable partial column loss (120 DU) to our loss estimate using the tracer-tracer correlation method has been estimated by
Tilmes et al. (2006) with satellite-borne HALOE observations using the tracer-tracer correlation method. The peak ozone loss

in 2005 has also been estimated by Rosevall et al. (2008) using the tracer-tracer correlation technique (with the satellite-borne

MLS and Sub-Millimetre Radiometer (SMR) instruments) that is around 1 ppmv and more comparable with our other loss

estimates.

As previously discussed, the Arctic stratosphere in 2005 was affected by strong ozone loss and mixing (WMO, 2006), and is
consequently an ideal year to test whether the different methods agree and the models are accurate (Livesey et al., 2015). Fhe
In some years, the tracer-tracer correlation method and the average vortex descent technique differ significantly from all other

estimation methods. These diserepanecies-highlight-the-diffieulties-differences highlight the difficulty of using the tracer-tracer
correlation method, because mixing processes and descent in the 2005 Arctic vortex are not censidered;—and-the-difficulties

accounted for. These differences also highlight the difficulty of using the average vortex descent technlque in years of an
unstable polar vortex.
uﬂdefesﬁﬁhﬁeéezmmes&uﬁﬁgﬁweﬁg&mgrjonex descent technique %ﬂﬂﬂrefher—yeafs—fh&&aeef-%meef

ue-typically underestimates the
ozone loss compared to all other methods, this technique only agrees well with the other methods in March 2007 ;-and 2008.

The mean and maximum partial column ozone losses are summarized in Table 1 and are displayed in Figs. 9 (b) and (c),
respectively. The uncertainties from the tracer-tracer correlation and artificial tracer methods are large in all years compared to
all other methods. These are on the order of 10-20 DU and are based on the +10 standard deviation of the early vortex reference
function (see Sect. 3.1 and 3.3 ). Much smaller uncertainties (2-10 DU) have been determined for calculations using the model
output, which are based on the mean differences between the measurements and model output. For ATLAS, this is based on
the difference between the model passive ozone and measurements in January each year. In contrast, the ozone loss uncertainty
computed with SLIMCAT is based on the difference between the model ozone and measurements in both March and January,
and is very similar to the estimated ATLAS uncertainties. The maximum ozone loss in March combining all methods (see Fig.

9 (b) and Table 1) was estimated to be 86 DU in 2005, 76 DU in 2007, 72 DU in 2008, 59 DU in 2010, and 109 DU in 2011.
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The March mean ozone loss (Fig. 9 (c) and Table 1) obtained from these methods is 57 DU, 44 DU, 52 DU, 30 DU, and 66 DU
for 2005, 2007, 2008, 2010, and 2011, respectively.

Discrepancies are apparent between the measurement only methods and the passive subtraction methods-inusing CTMs for
2010, especially for the computed mean partial column loss. Each time the vortex splits and the two parts reunite, extra-vortex

air is mixed. In 2010 the polar vortex was very disturbed, therefore, for2040;-the-methods that do not account for the mixing of
extra-vortex air (the tracer-tracer and-method, the profile descent techniques and the artificial tracer technique) are not reliable

Novrvtllgg\ygg{ since an isolated vortex is essential for these methodsfha&deﬂefﬂeeemiffe%fheﬁmmrgeﬁexﬁ‘a%ﬁeamr—%
-. The loss estimates in 2010 using the artificiat
me%emqwn%mm%do not agree with the passive subtraction metheds—ttis-worth-noting-that-the
differences between the passive subtraction method using CTMs and methods that use measurements only for years with strong
%MWLW%MMNM when-the-vortex-was-much-disturbed—The the
passive subtraction methods may-s

ozone-loss-even-in-the-absence-of chemistryusing CTMs are nearly twice as high for the maximum ozone loss and more than
three times as high for the mean ozone loss than the methods that use measurements only. This could either be due to mixing
processes unaccounted for in the methods using measurements only or the passive subtraction methods using CTMs may.

The maximum ozone loss computed from the average vortex profile descent technique is low compared to the other methods;

however, the mean losses agree. This discrepancy is likely because the the-average profile descent technique only provides
a mean passive ozone profile. Hence, this method is capable of estimating an average across the vortex but not a specific
maximum loss. Using modelled passive ozone to determine the mean loss leads to larger ozone loss than for the methods that
are using measurements only. This may be in part because the models are initialized on 1 January each year, whereas ACE-FTS
measurements start at the end of January. However, based on the difference between the modelled passive ozone (from ATLAS
and SLIMCAT) and measured ozone in January, this can only account for a difference of up to 6 %.

Using the passive subtraction method with a Lagrangian (ATLAS) or an Eulerian (SLIMCAT) model leads to very similar
computed ozone losses. For the maximum partial column ozone loss, the results from both models agree to within the estimated
uncertainties for all years. These differences are between 1 and 9 DU (between 2 and 12 %), where the smallest difference
occurs in 2011, and the largest in 2008. The mean partial column ozone losses agree within 1-15DU, and are within the
estimated uncertainties for most years (except in 2005). The ozone loss has also been estimated using only the SLIMCAT
ozone-and-passive-ozone-modelled ozone (“SLIMCAT only”). The mean loss results for using SLIMCAT passive ozone and
ACE-FTS measurements are very similar to the mean losses computed from SLIMCAT only and differ between 0.3-8.0 DU
(0.5-14 %); the largest difference was found in 2007. The maximum losses are also similar between these two estimation
methods. These differences are between 2 and 8 DU, and the largest difference (8 DU, ~ 13 %) was found in 2010, a year when

the polar vortex was highly influenced by mixing, that is still within the estimated uncertainties.
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Other studies have used the Aura MLS dataset to leek-at-derive ozone depletion over this time period. Between 1 January and
1 April, for the years studied, Livesey et al. (2015) found losses of 1 ppmv at 450 K in 2005, 2007, and 2008, and around 2 ppmv
in 2011 using a Match-based approach that uses trajectory calculations to identify the same air parcel measured at various times
(von der Gathen et al., 1995; Rex et al., 1998). During the same time period, Kuttippurath et al. (2010) and Kuttippurath et
al. (2012), who used a passive subtraction approach with CTMs, found peak losses at approximately 450-475K of 1.5 ppmv
in 2005, 1.2 ppmv in 2007, 1.4 ppmv in 2008, 0.9 ppmv in 2010, and 2.4 ppmv in 2011, respectively. The mixing ratio losses
estimated (excluding the previously discussed outlier, the tracer-tracer correlation method in 2005) in this study agree well with
Livesey et al. (2015) and Kuttippurath et al. (2010, 2012). Here, we found similar losses at around 460 K, 1.2-2 ppmv in 2005,
1.0-1.5 ppmv in 2007, 1.2-1.6 ppmv in 2008, 0.8-1.3 ppmv in 2010, and 2.0-2.7 ppmv in 2011. A comparison of the partial
column ozone loss with these two studies is shown in Table 1. It should be noted that the time period used by Livesey et al.
(2015) and Kuttippurath et al. (2010, 2012) is slightly longer (1 January to 1 April), including the loss throughout January, and
the altitude range is slightly larger; hence, the loss is expected to be larger than the here estimated mean ozone loss columns.
Although Livesey et al. (2015) and Kuttippurath et al. (2010, 2012) have reported the total ozone loss by the beginning of April,
our estimated mixing ratio and the partial column ozone losses are consistent with these two studies for all these years. This
suggests that not only are the computed losses consistent when using the ACE-FTS dataset with different methods, but also
similar ozone losses are computed when the MLS dataset is employed instead. The following section will discuss the ozone
depletion in 2011 further as a case study.

Overall, we have found that the different methods agree in most years within the estimated uncertainties considering the
profile mixing ratio loss, as well as the mean and maximum partial column ozone loss. Typically, the average vortex profile
descent method estimates smaller ozone losses compared to all other methods. This method provides an approximate ozone
loss estimate, however, from only one passive ozone profile, and hence, the passive ozone is the same throughout the month at
each potential temperature level. The tracer-tracer correlation and the artificial tracer approaches have estimated uncertainties
that are approximately twice as large compared to the passive subtraction using CTMs and the average vortex profile descent
techniques. This is due to the large uncertainties for the early vortex reference function used for the tracer methods. Further-
more, consistent results were found using the passive subtraction method with both a Lagrangian and an Eulerian model. For
the presented years, the ACE-FTS measurements and the SLIMCAT ozone (that includes ozone chemistry) results are in very
good agreement with mean differences of less than 5 % in January and March. As such, similar ozone losses are computed

when only SLIMCAT and no measurements are utilized.
4.3 Comparison to previous estimates of the 2011 Arctic ozone loss

Since the ozone loss in the Arctic during the 2010/2011 winter was extreme, this particular winter has been widely studied.
Therefore, a more comprehensive comparison is available for this specific winter. Table 2 shows the estimated peak chemical
ozone depletion and the altitudes at which these losses occurred from these studies. In these previous studies, the passive

subtraction (using-CTMs—-using CTMs and the Match approaches have been used to determine the Arctic chemical ozone
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depletion in 2010/2011. Several different instruments, such as Aura MLS, MIPAS and ozonesondes have been employed in
these estimates.

The various methods that have been utilized in the current study consistently show the peak of the ozone loss at 460 K.
This is in very good agreement with the all of the previous results in Table 2 where the altitude of the peak ozone loss was
determined between 450 K and 475 K. The maximum loss simulated in this study at 460 K is between 2.1 ppmv and 2.7 ppmv
which agrees well with Sinnhuber et al. (2011), Manney et al. (2011), Kuttippurath et al. (2012), von Hobe et al. (2013), and
Livesey et al. (2015), see Table 2. The smallest ozone loss in any of the studies, approximately 2.0 ppmyv, was found by Livesey
et al. (2015); when their calculations were updated using MERRA-2 for the trajectory calculations, ozone loss estimates were
more in line with those in the other studies (N. Livesey, personal communication in 2016). Of the six methods we used, it
was found that the smallest losses are computed for the average vortex profile descent technique from this study. The passive
subtraction method using CTMs has also been used in 2011 by, e.g., Sinnhuber et al. (2011) and Kuttippurath et al. (2012) with
different models and datasets than used in this paper. Those results are in good agreement and differ by less than 0.1 ppmv,
well within the estimated uncertainties, from our results using the passive subtraction methods with ATLAS and SLIMCAT.
Agreement with these previous studies indicates that our estimated ozone losses are reasonable. Finally, we also conclude that
the Arctic ozone loss estimates in 2010/2011 are very similar regarding the peak loss altitude and the mixing ratio loss (with

maximum differences of 0.5 ppmv) when various instruments, models and different approaches are utilized.

5 Summary and conclusions

This study evaluated the springtime Arctic ozone depletion estimated from various methods over a nine year period between
the winters of 2004/2005 and 2012/2013 using the space-borne ACE-FTS dataset. These estimation methods include tracer-
tracer correlation, the artificial tracer, the average vortex profile descent, and passive subtraction with ATLAS and SLIMCAT.
The chemical ozone depletion was estimated for the Arctic winters of 2004/2005, 2006/2007, 2007/2008, 2009/2010, and
2010/2011. During all other Arctic winters (2005/2006, 2008/2009, 2011/2012, and 2012/2013), the Arctic lower stratospheric
vortex was disturbed enough that insufficient measurements were recorded inside the polar vortex in March to estimate ozone
loss from ACE-FTS measurements.

ACE-FTS provides retrievals of over 30 trace gases; from these six long-lived tracers were used with the tracer-tracer
correlation and average vortex profile descent techniques. We have shown that CH,, N3O, HF, and CClyF2 perform equally
well for these methods. Using OCS or CCl3F as tracers for these approaches has shown the following issues: with ACE-
FTS OCS, positive descent rates or descent rates that were only half that of the other tracers have been determined, likely
due to the limited accuracy of the ACE-FTS OCS retrievals, which have high retrieval fitting errors. Therefore, OCS is not
recommended for use as a tracer with the ACE-FTS v3.5 dataset to derive Arctic polar ozone loss. ACE-FTS CCI3F has limited
coverage compared to other species, and this was not sufficient to estimate ozone depletion for each year. Also, four different

artificial tracers that linearly correlate with ozone were investigated. Two artificial tracers were identified as suitable tracers for
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estimating ozone depletion. We found that the combination of NoO, CHy, CCIsF, and CClyFs (Tracer 1), and NoO, CHy,
OCS, and CCI3F (Tracer 4) work equally well.

Comparisons of the ozone loss estimates from the methods in this study with those obtained from other methods and instru-
ments are in good agreement. This is especially the case for the Arctic winter of 2010/2011, which shows a peak ozone loss
of 2.0-2.65 ppmv at 450-475 K throughout various methods and datasets. Also consistent with previous studies, strong losses
were computed for the 2004/2005. Our loss estimates are in good agreement with estimates from other studies for March 2005
, 2006; Tilmes et al.
and 2008, and smaller losses in March 2010 (as shown in Table 1).

Overall, we showed that with one dataset and several ozone loss estimation methods, losses are determined that agree within

Manney et al. 2006; Rosevall et al., 2008). Similar March average ozone losses were seen in March 2007

3

the estimated uncertainties. The results of the partial column ozone losses from different methods that have been investigated
are, for the most part, within the estimated uncertainties (which are, however, quite large for the correlation methods), except for
the maximum loss using the average vortex profile descent technique, which is consistently lower than the five other methods
shown in this study. While similar ozone losses were computed for all methods in years with an isolated polar vortex, the
passive subtraction methods using either ATLAS or SLIMCAT seem to have smaller computed uncertainties. Note that the
uncertainty estimated here is a lower bound on the actual uncertainty since it does not consider the accumulated uncertainties
in model transport until March). The tracer-tracer correlation and artificial tracer techniques have large uncertainties because
of the large standard deviation of the early vortex reference function. The estimated partial column loss uncertainties for the
former are approximately twice as large as estimated with the passive subtraction using CTMs and the average vortex profile
descent techniques. For a highly disturbed vortexand-ittte-to-no-activation,e. g. 726+6);-the passive subtraction methods using
CTMs indicate larger ozone loss and-might-smooth-out-the-year-to-year-vartabilitythan the methods that use measurements
only, indicating that either measurement only methods underestimate the ozone loss due to unaccounted mixing processes or

the passive subtraction methods using CTMs might overestimate passive ozone. Very little difference was found between using
the passive subtraction method with passive ozone from a Lagrangian (ATLAS) and from an Eulerian model (SLIMCAT). For

the first time, an evaluation has been performed of these six different ozone loss estimation methods with one dataset. Using

the dataset from the space-borne ACE-FTS, we found consistency and good agreement between all methods for winters with

a strong and isolated polar vortex. This-analysisshews-Based on this study, for years with a stable and strong polar vortex, the
tracer-tracer technique, the artificial tracer technique and the passive subtraction using both CTMs lead to similar ozone losses

and seem to estimate a similar passive ozone profile. We also found that from the six different estimation methods presented,
either-the artificial tracer correlation technique er-and the passive subtraction method (with ATLAS or SLIMCAT) is-are best

suited for estimating the ozone loss in the Arctic polar vortex.
For years with an unstable polar vortex we recommend using the passive subtraction or-the-artificial-tracer-technigqueare-best
smfed—Fef—yeafs—vmh—lﬁﬂe{e—ne—deﬁvﬁmﬁ -technique, since the artificial tracer eerrelation-technique-might-be-the-mestreliable
s-technique does not account for mixing of
extra-polar vortex air. We did not find any significant difference between an Eulerian or a Lagrangian model and found that
both types of CTMs seem to compute the Arctic ozone loss equally well.
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Table 1. Maximum and mean partial column ozone loss estimate (in DU) between 380-550 K from various methods (see details in the text),
for March 2005, 2007, 2008, 2010, and 2011. The 410 uncertainties are stated and the derivation is described in the text. These results are
compared to previous quantifications of the integrated ozone loss (350-550 K) between 1 January and 1 April using the Aura MLS data set

by Livesey et al. (2015) and Kuttippurath et al. (2010, 2012).

Partial column losses 2005 2007 2008 2010 2011
Tracer-tracer (max.) 107420 844+10 80+15 6115 112411
Artificial tracer (max.) 76+21 65+14 62+13 41+£13 103410
Descent (max.) 66 +4 61+5 59+4 4144 8512
ATLAS (max.) 87+3 83+4 8248 78+8 116+11
SLIMCAT (max.) 92+4 78+2 73+£5 T70£10 115+£9
SLIMCAT only (max.) 86 £3 83+£1 75+E5 627 122+ 8
Average for all (max.) 86 76 72 59 109
Tracer-tracer (mean) 59420 43+£10 52415 15414 60+£11
Atrtificial tracer (mean) 47420 28414 44+13 8+£10 56+ 10
Descent (mean) 4744 39+5 4544 13+3 6142
ATLAS (mean) 5243 46+ 3 567 4948 66 + 10
SLIMCAT (mean) 67+3 51+2 56+ 5 46 £6 737
SLIMCAT only (mean) 67+3 59+1 60+£5 517 T7T+8
Average for all (mean) 57 44 52 30 66
Livesey et al. (max.™) 88 54 66 44 117
Kuttippurath et al. (max.™) 81 62 90 42 115

*: Integrated loss between 1 January and 1 April, this is approximately equivalent to the maximum losses reported in this study.

33



Table 2. Estimates of the peak altitude and maximum ozone loss observed during the 2010/2011 Arctic winter.

Study Method/Instrument Peak altitude (K)  Loss (ppmv)
This work Tracer-tracer/ACE-FTS 460 2.28+£0.15
This work Artificial tracer/ACE-FTS 460 2.16£0.14
This work Descent/ACE-FTS 460 2.13+£0.03
This work Passive subtraction (ATLAS)/ACE-FTS 460 2.46+0.18
This work Passive subtraction (SLIMCAT)/ACE-FTS 460 2.50+0.12
This work Passive subtraction (SLIMCAT only) 460 2.574+0.12
This work Average for all 460 2.34
Livesey et al. (2015) Match/Aura MLS 450 2.0+0.3
Kuttippurath et al. (2012) Passive subtraction/Aura MLS 475 ~24
Manney et al. (2011) Aura MLS, O3 sonde 450 2.3-2.5
Sinnhuber et al. (2011) Passive subtraction/MIPAS 450-475 2.3-2.5
von Hobe et al. (2013) Match/O3 sonde 460 2.6+0.5
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Figure 1. Oz-tracer correlation using ACE-FTS measurements inside the polar vortex in January (black dots) and March (green dots) 2011
using (a) CHy, (b) HF, (c) N2 O, (d) CCLyF2, (e) CCI3F, and (f) OCS as a tracer, in units of volume mixing ratios. The red line shows the

estimated early vortex reference function (see text for details) and the dashed black lines indicate the =10 standard deviation of the fit.
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Figure 2. Panel (a) shows the monthly average N2O profiles observed by ACE-FTS inside the polar vortex in January (black line) and March

reen line) 2011 together with the respective standard deviations (shown as dashed lines). Panel (b) displays the observed ACE-FTS ozone
in January (black dots) and March (green dots) 2011, the passive ozone (blue line) for March 2011, estimated from the average vortex profile
descent from N2O, and the ozone loss (red triangles; the difference between observed and average passive ozone in March).
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Figure 3. Artificial correlation technique using ACE-FTS measurements inside the polar vortex in January (black dots) and March (green
dots) 2011 using (a) Tracer 1, (b) Tracer 2, (c) Tracer 3, and (d) Tracer 4. The fitted correlations are shown as red lines, and the black lines

indicate the 10 standard deviation of the fit. See text for further details on the artificial tracers.
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Figure 4. Panel (a) shows a comparison between the ATLAS passive ozone and ACE-FTS ozone dataset inside the polar vortex for January
2011. The black dots represent the individual data points and the red line indicates the line of best fit. For easy comparison, the 1-to-1 line is
shown as a black dashed line. Panel (b) shows ATLAS passive O3 (blue dots), ACE-FTS measurements (green dots), and the ozone loss (red

triangles; the difference between observed and average passive ozone) for March 2011.
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Figure 5. Panel (a) shows a comparison between the SLIMCAT ozone and ACE-FTS ozone dataset inside the polar vortex for January
(black dots) and March (green dots) 2011, where-with the combined regression ptetfit for January and March is-shown as a red line. Panel
(b) and panel (c) show the comparison between the SLIMCAT ozone (passive ozone shown as blue dots, and ozone as cyan triangles) and
measurements (green dots) for January 2011 and March 2011, respe%?lvely. The ozone loss is displayed as red triangles and defined as the

difference between the measurements and the modelled passive ozone.
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Figure 6. The ozone loss estimates are shown using the tracer-tracer correlation technique. Six different tracers have been employed for this

method: CH4 (blue), N2O (light blue), HF (cyan), OCS (yellow), CCl2F2 (orange), CCl3F (dark red). The maximum ozone loss profile

(in ppmv) is shown in panel (a). For clarity, the uncertainties of the estimated ozone loss profiles have been removed. The integrated ozone

loss (in DU) between 380-550 K is shown in panel (b) and (c) for the maximum and mean loss in March, respectively.
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Figure 7. Same as Fig. 6, but for the average vortex profile descent technique.
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Figure 8. Similar to Fig. 6, but for the artificial tracer correlation method. Tracer 1 (N2O, CHy4, CClyF2, CCl3F) in dark blue and Tracer 4
(N2O, CHy4, OCS, and CCI3F) in dark red. Details about the composition of the four tracers are provided in the text.
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Figure 9. Same as Fig. 6, but for the comparison of all different methods: Tracer-tracer correlation (blue), artificial tracer correlation (light
blue), average vortex profile descent technique (cyan), passive subtraction with ATLAS (yellow), passive subtraction with SLIMCAT (or-
ange), and passive subtraction using only modelled ozone from SLIMCAT (dark red). An average using different tracers is used for the

tracer-tracer correlation, the artificial tracer correlation and the average vortex profile descent technique, see text for details.
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