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[11 The tracer-tracer correlation technique (TRAC) has been widely employed to infer
chemical ozone loss from observations. Yet, its applicability to chemistry-climate model
(CCM) data is disputed. Here, we report the successful application of TRAC on the
results of a CCM simulation. By comparing TRAC-calculated ozone loss to ozone loss
derived with the passive ozone method in a chemistry transport model we differentiate
effects of internal mixing and cross vortex boundary mixing on a TRAC reference
correlation. As a test case, we consider results of a cold Arctic winter/spring episode from
an E39/C experiment, where typical features, for example, sufficient polar stratospheric
cloud formation potential, denitrification and dehydration, and intermittent and final
stratospheric warming events, are simulated. We find that internal mixing does not impact
the TRAC-derived reference correlation at all. Mixing across the vortex boundary would
lead to an underestimation of ozone loss by ~10% when calculated with TRAC. We
provide arguments that TRAC is a consistent and conservative method to derive chemical
ozone loss and can be used to extract its chemical signature also from CCM simulations.
As a consequence, we will be able to provide a lower bound for chemical ozone loss for

model simulations where a passive ozone tracer is not available.

Citation: Lemmen, C., R. Miiller, P. Konopka, and M. Dameris (2006), Critique of the tracer-tracer correlation technique and its
potential to analyze polar ozone loss in chemistry-climate models, J. Geophys. Res., 111, D18307, doi:10.1029/2006JD007298.

1. Introduction

[2] Inthe most recent World Meteorological Organization
(WMO) [2003] ozone assessment, predictions from chemistry-
climate models (CCM) for the evolution of the past and
future Arctic polar ozone layer were presented based on the
CCM intercomparison study by Austin et al. [2003]. As a
measure of the skill of CCMs in reproducing polar O3 loss,
the minimum springtime O3 column was introduced, which
allows for comparison amongst a variety of CCMs with
TOMS observations and with results presented in the
former WMO [1999] assessment. Averaged over all models
(UMETRAC [Adustin, 2002], CCSR [Nagashima et al.,
2002], CMAM [de Grandpré et al., 2000], MAECHAM/
CHEM [Steil et al., 2003], and E39/C [Hein et al., 2001;
Schnadt et al., 2002]) a significant negative trend in
minimum column O3 (—17 Dobson units (DU) per decade)
was seen in the period 1979 to 2000 in close agreement

"nstitut fir Chemie und Dynamik der Geosphire I: Stratosphire,
Forschungszentrum Jiilich GmbH, Jiilich, Germany.

*Now at Copernicus Instituut voor Duurzame Ontwikkeling en
Innovatie, Sectie Natuurwetenschappen en Samenleving, Universiteit
Utrecht, Utrecht, Netherlands, and Institut fiir Kiistenforschung, GKSS-
Forschungszentrum Geesthacht GmbH, Geesthacht, Germany.

3Institut fiir Physik der Atmosphire, Deutsches Zentrum fiir Luft- und
Raumfahrt e.V., Oberpfaffenhofen, Wessling, Germany.

Copyright 2006 by the American Geophysical Union.
0148-0227/06/2006JD007298

with observations. Austin et al. [2003] placed the start of O3
recovery in the period 2000—2020, based in part on time
slice simulations with E39/C (years 1990 and 2015 boundary
conditions), CMAM (2000 and 2030), and MAECHAM/
CHEM (2000 and 2035). The predictive power of these
CCM simulations for the Arctic was questioned by the latest
Intergovernmental Panel on Climate Change/Technology
and Economic Assessment Panel [2005] assessment due to
large model uncertainties or deficiencies: further model
development and validation is called for.

[3] On the basis of minimum column Oz one cannot
distinguish between dynamical processes that influence the
O; column and changes in the chemical regime. For
example, Schnadt and Dameris [2003] found an increase
of minimum column O3 from 1990 to 2015 in E39/C
simulations. This apparent recovery, however, can be attrib-
uted to enhanced planetary wave activity which results in
higher stratospheric temperatures. In fact, for their “1990”
experiment, Schnadt [2001] and Schnadt et al. [2002]
calculated only weak chemical O; loss in the time slice
average using daily simulated O; loss rates. While the
minimum springtime O3 column is a readily available
quantity in CCMs and can be compared amongst different
numerical models, a quantification of chemical O loss is
neither routinely performed, nor is there an easily compa-
rable or well established measure of chemical Oz loss in
CCM simulations. To make judgments about the effect of
chlorofluorocarbon (CFC) changes on the ozone layer,
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however, it is the change in chemical O3 loss that needs to
be assessed.

[4] For deducing chemical O; loss from observations, a
variety of methods has been employed to Arctic late winter/
spring episodes since the early nineties. WMO [2003]
discriminates methods to quantify chemical Oj loss into
one group which uses explicit transport calculations and
another group, where effects of transport are implicitly
accounted for. In the first group, observations from a variety
of platforms, e.g., ozonesondes, satellites, balloons, are
connected in time and space by considering vortex average
descent [e.g., Knudsen et al., 1998; Rex et al., 2004],
transport model calculations [e.g., Goutail et al., 2005], or
ensembles of Lagrangian trajectories [e.g., Manney et al.,
1997]. Furthermore, the ‘Match’ technique has been
employed which makes use of a statistical analysis of
subsequent ozonesonde measurements along calculated
trajectories [von der Gathen et al., 1995; Rex et al.,
2002]. O3 loss is determined with respect to a prior
measurement of ozone (O5*™).

[5] Implicit consideration of transport is provided by
observing changes in the relation between Oz and a long-
lived tracer (tracer-tracer correlation, TRAC [Proffitt et al.,
1990; Tilmes et al., 2004]). While relations between H,O
and O; were already published by Roach [1962], Proffitt et
al. [1990] first used the change in the relation between N,O
and Oj; to infer chemical O3 loss. Subsequently, concurrent
measurements of Oz and a passive tracer like HF or CHy
derived from the Halogen Occultation Experiment
(HALOE) instrument were used to estimate chemical O;
losses during 1990s winters [e.g., Miiller et al., 1997] and
during the last decade [Tilmes et al., 2004]. Furthermore, the
TRAC technique was used to quantify chemical O3 losses
derived from observations by the ILAS II satellite [ 7ilmes et
al., 2006], balloon-borne instruments [Miiller et al., 2001;
Salawitch et al., 2002], and high-altitude aircraft [Richard et
al., 2001; Ulanovskii et al., 2004]. Using HALOE and ER2
observations of the correlation between CH,4 and Os, Fairlie
et al. [1999] validated their mixing algorithm to predict
chemical ozone loss during the POLARIS campaign in
summer 1997.

[s] While TRAC has been applied extensively to obser-
vational data, the potential of TRAC for simulated data sets
has not been exploited due to lack of need and arguments
discouraging its use. In chemistry transport models (CTMs),
the simultaneous simulation of a chemically inert O3 tracer
(passive ozone, O5™°) gives a reliable measure of chemical
O; loss [e.g., Lefevre et al., 1998; Sinnhuber et al., 2000;
Konopka et al., 2004], obliterating the need for a correla-
tion-based analysis of chemical O; loss. For their CCM
CMAM, Sankey and Shepherd [2003] deny applicability of
TRAC: neither do their simulations exhibit a compact
tracer-O5 relationship nor is the polar vortex sufficiently
isolated. This finding leads Sankey and Shepherd [2003] to
suggest that TRAC may not be applicable to model data in
general.

[7] Here, we demonstrate for simulated data obtained
with the CCM E39/C [Hein et al., 2001] that TRAC can
be used for the calculation of chemical O; loss. We
corroborate earlier findings [e.g., Miiller et al., 2001; Rex
et al., 2002; Konopka et al., 2004] that application of TRAC
will underestimate O; loss and is thus a conservative
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measure of O3 loss. Like for observations, for model data
the establishment of a compact early vortex relationship and
a sufficient isolation of the vortex are required to ensure
applicability of the technique. High numerical diffusion
complicates the TRAC analysis of simulated data. We
demonstrate how the validity of TRAC can be tested by
employing computationally inexpensive trajectory calcula-
tions and show that vortex strength and a compact relation-
ship can be found for the E39/C simulation. By analogy
with a Lagrangian simulation with strongly enhanced mix-
ing, we deduce the magnitude of the impact of E39/C
numerical diffusion on TRAC. The possibility of using
TRAC on CCM data for the analysis of chemical O; loss
should contribute to ongoing initiatives for process-oriented
validation of CCMs [Eyring et al., 2005].

2. Tracer-Tracer Relations

[8] The tracer-tracer correlation technique (TRAC) relates
two tracers with different physicochemical life times within
the vortex to one another [Proffitt et al., 1990]. For seasonal
studies like those of polar Oz loss or polar winter denitri-
fication, CHy4, N>O, or HF were used as long-lived tracers.
The short-lived compounds considered are Oz (chemically
altered by a variety of catalytic cycles), HCI (reservoir
converted to active chlorine), or total active nitrogen
(NO,, removed from an air mass by particle sedimentation)
[e.g., Fahey et al., 1989; Proffitt et al., 1990; Miiller et al.,
1996; Rex et al., 1999; Tilmes et al., 2004].

[v] Within an isolated air mass, any tracer-tracer rela-
tionship will remain unaltered if physicochemical processes
are absent, even though the air mass undergoes advection
and deformation. Therefore, in the absence of mixing, a
change in the relationship quantifies the effect of the
respective physicochemical process under consideration
[e.g., Salawitch et al., 2002; Tilmes et al., 2004; Miiller
et al., 2005]. The change of the relationship between two
tracers can be evaluated quantitatively only if the early
winter correlation is sufficiently compact: Compact rela-
tionships evolve when the horizontal mixing timescale is
shorter than the chemical life time within an enclosed
region. Larger-scale isentropic mixing following differen-
tial descent may contribute to a linearization and compac-
tization of a curved tracer-tracer relationship [e.g.,
Michelsen et al., 1998, Plate 2]; on the other hand, singular
vertical mixing events may produce outliers. A compact
relationship is best established after the formation and
isolation of the polar winter vortex and before photochem-
ical O; loss sets in; for the Arctic region, late December or
early January measurements are suggested by WMO
[2003]. Compact vortex relationships are evident in an
accumulation of tracer-tracer values around a unique refer-
ence relation in the vortex; this early winter relationship
can be used as a reference for subsequent physicochemical
changes. Outside the polar vortex, the photochemical life
time of O; is shorter than inside, resulting in a noncompact
relationship [Plumb and Ko, 1992; Proffitt et al., 1992].
The subtropical relationship is approximated by a straight
line determined by increasing photochemical destruction of
CH, and production of O3 with altitude. When the polar
vortex breaks up in spring, the two distinct relationships
merge [Morgenstern et al., 2003].

2 of 13



D18307

LEMMEN ET AL.: CRITIQUE OF TRACER-TRACER RELATIONS

D18307

start |
&

ref
0O, 1

mixed
O,

Ozone

X

Figure 1.

Tracer

Sketch of the impact of internal mixing on ozone loss calculations which use a reference

relationship (05™"). The situation shown is strongly exaggerated and applies if mixing (along dotted line
with result shown as open circle) occurs after differential descent between air parcels widely separated on

a convex relationship.

[10] Even if a compact relationship can be found, mixing
of air masses that are separated in tracer space can impact
the applicability of TRAC, i.e., (1) internal mixing or
(2) mixing across the vortex boundary. Internal mixing, also
referred to as anomalous mixing [Plumb et al., 2000], may
lead to errors in a TRAC-like analysis if the compact
relationship is curved as is, for example, the case for the
vortex relation between N,O and NO, [Esler and Waugh,
2002]. If mixing between two air parcels (APs) with very
different N,O mixing ratios (corresponding to different
altitudes) occurs, the resultant mixed AP configuration lies
on a mixing line connecting the two originating AP posi-
tions in tracer space below the reference relation, leading to
an overestimation of denitrification by TRAC. On the other
hand, mixing between air masses with very different tracer-
tracer relations, in particular between the vortex and mid-
latitude relationship, can lead to underestimation with
TRAC: Intensive investigations by, e.g., Miiller et al.
[2001], Tilmes et al. [2004], or Miiller et al. [2005],
consistently found that if mixing with extravortex air
occurred, this would tend to increase ozone at a given tracer
level and would therefore lead to an underestimation of O;
loss calculations with TRAC.

[11] Empirical results for the impact of internal and cross
vortex mixing were published by, e.g., Richard et al.
[2001], Ray et al. [2002], Salawitch et al. [2002], and
Konopka et al. [2004] for the Arctic winter 1999/2000.
On the basis of a N,O-Oj; relation from in situ observations,
the chemical O5 loss calculated by Salawitch et al. [2002] is
not significantly influenced by either internal nor cross
vortex mixing. Richard et al. [2001] used the curved
N,O-CO, relation to demonstrate that internal mixing did
not affect calculated AO; and showed, by using CFC-11
observations, that entrainment of midlatitude air into the
vortex was not significant. Ray et al. [2002] examined the
influence of differential descent on tracer-tracer correlations
using five tracers with different photochemical life time and
found that the majority of differential descent and subse-
quent homogenization took place in early winter. Compared
to O3 loss calculated with a passive Os tracer, Konopka et
al. [2004] found that mixing of polar vortex with midlati-
tude air decreased chemical O; loss calculated with a CHy-

O3 correlation by 100—-400 ppbv. They also showed that
only unrealistically exaggerated vertical mixing would lead
to an overestimation of O; loss by TRAC.

2.1. Internal Mixing

[12] Within the polar vortex, differential descent may
arise from slowly adjusting low temperatures in the core
and strong cooling toward the edge, and may lead to
(internal) mixing between APs originating from different
altitude levels. The effect of an internal mixing event on
tracer-ozone relationships is sketched in Figure 1 [cf. Ray et
al., 2002, Figure 6d]: An AP (y;, O3*") on the early winter
curved vortex reference relationship (black line) is mixed
with an AP on the same reference relationship but separated
in tracer space, i.e., following unmixed differential descent.
Mixing along a mixing line (blue) results in a mixed AP
(x2, 074 s0lid orange dot) which lies below the reference
relation. The mixed AP deviates from the reference rela-
tionship the more the stronger the correlation is curved and
the wider the originating APs are separated [e.g., Michelsen
et al., 1998]. In chemical O; loss calculations, this under-
estimation AO5-TRAC = OF" — O™ (green arrow in
Figure 1) may erroneously be interpreted as additional
ozone loss. To circumvent the problematic curvature in
tracer-tracer relationships, Esler and Waugh [2002]
employed an artificial tracer which is constructed from a
linear combination of chemical tracers and is a linear
function of the long-lived tracer. Suitable tracers to con-
struct a linear relationship are often not available from
observations, neither are they available from the data set
used for this study.

2.2. Mixing Across the Vortex Edge

[13] In addition to mixing within the vortex, isentropic
mixing during the winter and spring occurs across the
vortex edge along lines connecting (in tracer-ozone space)
the vortex relation with the midlatitude relation [Plumb et
al., 2000; Miiller et al., 2005]. Mixing across the vortex
edge dilutes the vortex air and is often observed as thin
filaments of midlatitude air within the vortex. This process
is mainly triggered by planetary waves; midlatitude air
intrudes into the vortex at locations where the PV gradient
at the edge is particularly weak [Steinhorst et al., 2005].
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Figure 2. Close-up sketch of the impact of continuous mixing on O; loss estimates using either an
initial value of O3 or a reference relationship. Mixing occurs along isentropes (dotted lines) between air
parcels on the reference relationship (black solid line) toward the midlatitude relationship (black dashed).
At higher altitudes, isentropes are near perpendicular to the reference relation (left, red-shaded). At low
altitudes, isentropes are near parallel to the reference relation (right, blue-shaded). For the implications on

loss calculations see text.

This (irreversible) transport across the vortex edge dilutes or
increases the O3 mixing ratios within the vortex depending
on whether outside vortex Oz mixing ratios are less than or
greater than the inside mixing ratios. For chemically unper-
turbed conditions, inside vortex O; mixing ratios are greater
than outside the vortex above ~500 K, and smaller than
outside below ~500 K, owing to opposite horizontal
gradients building up as the consequence of the diabatic
descent of the vortex relative to the surf zone.

[14] To understand how (isentropic) mixing may influ-
ence the chemical O3 loss deduced via the TRAC method
(that neglects this effect), we discuss in Figure 2 how such a
purely dynamical process can be misinterpreted as chemical
loss or as production of Os. Let us consider an AP within
the vortex characterized by a tracer with a mixing ratio x;.
The corresponding ozone mixing ratio, 03", can be derived
from the TRAC early vortex correlation (thick solid line) if,
according to our previous discussion, a compact tracer-
ozone correlation had formed within the well-isolated
vortex. The isentropic mixing of such an air mass with
midlatitude air occurs along isentropes connecting the
TRAC early vortex correlation with the midlatitude corre-
lation (dotted lines). The resulting mixed AP (outlined
yellow dots) can be characterized by a tracer mixing ratio
X2 and an ozone mixing ratio OF***?. The ozone change,
AO; =054 _ 05" (red arrows) has different signs above
(Figure 2, left red-shaded) and below (Figure 2, right blue-
shaded) ~500 K. The corresponding ozone change with
respect to the TRAC early vortex correlation, i.e., with
respect to OF', are denoted by green arrows. Note that
although AOj; changes sign between the two altitude ranges
sketched in Figure 2, AO3-TRAC is always positive.

[15] In recent cold polar winters, the spring tracer-ozone
correlation within the vortex is strongly affected by
chemical O; loss [e.g., Tilmes et al., 2004, 2006] and

can be found clearly below the early vortex correlation
(gray regions). The difference between the early vortex
reference and the spring correlation quantifies the chemical
O3 loss [Michelsen et al., 1998]. Whereas mixing above
and below ~500 K enhances or dilutes vortex O; (oppo-
site signs of the red arrows), this process quantified with
respect to the TRAC reference always leads to positive
values of AO; (green arrows, see Appendix A for a
detailed explanation). This consistency holds even below
500 K, where the O3 mixing ratios are reduced by the
mixing in of outside vortex air. Using TRAC, correlation
values above the reference are interpreted as O3 production
which excludes the possibility that mixing may lead to an
overestimation of chemical Os; loss. Furthermore, the
impact of mixing that is shifting upward (along the green
arrows) the early vortex correlation toward higher values
decreases with altitude because below ~500 K the shape
of an isentrope only slightly differs from the TRAC
reference curve. Oz loss in the region below 500 K
contributes most to column O; loss.

[16] This property makes chemical O; loss derived from
TRAC rather robust with respect to mixing processes. In
contrast to TRAC, all methods that rely solely on Oj
measurements to diagnose polar chemical O5 loss are less
predictably affected by mixing. In particular, as shown in
Figure 2 (right), mixing into the vortex below ~500 K
dilutes O; (negative AQO; along the red arrow) and,
consequently, cannot be distinguished from chemical O;
loss. Oz loss diagnostics based on Oz profiles sampled
during the winter within the vortex may be systematically
biased by accumulated dilution of the vortex and, conse-
quently, may lead to an overestimate of chemical O loss.
In Appendix A, we quantify the errors of methods refer-
ring either to a starting value of Oz or to a value on the
reference relationship with respect to a passive ozone
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tracer. We show that these errors are independent of
chemical ozone loss.

3. Models and Data

[17] The Chemical Lagrangian Model of the Stratosphere
(CLaMS) is a Lagrangian CTM hierarchy; details of the
model are described in McKenna et al. [2002a, 2002b]. For
passive tracer studies we make use of two core components
of CLaMS, these are (1) Lagrangian advection on isentropes
and cross-isentropic motion and (2) Lagrangian mixing
based on flow deformation [Konopka et al., 2004]. Diabatic
displacement is calculated from heating rates obtained from
radiative transfer calculations [Zhong and Haigh, 1995].
This model constellation was previously used by Konopka
et al. [2005] to quantify mixing during the unusual
Antarctic vortex split in September 2002.

[18] Wind and temperature fields for CTM simulations are
provided by a late winter/spring episode from a CCM time
slice experiment performed with ECHAM4.DLR(L39)/
CHEM (abbreviated E39/C [Hein et al., 2001]). E39/C
operates on 39 pressure levels with the upper boundary
centered at 10 hPa and high vertical resolution, which is
about 700 m near the tropopause [Land et al., 2002]. The
adopted horizontal resolution is T30, i.e., dynamical pro-
cesses have an isotropic resolution of about 670 km.
Microphysics and chemistry are calculated on the
corresponding Gaussian transform grid with a horizontal
resolution of 3.75° x 3.75° latitude by longitude. Model
dynamics are interactively coupled to the stratospheric
chemistry module CHEM developed by Steil et al. [1998]:
Advected and chemically altered greenhouse gases feed
back onto the radiation scheme and in this way influence
model dynamics. E39/C has been found to produce realistic
pattern agreement of the geographical distribution of O3 in
comparison with European Centre for Medium-Range
Weather Forecasts reanalyses from 1979 to 1994. The O;
column is globally overestimated by about 10—15% [Austin
et al., 2003]. Results derived from time slice experiments
with E39/C were used in the recent WMO [2003] assessment
for both hindcasting and prediction of the spring Arctic
minimum O3 column: These show an increasing O3 column
by 2015 after the decrease from the 1960s and low values in
the 1990s. While E39/C predicts a small recovery around
2015, other CCMs (e.g., UMETRAC) place their ozone
minimum around this time.

[19] We chose to analyze a cold winter/spring episode
from the ‘2015 experiment [Schnadt et al., 2002], where
increased planetary wave activity and associated higher
frequency of stratospheric warming events [Schnadt and
Dameris, 2003] present a good test bed for the validation of
TRAC in dynamically active winters. Out of this 20-year
ensemble, the 16th cycle exhibits the lowest temperatures
and the largest chemical O3 loss. Daily midnight and noon
temperature and wind fields in the archived E39/C data are
analyzed for (1) temperatures below the nitric acid trihy-
drate (NAT) existence temperature (Tyat [Hanson and
Mauersberger, 1988]); (2) indications of stratospheric
warmings as classified by Labitzke [1999]; and (3) area
within the vortex edge, defined by Nash et al. [1996] at the
largest potential vorticity-equivalent latitude gradient;
equivalent latitude (¢.q) is equated to the latitude circle
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which encompasses the same area as the area enclosed by a
given potential vorticity (PV) contour. The employed data
cover the period from 1 January to 1 April; from a large area
of sub-Tyar temperatures in January and early February
(10° km?), three minor warmings successively reduce the
polar vortex area on 12 February, 20 February, and 14 March.
A major warming on 25 March disturbs the polar vortex;
westerly zonal circulation is restored by 30 March (summer
circulation sets in after 16 April).

[20] E39/C tracer fields are available in 90-day intervals
starting on 1 January. Initial mixing ratios for O3, CH,, and
N,O are interpolated from the January E39/C data set onto
the CLaMS grid with a mean horizontal AP distance of » =
200 km and distributed vertically in nine major isentropic
levels corresponding to an aspect ratio of « = 250 [Konopka
et al., 2004]. Within each main level APs are permuted
vertically onto nine sublevels. Artificial tracers to mark the
(fixed) upper and lower model boundary layers are added for
diagnostic purposes as is a tracer marking the initial potential
temperature (Try) of each AP. A vortex tracer (Try) is set to
one for AP north of the vortex edge (defined below) and to
zero elsewhere. Within the CTM, tracers are advected and
mixed every 24 hours with the critical flow deformation
parameter /. = 1.2 [Konopka et al., 2004]. The resultant
CLaMS-simulated tracer distribution is used as a reference
data set for the E39/C-simulated tracer fields which are
interpolated onto the quasi-uniform CLaMS AP positions.

[21] The probability density function of the relation
between CH,; and O; in January exhibits two distinct
branches which evolved due to the isolation of vortex air
masses from midlatitude air (Figure 3). O3 mixing ratios
inside the polar vortex are lower (lower left branch) than
subtropical O3 mixing ratios (upper right branch). The
isolation of the vortex air is provided by a dynamical
transport barrier which is, e.g., apparent in an intersection
of isentropes (on which horizontal transport occurs) with
isopleths of PV at large angles [Steinhorst et al., 2005]. In
¢eq-PV space, the polar vortex edge is evident as the
strongest gradient of PV(¢,), located near the location of
the strongest zonal wind [Nash et al., 1996]. Following the
idea by Nash et al. [1996], the vortex edge is determined
separately for each potential temperature: A seventh-order
polynomial is fitted to the PV(¢.q) data. First- to third-order
derivatives of these polynomial expressions are evaluated to
calculate the inflection point (steepest gradient, vortex
boundary) and points of maximum curvature (i.e., surf zone
boundary and vortex core boundary) adjacent to the wind
maximum. The resulting vortex edge is indicated in Figure 3
as a dashed line.

[22] The compact vortex relationship between January
CH4 and O; can be approximated by a functional depen-
dence of O3 mixing ratio Y on the CH,4 mixing ratio X. To
determine this reference relationship and to avoid impact of
the upper boundary on the fit, for each isentropic level the
median values of CH,4 and Os are calculated; a second-order
polynomial is determined with a least squares fit to the
median values and yields the analytical expression

Y = —9.6X% +24.6X —11.1 (1)

in units of parts per million by volume (ppmv). Relationship
(1) is shown in Figure 3 as a solid line, it can be used to
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Figure 3. Probability density function of stratospheric O; versus CH, for January data north of 15°N
and between 380 and 550 K potential temperature from E39C. Two distinct branches of the distribution
have evolved, one in the polar vortex (below dashed line) and one in the extratropics. The thick solid line
shows the early vortex relation given by equation (1); the shape of isentropes is indicated by thin lines.

calculate the O; field that would be expected inside the
vortex in the absence of chemical change.

4. CLaMS Tracer Simulations

[23] Mixing-induced changes to the tracer-tracer correla-
tion can be identified with the help of a passive ozone tracer
(05™®). The difference between the O3 field derived from
the reference correlation and O5** quantifies those transport

effects that are not implicitly accounted for by the TRAC
technique, namely internal mixing and cross-vortex bound-
ary mixing. O5** is not available in E39/C; we use the
CLaMS CTM to simulate advection and mixing of CH4 and
05%%%, driven by the CCM wind field. Figure 4 shows 0§
as a function of CHy on 1 April, together with the early
winter reference relationship (solid line). The CH,4-O5**
vortex relationship is shown as the dashed line. O5***
mixing ratios in the vortex are greater than O3 mixing ratios
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Figure 4. CLaMS spring distribution of APs in CH4-Oj3 space, resolved by equivalent latitude. Because
of mixing, Os"** within the remaining vortex (¢eq > 80°N, spring relation shown as the dotted line) is
elevated with respect to the reference (solid line, equation (1)). When mixing across the vortex edge is
excluded (inset, shifted downward by 1.5 ppmv), the simulated spring relationship cannot be

distinguished from the reference.
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Figure 5. Contour plot of the vortex tracer (Try) in ¢cq-0 space for April from the CLaMS simulation.
The shading indicates the vortex boundary at ¢q =~ 80°N. The rather small vortex is the result of several

warming pulses and persists until 16 April.

predicted from the reference correlation: The mean differ-
ence is +114 ppbv; this is the bias introduced on a
chemically inactive ozone tracer by using a tracer-tracer
correlation instead of O™ for the simulated winter and
translates to an ozone column loss underestimation of 6 DU
(integrated between 380 and 550 K). This bias is independent
of chemical ozone loss, as is demonstrated in equation (A3) in
Appendix A.

[24] We confirmed this finding experimentally bgf intro-
ducing two pseudochemically active Oj tracers O5™™ and
05P*™*2 both initialized with the original O; field at
simulation start. Chemical ozone loss was imposed by daily
subtraction of a loss profile averaging 10 ppbv d ' for
05"™ (20 ppbv d~' for 0§™™?), corresponding to an
expected final loss column of 37 DU (74 DU). An
evaluation with TRAC after the simulation yields 31 DU
(68 DU), which is an underestimation of ozone loss of 6 DU
in both cases. At typical vortex-average losses of 1 ppmv or
60 DU over an Arctic winter, the underestimation, and thus
the error of the TRAC technique, is on the order of 10%.

[25] Figure 4 demonstrates that the early winter reference
relationship is closely matched by the spring CH4-O5**
relationship only for data within the polar vortex. Data
outside the vortex (¢eq < 80°N) cannot be represented well
with the early winter correlation. It is critical for the TRAC
method that only vortex data are considered: Including data
from the outer edge of the vortex (e.g., 75°N < ¢¢q < 80°N,
green color in Figure 4) results in a large misrepresentation
by the reference correlation.

[26] A passive tracer marking the interior of the initial
vortex (Try) quantifies dilution of vortex air due to mixing
with midlatitude air (Figure 5). Above 450 K, the vortex
edge coincides with the 90% isopleth of Try: The vortex is
well isolated. Toward midlatitudes the 50% isopleth is
located at ¢q = 70°N (corresponding to the extent of the
January vortex). APs are composed of half vortex and half

midlatitude air in this outer edge region, which is partly
composed of remains of vortex air left behind when the
vortex area decreases during stratospheric warming events.
Below 450 K the vortex is unstable during the last week of
the 90-day simulation period. Midlatitude air is brought to
higher latitudes: The 50% isopleth coincides with the vortex
edge at ¢oq = 80°N. However, at these lower altitudes the
slopes of the midlatitude and vortex relationships are rather
similar, such that the error made by the TRAC analysis is
minimized (see Appendix A). From the separation between
vortex and midlatitude relationships (Figure 3) and the
fraction of vortex air at the vortex edge (Figure 5) as a
proxy for mixing intensity, the error introduced by the
TRAC method (equation (A3)) can be calculated. The
expected error lies in the range 10—160 ppbv and compares
well with the CLaMS-simulated average bias of 114 ppbv.
[27] The winter-to-spring descent of a passive tracer of
initial potential temperature (Trg) is shown in Figure 6 for
APs arriving within £15 K around 475 K on 1 April.
Strongest descent of about 100 K occurs around ¢.q =
60°N, building up a gradient of more than 75 K differential
descent toward the vortex center. Two thirds of this gradient
are located within the polar vortex. The differential descent
would impact the applicability of TRAC on the curved
relationships between CH,4 and Os, if it were subsequently
followed by homogenization of the vortex through internal
mixing. However, the presence of a large descent gradient
(black line in Figure 6) within the vortex demonstrates that
the vortex is not homogenized across equivalent latitudes.
[28] Assuming (unrealistically) the complete homogeni-
zation of the vortex air on one isentropic level, we can
obtain an upper boundary to the effect of internal mixing.
At minimum and maximum CH,; mixing ratio 1.36 and
1.48 ppmv within the vortex at 475 K (obtained from the
CLaMS simulation) O7™**¢ is —80 ppbv less than O5". As
evident in the strong descent gradient in spring (Figure 6),
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Figure 6. Vertical change of APs arriving at 475 K,
derived from a CLaMS simulation with a passive tracer of
potential temperature (Try). Color indicates the mean of
each mixed AP’s source altitudes. The large gradient from
the vortex outer edge to the core indicates differential
descent (black line): Air masses outside the vortex are
composed of upper boundary air (red), core vortex air
descended by about 25 K.

homogenization of the vortex did not follow differential
descent. Rather, one can assume that differential descent and
internal mixing occur throughout the winter between AP
close to one another in tracer space [e.g., Plumb and Ko,
1992; Plumb et al., 2000]. Such small and frequent steps of
differential descent and internal mixing result in only minor
deviations from the reference relation. In fact, differential
descent followed by internal mixing is necessary for the
compactization of early winter tracer-tracer relationships
[Ray et al., 2002].

[20] The above considerations demonstrate that internal
mixing cannot be a large source of error when looking at
TRAC-derived chemical O3 loss in CLaMS. A quantifica-
tion of internal mixing effects on chemical Oz loss is
demonstrated in the following, utilizing Lagrangian AP
identities, the control over mixing in CLaMS, and the
tracer Try: The influence of APs that are mixed across the
edge of the vortex is removed selectively (Figure 7), such
as to isolate internal mixing effects on the CHy4-O3
relationship. Cross-vortex processes, i.e., injection or mix-
ing of midlatitude air into the vortex are evident in values
of Try < 1 within the vortex. For these APs (shown in red
in Figure 7) the O; change due to cross vortex-boundary
mixing is removed by assigning to these APs a new O;
value based on the early vortex reference relation. Try is
subsequently reinitialized to one within the ¢eq-contour
defined vortex and to zero otherwise. The now isolated
effect of internal mixing is negligible (<10 ppbv), empha-
sizing that the largest error introduced by using TRAC
comes from mixing across the vortex edge. Figure 4 (inset)
illustrates that there is no visible difference between the
spring tracer relation inside the vortex and the early winter
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reference relation when cross vortex boundary mixing is
selectively excluded. Within the time slice, this coldest
winter can be expected to exhibit the largest differential
descent, and the largest impact of internal mixing on
TRAC-derived Oz loss. The fact that even under these
circumstances TRAC is not noticeably affected suggests
that TRAC on warmer winters with less differential
descent is not severely affected, either.

5. From CTM to CCM

[30] With the above described experiments we calculated
the deviation of a passive ozone tracer from the reference
correlation in a Lagrangian CTM (on CCM winds) with
tight control of mixing. We exploit this control over mixing
to operate the CTM in a highly diffusive regime comparable
to that of a CCM. Numerical diffusion in a model is
expected to increase mixing; for example, Reithmeier and
Sausen [2002] found a tenfold increase of the most stable
radon isotope (***Rn, 71/, = 3.8 days) gradient at 100 hPa in
their Lagrangian transport scheme ATTILA compared to the
semi-Lagrangian scheme by Williamson and Rasch [1994]
in ECHAMA4. In a study of the breakup phase of the Arctic
polar vortex, Piani et al. [2002] found that the separation of
the midlatitude and vortex relationship was larger in obser-
vations than in their model and attribute this difference to
numerical diffusion.

[31] The study of probability density functions (PDFs) of
tracer differences between air parcels separated by a pre-

re-initialized with reference,
digital tracer set to one

Figure 7. Schematic diagram of the strategy to eliminate
cross-vortex mixing from a CLaMS simulation at every
time step. On the basis of prior distribution of the vortex
tracer Try (black, ¢ = f) all APs that were advected or mixed
into a later vortex (blue solid contour, at ¢ = ¢, + Af) and
therefore have Try < 1.0 (red) are reinitialized with the
vortex correlation. Try is reinitialized to zero outside (green)
and to one inside the vortex before the next time step.
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Figure 8. Probability density function of neighboring air parcel N,O difference from CLaMS
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(dotted line). Air parcel statistic confined to region north of 60°N and with AP distance <500 km.

scribed distance offers an effective way to analyze the
variability of tracer distributions [e.g., Sparling, 2000;
Sparling and Bacmeister, 2001]. In turbulent flows, an
anomalously high probability of extreme spatial fluctuations
of tracers, termed intermittency, is expected, and conse-
quently, the corresponding PDFs are characterized by a
Gaussian core and non-Gaussian “‘fat” tails [Shraiman
and Siggia, 2000]. An important advantage of using this
technique is that different models can be compared with
respect to their ability to resolve the spatial variability of
tracers even if the simulated structures do not perfectly
match, e.g., due to inaccuracies in the advection scheme.
Such errors cannot significantly change the statistics of the
tracer differences and thus the shape of the PDFs.

[32] To compare E39/C with its semi-Lagrangian trans-
port scheme [Williamson and Rasch, 1994] and associated
high numerical diffusion to CLaMS results, we evaluate the
PDFs of the N,O mixing ratio gradient in both CLaMS
simulations and E39/C data. A recent study by Khosrawi et
al. [2005] made use of tracer difference PDFs in CLaMS to
compare CLaMS results with satellite observations from the
Cryogenic Infrared Spectrometer and Telescope for the
Atmosphere (CRISTA [Offermann et al., 1999]) instrument
and to the Eulerian CTM Karlsruhe Simulation model of the
Middle Atmosphere (KASIMA [Kouker et al., 1999]).
KASIMA in turn was used by Eyring et al. [2003] for the
validation of E39/C subtropical mixing.

[33] Figure 8 shows the PDF of N,O differences on
1 April from the E39/C tracer field (dotted line) and
CLaMS simulations with optimized mixing (i.e., the refer-
ence setup used in this study, thick solid line), enhanced
mixing (grid resolution r = 250 km, /. = 0.4 d '), and
reduced mixing (r = 200 km, £, = 2.0 d~"). Referring to
Khosrawi et al. [2005], Figure 8 the reference simulation
shows good agreement with CRISTA observations and the
E39/C distribution is similar to KASIMA (note that their
study uses different latitude range and time period). With
the control over mixing that is possible in CLaMS, the

diffusivity was continuously increased (lower resolution,
shorter time interval, increasing Lyapunov exponent) to
study the sensitivity of the tracer gradient PDF and vortex
passive ozone to varying diffusion. The time interval is
constrained by the availability of meteorological fields
(shortest interval At = 12 hours) and the resolution by
the stability of the three-dimensional air parcel distribution
(r < 300 km, 8 = 360-610 K). The PDF for enhanced
mixing is shown in Figure 8 as the innermost solid line;
overly enhanced mixing in CLaMS falls slightly short of
simulating a distribution that matches the PDF generated
from the E39/C April N,O field.

[34] By imitating the E39/C tracer difference PDF with a
CLaMS simulation, we show that the result of numerical
diffusion is very similar in E39/C and CLaMS with
enhanced mixing. We use this similarity of diffusion and
the knowledge that both models use the same meteorolog-
ical information to relate information on the TRAC tech-
nique gathered with CLaMS to E39/C. By analogy, we
expect that TRAC applies to E39/C in the same manner as
to CLaMS (enhanced mixing) and that the error estimate
given for the TRAC method with CLaMS is of similar
magnitude in E39/C. Table 1 summarizes the sensitivity of
the TRAC error with respect to a passive ozone tracer for a

Table 1. Sensitivity of the Difference Between TRAC-Derived
Chemical Column O3 Loss and O3 Loss Calculated With a Passive
O3 Tracer to Varying Diffusivity”

Ao3pa?s -

r, km L. At hours AO;™ DU
Reduced 100 0.8 24 4.7
Reduced 200 2.0 24 5.9
Standard 200 1.2 24 5.9
Enhanced 200 0.2 24 7.7
Enhanced 250 0.6 24 5.1
Enhanced 250 0.4 24 8.3

“Results from selected CLaMS simulations are shown.
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Figure 9. E39/C methane-ozone vortex correlation for January (grey) and April (colored, color
indicates potential temperature). Chemical column ozone loss (hatched area) is evaluated between the
polynomial fits to both correlations and amounts to 37 DU.

range of CLaMS simulations with different mixing intensity.
The largest TRAC overestimation was found for the CLaMS
simulation with most enhanced mixing, though no signifi-
cant trend could be determined. Overestimates range from
4.7 to 8.3 DU; the TRAC error on E39/C wind field due to
mixing should be similar to the latter value, found for large
CLaMS diffusivity.

[35] Using the tracer-tracer correlation technique, the 90-day
chemical ozone loss calculated for the coldest winter of the
2015’ time slice is 37 DU, integrated between 380 and 550 K
potential temperature (Figure 9). To compare this value to
chemical ozone loss calculated for winters of the 1990s
several effects have to be considered: (1) the underestima-
tion introduced by the TRAC method, (2) the lower
chlorine loading (—9%) specified for 2015 versus 1990,
and (3) absence of bromine cycles in E39/C; bromine
reactions may be responsible for at least 25% [Bregman et
al., 1997] and up to 50% [Frieler et al., 2006] of chemical
ozone loss. If we assume that bromine cycles are roughly
responsible for one third of the chemical loss, we need to
add 50% to the results from a simulation without Br; if
chemical ozone loss decreases to a first order approximation
linear with chlorine loading, we need to add 11% to scale
from 2015 to 1990 boundary conditions; finally we add
8.3 DU to correct for the TRAC underestimation. To compare
the E39/C TRAC-calculated chemical ozone loss of 37 DU in
2015 to the 1990s, the term 37 DU x 150% x 111%+ 8.3 DU
yields a value of 70 DU.

[36] This hypothetical value for the 1990s compares well
to observed cold Arctic winter chemical ozone loss: Harris
et al. [2002] show for the cold Arctic winter 1999/2000
chemical ozone loss on the order of 80—105 DU across a
variety of methods. Rex et al. [2004] calculate between 57
and 103 DU for the coldest winters (1992/1993, 1994/
1995, 1995/1996, 1996/1997, 1999/2000) of the 1990s; for

these winters, Tilmes et al. [2004] give a range of 46—
92 DU.

6. Conclusion

[37] The principle action of internal mixing and mixing
across the vortex edge on ozone loss derived with the tracer-
tracer correlation technique (TRAC) is discussed in detail.
Compared to both a reference relation and to a starting
value, the ozone decrease in internally mixed air parcels
may in principle be falsely interpreted as being due to
photochemical ozone destruction. However, it is unlikely
that the required homogenization within the vortex only
occurs after a period of unmixed differential descent. If
differential descent and internal mixing occur in frequent
small steps, the error introduced into chemical ozone loss
estimates is small.

[38] Mixing-in of midlatitude Oj-rich air increases O;
relative to CH,4, can mask chemical ozone loss and lead to
an underestimation of chemical ozone loss when calculated
with TRAC. This underestimation is consistent across all
altitudes where chemical ozone loss occurs and is indepen-
dent of the shape of isentropes in tracer-tracer space.
Techniques that calculate chemical ozone loss with respect
to an earlier ozone observation may underestimate or
overestimate chemical loss depending on the shape of
isentropes. The error in the determination of TRAC-derived
chemical ozone loss decreases with decreasing altitude.
Thus TRAC minimizes the error of column chemical ozone
loss calculations where the largest contribution to the Oj
column comes from lower altitudes.

[39] We assess the applicability of the tracer-tracer corre-
lation method as a tool for deducing ozone loss from the
results of chemistry-climate models. Two requirements for
successful application of TRAC have to be met: (1) exis-
tence of a compact early winter vortex relationship and
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(2) sufficient isolation of the vortex over the winter/spring
episode. For modeled data only, the additional influence of
numerical diffusion on TRAC has to be quantified. For the
E39/C simulation, we confirm that the necessary require-
ments are fulfilled. We employ the chemistry transport
model CLaMS to independently provide a measure of
spring ozone from a passive ozone tracer (O5*®) and
evaluate the performance of TRAC. In high-diffusivity
CLaMS experiments we show by analogy that enhanced
numerical diffusion has only a small effect on TRAC-derived
chemical Os loss in E39/C.

[40] With respect to the passive ozone method, TRAC
underestimated chemical ozone loss by 4—8 DU due to
mixing processes and numerical diffusion; at the typical
magnitude of Arctic ozone loss, the relative error is ~10%.
We quantify separately the effects of internal mixing and
mixing across the vortex boundary on TRAC-derived
chemical ozone loss: The underestimation of ozone loss
by TRAC is found to be dominated by mixing across the
vortex boundary. A technique to isolate internal mixing
from mixing across the vortex edge in a Lagrangian
transport model is provided. Internal mixing does not
impact the analysis of ozone loss by the TRAC technique
even for the case of strong differential descent.

[41] This first successful application of TRAC on a CCM
simulation is an important milestone: chemical ozone loss
from a variety of CCMs can be calculated with TRAC if the
necessary TRAC requirements are met and if the magnitude
of additional mixing introduced by numerical diffusion on
TRAC can be estimated. The error for a particular CCM can
be assessed by comparing passively transported ozone from
a chemistry transport model simulation to TRAC-derived
ozone. Since the validation of CCMs has recently been
brought forward by a SPARC initiative [Eyring et al.,
2005], we propose that within this framework, CTMs such

three techniques are independent of chemical ozone

as CLaMS should be routinely applied for the validation of
chemical ozone loss in CCMs.

[42] There is a large and yet unused potential of TRAC to
analyze existing CCM results for chemically destroyed
ozone. With TRAC, it will be possible to extract informa-
tion about chemical ozone loss from archived CCM simu-
lations, which would otherwise have required expensive
new simulations with these CCMs. With this new informa-
tion about chemical ozone loss from existing climate model
simulations, we should be able to make improved predic-
tions of past and future simulated halogen impact.

[43] We conclude that the tracer-tracer correlation tech-
nique (TRAC) is a conservative and consistent measure of
chemical ozone loss. Its area of application is not limited to
observations but should be expanded to simulated data as
well.

Appendix A: Bias of TRAC Under
Chemical O3 Loss

[44] Intuitively, the effect of mixing across the vortex on
O; loss estimates depends on the magnitude of chemical
ozone loss: the larger the separation between the midlatitude
relationship and a relationship inside the vortex is, the more
does mixing affect the loss calculation. However, we
demonstrate here that the difference between three widely
used methods to determine chemical ozone loss does not
depend on the magnitude of chemical ozone loss. Let us
suppose that chemical ozone loss occurred in an air parcel
represented as point A in Figure A1, which lies below point
R on the reference relation; R also represents the value of a
passive ozone tracer. After a mixing event across the vortex
with an air parcel E, A, and R are mixed along mixing lines
to A" and R’. The intensity of mixing is given by (1 — 3) =
RR’/RE where (3 is the fraction of vortex air after a mixing
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event and =1 corresponds to no mixing. With the passive
ozone tracer method, ozone loss equals

AOP™ = AR’ = AR. (A1)
Mixing decreases the initial ozone loss AR to A'R’; the
difference between A'R’ and AR is proportional to chemical
ozone loss and to mixing intensity.

[45] If one evaluates chemical ozone loss against a fixed
starting value of ozone the calculated chemical loss
becomes

AO;“"‘“A’ D = AR’ — DR’

= AOP™ — (1 — B)BE. (A2)
The error e; = DR’ of this method with respect to the
passive ozone tracer is proportional to mixing intensity and
proportional to the vertical separation of midlatitude and
reference relations BE. Depending on the relative position
of B and E, ozone loss can be overestimated or under-
estimated.

[46] Chemical ozone loss evaluated with TRAC deviates
from AOS*® by e; + e, = CD’. The summand e, = CD can
be calculated from the slope of the reference relation v =
—CD/RD and the horizontal component of the separation
between midlatitude and reference relation RB.

A0 = A'C = A'R' - CD — DR
= AOY™ —ARD — (1 — )BE

— AOM —(1-B)RB—(1—#BE, (A3

The TRAC error e; + e, is proportional to mixing intensity
and increases with the separation of vortex and midlatitude
relationships; it is independent of chemical ozone loss AR.
Even for negative values of e; the sum e; + e, is positive,
because the magnitude of the slope of the vortex relation-
ship is greater than the slope of any isentrope and thus e, >
—eq; when the vortex slope is close to the slope of the
midlatitude relationship, the TRAC error is at its minimum:
TRAC consistently underestimates chemical ozone loss
compared to a passive ozone tracer.
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