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Abstract

We infer the interannual variability of inorganic chlorine in the Antarctic lower stratospheric
vortex using nine years of Aura Microwave Limb Sounder (MLS) nitrous oxide (N,O)
measurements and a previously measured compact correlation. Inorganic chlorine (Cly) is the
sum of the destruction products of long-lived chlorine-containing source gases. Its correlation
with N;O, derived from observations in the year 2000, is scaled to the years 2004-2012 to
account for subsequent N,O growth and chlorofluorocarbon decline. The expected annual Cly
change due to the Montreal Protocol is -20 ppt/yr, but the MLS-inferred Cly varies year-to-
year from-200 to +150 ppt. Because of this large variability, attributing Antarctic ozone
recovery to a statistically significant chlorine trend requires 10 years of chlorine decline. We
examine the relationship between Equivalent Effective Stratospheric Chlorine (EESC) and
ozone hole area. Temperature variations driven by dynamics are a primary contributor to area
variability, but we find a clear linear relationship between EESC and area during years when
Antarctic collar temperatures are 16 or more below the mean. This relationship suggests that
smaller ozone hole areas in recent cold years 2008 and 2011 are responding to decreased
chlorine loading. Using ozone hole areas from 1979-2013, the projected EESC decline, and
the inferred interannual Cly variability, we expect ozone hole areas greater than 20 million
km? will-occur during very cold years until 2040. After that time, all ozone hole areas are

likely to be below that size due to reduced EESC levels.

Key points (80 characters max):

Antarctic inorganic chlorine (Cly) variability is inferred from N,O, 2004-2012
Interannual Cly variability can be +10 times greater than its expected decline

The Antarctic ozone hole will still be large during very cold years until 2040
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1. Introduction

The Antarctic ozone hole, first reported by Farman et al. [1985], has been an annual feature
of the stratosphere for more than 30 years. Its area depends primarily on inorganic chlorine
(Cly) and-temperature in the polar vortex [Newman et al., 2004]. From 1980 to 1992, the
lower stratospheric Cly abundance nearly doubled and the ozone hole area, as measured by
the area with column O3 less than 220 Dobson Units (DU), grew from less than 2 to greater
than 20 million km? (M km?). During the 1990s, Cly growth slowed and then ceased due to
the effects of the Montreal Protocol and its amendments and adjustments that regulated
production of ozone-depleting substances (ODSs), the sources of most stratospheric Cly. The
decline of Cly since the early 2000s has been confirmed by column measurements of CIONO;
and HCI, the primary components of lower stratospheric Cly, and by satellite observations of
HCl in the upper stratosphere, where it represents ~100% of Cly [Rinsland et al., 2003;
Froidevaux et al., 2006]. The ozone hole area also ceased its rapid growth by the mid-1990s
and since then its annual size variations have been dominated by dynamically driven
temperature variations near the vortex edge or ‘collar’ region, 60-75°S. Lower temperatures
there lead to increased surface area on sulfate aerosol and polar stratospheric cloud particles,
increasing heterogeneous phase conversion of chlorine reservoir species into reactive chlorine
species, i.e., ClOy. This chlorine activation increases ozone loss and the area of the ozone hole

[Kawa et al., 1997; Newman et al., 2004, 2006].

Numerous methods have been used to diagnose the severity of the Antarctic ozone hole,
including the spring minimum column O3, the time-averaged area with column O3 less than
220 DU [Uchino et al., 1999; Newman et al., 2004], the October mean column Os from 63°-
90°S [WMO, 2003], and the ozone mass deficit [Uchino et al., 1999; Bodeker et al., 2005;
Huck et al., 2007]. The 220 DU choice represents a value lower than most ground-based

observations prior to the first appearance of the ozone hole. It typically occurs within a sharp
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column gradient region, making the area fairly insensitive to this choice or instrument
calibration. The ozone mass deficit or deficiency (OMD) calculates an ozone mass loss
relative to a column O3 from a pre-ozone hole period, e.g., before 1976 [Uchino et al., 1999],
but can also be calculated with respect to 220 DU [Bodeker et al., 2005]. Because it counts all
molecules of O3 lost within a given spatial and temporal range, the OMD may be a more
sensitive diagnostic of ozone loss than the <220 DU area definition. Bodeker et al. [2005]
found that OMDs increased significantly in the 1990s while Newman et al. [2004] reported

that the area with less than 220 DU Os levelled off by the early 1990s.

Whether defined by the area with column O3 less than 220 DU or by OMD, the Antarctic
ozone hole first appeared around 1980. It is expected to disappear this century as ODSs
decline. Projections from chemistry climate models (CCMs) for the return to 1980 October
Antarctic column O3 span a 40-year range that begins in the next decade [Strahan et al.,
2011]. However, the CCMs’ return to their simulated 1980 ozone levels is not synonymous
with the disappearance of the ozone hole; the majority of CCMs continue to produce hole
areas of 5-10 M km? until 2080 [SPARC, 2010]. Newman et al. [2006] used a parametric fit
of ozone hole areas to Cly and Bry abundance and temperature to project how the area will
decline as halogen loading decreases. An updated version of this parametric projection
predicts that a decrease in area due to declining halogens, distinguishable from the effects of
temperature variability, will occur between 2015 and 2033 [Kramarova et al., 2014], with full

recovery (i.e., zero area) occurring 40-50 years later.

The recovery of Antarctic ozone is slow because the lifetimes of the major ODSs CFC-11
(CFCl3) and CFC-12 (CF,Cly) are long, 52 and 102 yrs respectively [SPARC, 2013],
resulting in a Cly decline rate of less than 1%/yr. Because ozone depletion depends on
abundances of both inorganic chlorine and bromine, the concept of Equivalent Effective

Stratospheric Chlorine (EESC) was developed to quantify their combined destructive
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potential [Daniel et al., 1995; WMO, 2003]. Newman et al. [2007a] use a formulation for
EESC that takes into account the altitude-dependent release of Cl and Br from organic
halocarbons during stratospheric transport (i.e., fractional release) to project the decline of
EESC and Cly in the 21% century. They estimate that EESC has declined nearly 200 ppt
between 2004 and 2013 (~0.8%/yr) in the lower stratosphere Antarctic vortex for potential
temperatures between ~400-500 K where mean age is ~4.5-5.8 yrs. While a global decline in
HCI of 0.8 %/year has been detected above the stratopause [Froidevaux et al., 2006] and in
HCI and CIONO; columns [Rinsland et al., 2003], there are no vertically resolved lower
stratospheric measurements of all the Cl, components (i.e., HCI, CIONO,, ClI,O,, CIO, etc.)
inside the Antarctic spring vortex that quantify the decline at the levels where most ozone

depletion.occurs.

Many of the Cl-containing species produced from photolysis of chlorofluorocarbons (CFCs)
have short photochemical lifetimes but their sum, Cly, is conserved and can be treated as a
long-lived trace gas. Stratospheric transport and its variability play a key role in determining
Cly distributions [Waugh et al., 2007]. Nitrous oxide (N2O) is a long-lived trace gas emitted
at the surface with a lifetime of more than one year outside the tropics at altitudes below 30
hPa. Kawa et al. [1992] used the compact correlation they found between N,O and the long-
lived CFCs measured during two aircraft campaigns to estimate Cly mixing ratios in the
Arctic and Antarctic lower stratosphere. Plumb and Ko [1992] explained that the observed
compact correlations were expected, including the one derived between N,O and Cly, because
the timescale for isentropic transport is shorter than the species’ local photochemical
lifetimes. Plumb [2007] expanded the theoretical understanding of tracer correlations,
showing why distinct correlation curves occur in tropical, middle, and polar latitudes. Other
aircraft studies continued the use of the compact correlation between N,O and CFCs to

calculate inorganic chlorine [Woodbridge et al., 1995; Schauffler et al., 2003]. The Schauffler
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study used aircraft data from a comprehensive set of organic chlorine measurements and N,O

to calculate Cly as a function of N,O over the range of 50-315 ppb.

In this study, we infer inorganic chlorine variability inside the Antarctic lower stratospheric
vortex for 2004-2012 using N,O observations from the Microwave Limb Sounder (MLS) and
the compact relationship between N,O and Cly derived from observations by Schauffler et al.
[2003]. The observations and a supporting chemistry transport model simulation are
introduced in Section 2. In Section 3 we present MLS N,O observations inside the Antarctic
vortex and show the methodology used for scaling the Schauffler et al. [2003] relationship to
the Aura observation period. Our results provide an observationally-derived assessment of
vortex-averaged Cly variability at levels where Antarctic ozone depletion occurs. In Section 4
we examine the relationship between EESC and ozone hole area, a metric of the severity of
ozone depletion [WMO, 2003]. In Section 5, we use a metric for Antarctic collar
temperatures to identify the relationship between EESC and ozone hole area during very cold
years. Using this relationship, the projected decline in EESC in the coming decades, and the
observed interannual variability of Cly, we estimate when the ozone hole will be consistently

smaller than 20 M km?.
2. Observations and the GMI Simulation

Aura MLS version 3.3 Level 2 measurements of N,O and temperature in the lower
stratosphere (46.4, 68.1 and 100 hPa) are used in this analysis. The accuracy of v3.3 N,O is
unchanged from version 2.2 [Livesey et al., 2011; Lambert et al., 2007] and its vertical
resolution is ~4 km. The estimated 26 accuracy of N,O data is 13% for 46 and 68 hPa
retrievals and 25% for the 100 hPa data; correlative data from the SCISAT-1 Atmospheric
Chemistry Experiment (ACE) instrument [Strong et al., 2008] agree with MLS values within
+5% at these pressure levels. The primary band for MLS N,O retrievals failed on June 6,

2013, and subsequent profiles retrieved using a different band are noisier and high biased at
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100 hPa compared to measurements using the primary band [A. Lambert, pers. comm.]. For

this-analysis we limit observations to 2004-2012, before band failure.

We use Antarctic ozone hole area data from 1979-2013 to investigate their relationship to
EESC abundance. The area data were obtained from the NASA Ozone Watch website

(http://ozonewatch.gsfc.nasa.gov/meteorology/annual data.html). Ozone hole areas are

calculated as the area inside the 220 DU contour of satellite-measured total column O3

[Newman et al., 2004].

To demonstrate the global nature of the compact correlation between N,O and Cl, we use the
Global Modeling Initiative (GMI) chemistry and transport model (CTM) integrated with
1°x1.25° horizontal resolution meteorological fields from the Modern Era Reanalysis for
Research and Applications (MERRA) [Rienecker et al., 2011; Strahan et al., 2013]. The GMI
CTM has been integrated from 1990-2013 with realistically changing source gas boundary
conditions for N,O and the CFCs. Strahan et al. [2013] evaluated GMI-MERRA transport in
the Arctic lower stratosphere and showed excellent agreement between simulated and
observed-N,O distributions. They demonstrated that important high latitude stratospheric

transport processes - polar descent and isolation — were well-represented in this simulation.

3. N2O and Inferred Inorganic Chlorine in the Antarctic Vortex

3.1 Lower Stratospheric N,O in the Late September Vortex

MLS N,O measurements inside the Antarctic vortex during spring show large year-to-year
variability. Figure 1 shows the full range of the variability on the 450 K isentropic surface
(~50-70 hPa). The lowest N,O values were observed in 2005, when large areas inside the

vortex had less than 90 ppb (Fig. 1a), and the highest values were observed in 2011, when

few mixing ratios were less than 110 ppb (Fig. 1b). The vortex edge, shown in white, was
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determined using MERRA potential vorticity (PV) and the location of the steepest PV
gradients.on an isentropic surface [Nash et al., 1996]. Figure 1c shows the frequency
distributions of N,O mixing ratios inside the vortex at 450 K for the period 21-30 September
for each year of observations. The vortex is intact and well-defined on these dates in all years
shown. Three of the years (2005, 2007, and 2009) have similar, low N,O distributions with
maxima near 95 ppb. One year, 2011, has a singularly high distribution with a broad peak
centered near 130 ppb, and the remaining five years are similar to each other and have
maxima near 110 ppb. Typical year-to-year variations are about 20 ppb. The approximately
biennial variations suggest that the Quasi-Biennial Oscillation (QBO) influences vortex
composition. Hofmann et al. [1997] speculated that the quasi-biennial variations in ozone loss
rates they calculated from ozone sonde data might be driven by QBO variations in the
transport of halogens to the Antarctic. Transport variations that affect halogens would

similarly affect other long-lived species such as N,O.

Figure 2 shows the year-to-year variations in vortex mean N,O on the 450 K surface,
calculated from the mean values of each MLS N,O distribution in Fig. 1c. The dashed line in
Figure 2 shows the time series of vortex mean N,O variability simulated by the GMI CTM.
The simulated year-to-year variability agrees closely with the observations and has a
correlation of 0.95 with the observed time series. Lower stratospheric N,O is controlled by
transport and the GMI simulation integrated with the MERRA reanalysis credibly represents
the interannual variations of transport by the Brewer-Dobson circulation during the Aura

period.

3.2 The Compact Correlation Between N,O and Cly, 2000-2012

Nitrous oxide and CFCs are emitted at the surface. They enter the stratosphere in the tropics
and are slowly transported upward by the Brewer-Dobson circulation. In the middle and

upper stratosphere, N,O is destroyed primarily by photolysis but also by reaction with O(*D),
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which leads to production of odd nitrogen (NOy).CFCs are destroyed by photolysis,
producing Cly [Hall et al., 1999]. Below 30 hPa the local photochemical lifetimes of N,O and
the CFCs in the extratropics are long (~years) while the timescale for isentropic mixing is
much shorter (~months). This produces a compact tracer-tracer relationship between N,O and
long-lived CFCs, and additionally, between N,O and Cly, the product of CFC destruction.
The subtropical and polar mixing barriers result in distinct tracer-tracer curves for the tropics,

middle, and high latitudes [Plumb, 2007].

Using comprehensive measurements of organic halocarbons and N,O in the 50-315 ppb range
inside and outside the Arctic vortex, Woodbridge et al. [1995] and Schauffler et al. [2003]
each found a single, compact relationship between N,O and Cly, not separate curves for mid
and polar latitudes as described by Plumb [2007]. This can be understood by considering the
range of N,O values found in the mid and high latitude lower stratosphere. The winter N,O
climatology derived from a decade of lower stratospheric aircraft observations in the Arctic
and Antarctic [Strahan et al., 1999] shows that between 400-500 K (~100-40 hPa), N,O
values below 180 ppb are only found inside the vortex. The compact correlations found by
Schauffler and Woodbridge can be thought of as two correlation curves, for midlatitude and
vortex air, that meet near 180 ppb N,O. The transition between the mid and high latitude
correlations is suggested by Figure 5 of Woodbridge et al. [1995], which shows increased
compactness of the N,O and organic halocarbons (CCly) relationship where N,O < 180 ppb;
Figure 7 of Schauffler et al. [2003] shows a transition between two different slopes in the

N,O/Cly curve that occurs between 170-190 ppb NO.

The compact correlation between N,O and Cly can be used to infer Cly variability inside the
Antarctic vortex from MLS N,O observations. Because the relationship determined in
Schauffler et al. [2003] used lower stratospheric measurements in the Arctic, we first show

that the compact correlation is also valid in the Antarctic. This is accomplished using a GMI
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CTM simulation. In addition, because N,O has increased and CFCs have declined since 2000,

the correlation must be scaled for the period of the MLS measurements, 2004-2012.

We compare the Schauffler relationship with N,O and Cly from the GMI simulation in the
year 2000 to show that the same correlation curve is found in both hemispheres. The top
panels of Figure 3 show the GMI N,O/Cly correlations between 400-500 K in southern and
northern latitudes poleward of 50° (black) and compare them to the relationship determined
from lower stratospheric observations 52-88°N in the winter of 2000 (blue) [Schauffler et al.,
2003]. While the curvature of the GMI correlations is slightly greater than Schauffler,
indicating stronger mixing in the simulation, GMI N,O and Cly in both hemispheres show a
compact, nearly identical correlation at these levels in winter months in close agreement with
the aircraft observations. This demonstrates that the Schauffler relationship can be applied to

the Antarctic lower stratosphere in winter.

Next we scale the relationship measured by Schauffler et al. [2003] to account for trends in
N2O and Cly since 2000. To appropriately scale the relationship for each year, we increase
N3O by its observed surface growth between 2000 and 2009 of 0.77 ppb/yr [Elkins and
Dutton, 2009] and decrease Cly by the decline projected by an updated version of the
Newman et al. [2007a] EESC calculation, which estimates past and future Cly levels based on
surface CFC measurements, CFC lifetimes, and mean ages and spectral widths appropriate
for the Antarctic lower stratosphere (4.4-5.8 years and spectral width of half the mean age).
This results in a Cly decline of 20-22 ppt/yr in the polar lower stratosphere. We demonstrate
the validity of this approach by scaling the Schauffler relationship for each year from 2001-
2012, then comparing these results with the GMI simulated N,O and Cly for 2012, the final
year used in this study which therefore has the greatest change (scaling) since 2000.
Transport produced by the MERRA meteorological fields used in the GMI CTM has realistic

circulation and mixing (i.e., it produces good mean ages) and the GMI simulation uses N,O
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and CFC surface boundary conditions that change realistically during this period. If the
scaling method is correct, we expect the GMI simulated N,O/Cly, relationship in 2012 to
match the Schauffler relationship that has been scaled by 12 years of N,O growth and Cly

decline.

Figure 3c shows close agreement between the simulated compact correlation in 2012 (black)
and the scaled Schauffler relationship (red). The agreement between the 3-dimensional global
model calculation and the scaling method effectively confirms that the mean age and spectral
widths used in the EESC calculation (which generates the Cly decline rates for the scaling)
are appropriate for the Antarctic lower stratosphere. The dashed lines in Figure 3c show the
sensitivity of the relationship to a £5% variation in scaling. The simulated 2012 correlation
falls completely inside this envelope, demonstrating the appropriateness of the scaling to
within 5%. Figure 3d shows the scaling for the years 2004 and 2012 to illustrate the

magnitude of scaling.

Note that although the scaling allows us to infer Cly mixing ratios from N,O, we are primarily
interested.its variability. Small inaccuracies in this method have negligible impact on Cl
variability as it is determined by the slope of the line, dCI,/dN,O, which changes little over
the observation period. Within the N,O 60-180 ppb range of the MLS observations used here,
the slopes change by less than 15% in 12 years, thus a 10% error in the scaling would amount
to little more than a 1% effect on the scaled slope and the inferred variability by 2012. A 10%
bias in MLS N,O will produce ~5% error in C, variability because dCly/dNO is nearly linear

over £10% variations in N,O.

3.3 Inorganic Chlorine Inferred from N,O, 2004-2012

Figure 4a shows that the same pattern of interannual variability of MLS N,O is found on the

425, 450, and 500 K surfaces inside the Antarctic vortex. We use the appropriately scaled
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Schauffler relationship for each year from 2004-2012 to calculate vortex mean inorganic
chlorine using the vortex mean N,O data shown here. The analysis is restricted to 425-500 K
because the 400 K surface is sometimes below 100 hPa inside the vortex, and N,O values
above 500 K are generally below the range of the Schauffler data and dCly/dN,O is small.
Figure 4b presents inferred Cly and its interannual variability inside the Antarctic vortex
during early spring ozone depletion. The black lines on the figure show projected Cly
[Newman et al., 2007a] calculated for mean ages between 4.4 and 5.8 years (at 0.1 year
intervals); these lines indicate the ranges of mean age variations on the three isentropic
surfaces. Although the expected Cly decline due to the Montreal Protocol is 20-22 ppt per
year at these mean ages, this analysis shows that Cly does not exhibit a monotonic decline.
We find that year-to-year variations in Cl, range from -200 ppt to +150 ppt on the 450 K
surface. The transport variability that affects vortex composition causes year-to-year
variability in vortex Cly that is nearly ten times the size of the expected annual decline due to

the Montreal Protocol.

A statistically significant decline in chlorine inside the Antarctic vortex is a prerequisite for
attribution of Antarctic ozone hole improvement to the impact of the Montreal Protocol. We
quantify the interannual Cly variability using the difference between the MLS-inferred Cl,
and Cly calculated with the mean age appropriate for that isentropic surface [Newman et al.,
2007a]. Figure 4b shows that the average mean age for Cly on the 450 K surface is 5.2 years.
Two standard deviations (20) of this difference on the 450 K surface is 196 ppt (5.3% of the
calculated Cly). The projected rate of Cly decline since its peak in 2000 is 20-22 ppt/year, thus
10 years (2010) is necessary to obtain a decrease in Cly significant at the 2c level. The next
step.in attributing ozone hole recovery to the Montreal Protocol is to establish a relationship
between Cly decline and a decrease in ozone hole area. To do this, dynamical variability

[Newman et al., 2004] and the variability in Cly identified here must both be accounted for.
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4. Cly, EESC, and Ozone Hole Areas from 1979-2013

The comparison of MLS-derived Antarctic Cly time series on three isentropic surfaces
(colored lines) in Figure 4b with updated Cly projections from the Newman et al. [2007a]
EESC calculation (black lines) shows that these surfaces have average mean ages of 4.9 +
0.2,5.2+0.2,and 5.7 £ 0.2 yrs (2o variation). The downward slope of these lines reflects the
impact of the Montreal Protocol of -20 to -22 ppt/yr on lower stratospheric Cly at these mean
ages during the past decade and comes from the Cly decline used to scale the N,O/Cly
relationship. In the remaining analyses we show only the 450 K results for the sake of
simplicity and associate them with the EESC calculation having a mean age of 5.2 yrs, based
on the results in Figure 4b. The 450 K surface, ~50-70 hPa, is a good choice for the analysis
with respect to ozone hole area because temperature variations at these levels in the collar

region have a large impact on chlorine activation [Newman et al., 2004].

While ozone depletion depends on Cly and Bry (i.e., EESC), changes in Cl, are responsible
for most of the changes in EESC since 2000. Figure 5a shows how Cly, EESC, and ozone
hole area have varied during the period of satellite column O3 observations, 1979-2013.
(There are no NASA satellite Antarctic column O3 data in 1995.) This figure shows
calculated EESC (black line) and Cly (red line) using a mean age of 5.2 yrs; the MLS-derived
Clyand EESC are shown for 2004-2012 (asterisks). ‘MLS-derived’ EESC for 2004-2012 was
obtained by adding the Bry time series from the Newman et al. [2007a] EESC calculation to
the MLS-derived Cly on the 450 K surface. Transport-driven variability of Cl, and EESC
prior to 2004 is assumed to be similar to that derived here. Bromine-containing species
constitute 20-25% of EESC and are mostly shorter-lived (i.e., are photolyzed at lower
altitudes) than CFC-11 and CFC-12 and thus their contribution is less sensitive to transport
variability in the polar lower stratosphere where mean age is > 4.5 years [Newman et al.,

2007a]. The ozone hole area (blue) is calculated from NASA satellite observations of total
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column O3 less than 220 DU [Newman et al., 2004]. The area shown is an average over 11-30
September, a period when O3 losses are high but dynamical disturbances are relatively weak.
The year-to-year variations in MLS-derived Cly (or EESC) and area are uncorrelated because
their variability has different sources. The area variability is due to the particular wave-driven
dynamical disturbances that affect temperature in late winter/early spring of each year, while
the Cly variability comes from composition variability inside the Antarctic vortex, which is
strongly isolated from mixing with midlatitude air. MLS N,O in the Antarctic middle
stratosphere in fall (April) shows variability similar that found in September in the lower

stratosphere, suggesting the composition variability arrived via descent within the vortex.

Figure 5a shows that EESC (and Cly) and area increase rapidly until the mid-1990s. After
that, the relationship between EESC and area is difficult to see because year-to-year area
variations are much larger than year-to-year EESC or Cly changes. To clarify their
relationship, EESC and area are presented as a scatterplot in Figure 5b. The points from the
mid-1990s to the present appear as a large cluster with EESC > 3300 ppt. All the MLS-
derived EESC values are part of this cluster and are shown in blue. Although interannual
variations in vortex temperature create scatter in the area, the slope of all the points in Fig. 5b
suggests that even at the highest EESC levels, O3 loss was not saturated at all locations inside
the vortex where temperature was sufficiently low. Similar results are found using another
ozone loss diagnostic, the ozone mass deficit (OMD). A plot of EESC against the 0zone mass
deficits calculated by Huck et al. [2007] for years 1979-2004 shows a generally linear

relationship and slightly greater scatter (not shown).
5. The Effects of EESC and Temperature Variability on Ozone Hole Area

Since the early 1990s, any dependence of Antarctic O3 hole area on EESC has been difficult
to discern because the area varied widely, from 18-27 M km? (excluding 2002), while EESC

varied over a relatively small range, ~3300-3900 ppt. The area variation is even larger when
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2002 is included, a year with a sudden stratospheric warming that occurred in late September,
unique in.the Antarctic record [Allen et al., 2003]. Interannual variations in tropospheric
wave driving between July and September have a strong effect on Antarctic temperatures in
the collar region and are therefore a primary cause of area variability in early spring
[Newman et al., 2004]. For example, the second smallest ozone hole since 1988 occurred in
2012 (194 M km®) in spite of EESC levels near 3500 ppt. In late September 2012,
temperatures above 20 km (~500 K) rose and caused ozone destruction to cease by early
October, while temperatures below 20 km near the vortex center were low enough for
destruction to continue until mid-October [Kramarova et al., 2014]. The increased
temperatures above 20 km reduced ozone destruction there, leading to a larger than usual
minimum column ozone (139 DU) and smaller area. Temperatures in the collar region impact
area through their control of the spatial extent of polar stratospheric clouds and thus ozone
loss. When they are low and dynamical disturbances are weak, the area with temperatures
below the threshold for PSC formation increases. Ozone hole areas in cold years are larger
because a dynamically stable vortex maintains low temperatures longer, the area of chlorine
activation is larger and more persistent, and catalytic ozone destruction continues for a longer
time over a larger area. In contrast to 2012, the 2006 Antarctic vortex collar region was much
colder than average and the vortex was stable until mid-November [Newman et al., 2007b].
Depletion in the 14-21 km layer was larger than any previous year, EESC was within 5% of
its estimated maximum value, and ozone loss rates in the 22-24 km altitude range were as
large or larger than all preceding years [Hofmann et al., 2009]. The area of the 2006 ozone

hole is the largest yet observed, 27.3 M km?.

Much of the dynamical variability that has obscured the relationship between EESC and area
since-the early 1990s can be reduced by examining their relationship in the coldest years. We

quantify temperature in the collar region, 60-75°S, using 1979-2013 MERRA temperatures to
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calculate their area-weighted mean for 11-30 September each year on the 31, 52, 73, and 100
hPa levels. This is similar to the temperature proxy used by Newman et al. [2006] in their
parametric model of ozone hole area. Figure 6a shows the temperature anomaly with respect
to the mean for each pressure level expressed in standard deviations from the mean. Five
years stand out by having temperatures ~16 below the mean on all four levels: 1987, 1998,

2006, 2008, and 2011.

We use this temperature metric to sort the EESC and area data by collar temperature for years
with areas > 15 M km?. In Figure 6b, the years with collar temperatures at or above the 35-yr
mean at all four levels are shown in red, while years that are 0.9¢ or more below the mean at
all four levels are shown in blue. All other years are shown in green. The EESC values from
2004-2012 are the MLS-derived values. The 1o variability of the inferred Cly (2.67%) is used
to approximate EESC variability in all other years and is shown by the vertical bar. The warm
years are mostly along the left side of the envelope of points, producing small areas for their
EESC values. The coldest years fall on the right side of the plot, produce the largest areas for
their EESC level, and show a linear relationship (dashed line). Date ranges spanning 2 to 5
weeks between 7 September and 13 October produced similar results, and a temperature
metric calculated for 60-90°S instead of 60-75°S identified the same warm and cold years.
Use of the temperature metric to identify very cold years reduces the effect of temperature

variations on area, revealing the underlying relationship between EESC and area.

The three years following the 1991 Pinatubo eruption also have large areas for their EESC
level, much like the coldest years. South Pole ozone sondes showed there was unusual
depletion in the lowermost stratosphere (12-14 km, <380 K) in 1992-1994 due to increased
aerosol surface area, resulting in an estimated additional 10-15 DU loss in these years
[Hofmann et al., 1997]. A similar increase in column O3 loss below 400 K was reported for

the Arctic winter of 1991-92 [Tilmes et al., 2008]. Rex et al. [2004] found that the increased
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polar O3 loss due to Pinatubo aerosols correlated linearly with the log of the aerosol surface

area density.

Figure 6 shows that a clear, linear relationship between EESC and area is found when
temperature variability is greatly reduced. For the years with well-below average collar
temperature throughout the 30-100 hPa region, greater EESC produced larger ozone hole
areas. The relationship between EESC and area in these years suggests that future ozone
holes will continue to be larger than 20 M km? in cold years as long as EESC levels are above

~2850 ppt; this is roughly the 1987 EESC level.

Ironically, it may be that the largest ozone holes of recent years rather than the smaller ones
(e.g., 2010 and 2012) provide evidence for an ozone response to declining Cly levels. The
largest Antarctic ozone hole occurred in 2006 and was one of the coldest years of the 35-year
record. The linear relationship between EESC and area in the coldest collar years suggests
that the smaller areas in 2008 and 2011, also two of the coldest years, are a response to
declining EESC. This would not be apparent without the MLS-derived EESC values.
Compared to the MLS-derived quantities, EESC from the Newman et al. [2007a] calculation
is 37 ppt lower in 2006, 51 ppt higher in 2008, and 130 ppt higher in 2011. The line created
by these points (not shown) runs through 1991, a year with above average collar
temperatures. The relationship between MLS-derived EESC and area in the recent cold years

suggests that the maximum area possible each year depends on EESC.

Based on the historical ozone hole area record shown in Fig. 5a, the projected decline in
EESC due to the Montreal Protocol, and the interannual variability of Antarctic lower
stratospheric Cly, found in this study, we estimate the date when the ozone hole area will be
consistently smaller than 20 M km?. The smoothly declining EESC shown in Figure 7 drops
below 2850 ppt in 2037, but when considering the effect of +1c Cl variability (98 ppt), this

value may occur several years later. At present, ozone holes smaller than 20 M km? occur
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when the vortex is disturbed and collar temperatures are not especially low or enduring. In
the absence of enhanced aerosol surface area in the Antarctic lower stratosphere, all ozone
holes after the 2030s are likely to be smaller than 20 M km? regardless of temperature and
dynamics. This is compatible with the projected decline in Antarctic O3 loss rates reported by
Hassler et al. [2011]. Using the Newman calculation of EESC decline for a mean age of 5.5
years, they found that a statistically significant decrease in O3 loss rates should occur at all

levels between 100-20 hPa by 2030.
6. Conclusions and Summary

MLS N,O observations from 2004-2012 reveal large interannual composition variability
inside the Antarctic lower stratospheric vortex. Using the compact correlation between N,O
and Cly derived from observations in 2000, scaled to account for increased N,O and
decreased CFC abundances since that time, we used MLS N,O to infer the interannual
variability of inorganic chlorine in the Antarctic vortex. The transport variability causing the
observed variations in vortex composition also affects ozone hole area through its impact on
Cly levels.inside the vortex. The downward trend in the 9-yr Cly record is imposed by the
projected decline due to the Montreal Protocol (~220 ppt/decade) that is inherently part of the
scaling method used to infer Cly from N,O, but the year-to-year variability in Cly comes from
the MLS N0 variability with little sensitivity to the scaling. The inferred 2¢ Cly variability,
196 ppt, is roughly ten times larger than the imposed annual decline since 2000 of 20-22
ppt/year. This means roughly 10 years are required for a significant chlorine trend inside the

Antarctic lower stratospheric vortex attributable to the Montreal Protocol.

The magnitude of this geophysical variability effectively prohibits attribution of O3 hole area
reduction to the Montreal Protocol earlier than 2010, 10 years after observations began to
show declining stratospheric Cly [Rinsland et al., 2003; Froidevaux et al., 2006]. Accounting

only for dynamical variability, Salby et al. [2011] report an upward trend in Antarctic column
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ozone since 2000 that they attribute to declining CFCs. Our results demonstrate that both
temperature (i.e., dynamics) and Cly variability must be accounted for in attributing the cause
of ozone hole area variations, casting doubt on their attribution that accounted for dynamical

variability alone.

While projected EESC calculated by Newman et al. [2007a] should be accurate in the mean
because it is based on recent surface observations, updated stratospheric lifetimes for ODSs
[SPARC, 2013], observed fractional releases, and realistic assumptions about the age
spectrum in polar regions, it contains no information on the transport variability that affects
vortex composition, i.e., Cly, in any given year. We found that year-to-year variability in
vortex Cly is equivalent to moving forward or backward by as much as 7 years on the EESC
curve (Fig. 7). The observationally-derived estimates of Cl, (and EESC) give us a clearer
understanding of how area and Cly will vary in the coming decades as the Montreal Protocol

continues to reduce halogen loading.

The historical record shows a clear dependence of ozone hole area on Cly before 1992 when
Cly levels.were rapidly increasing. Since then, Cly changes have been small, and dynamically-
driven variations in temperature have dominated the area variations. We find a clear and
linear relationship between ozone hole area and EESC in years when Antarctic collar
temperatures were one standard deviation or more below the 35-year mean at levels 30-100
hPain late September. The relationship between EESC and area in the coldest years suggests
that ozone holes larger than 20 M km? will continue to occur in very cold years until EESC
levels return to ~2850 ppt, the level calculated for 1987. Given the projected rate of EESC
decline and the observed Cly variability of the past decade, we expect EESC to consistently
be at or below this level after 2040. At current EESC levels, years with a dynamically
disturbed vortex and above average lower stratospheric temperatures can result in an ozone

hole area of less than 20 M km?. In the absence of enhanced volcanic aerosol loading, EESC
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levels in 2040 and beyond are likely to produce ozone hole areas less than 20 M km?
regardless of dynamics. Declining EESC levels make it unlikely that any future ozone holes

will'be as large as 2006.
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Figure 1. MLS N0 on the 450 K isentropic surface on A) September 25, 2005 and B)
September 25, 2011. The 450 K vortex edge (the -4.0 x 10 K m?/kg s potential vorticity
contour) is shown in white. C) MLS N,O frequency distributions inside the Antarctic vortex

on the 450 K surface, averaged 21-30 September each year, 2004-2012.

©2014 American Geophysical Union. All rights reserved.



450 K Vortex Mean

P T

20

—_
]
LI L B N L L BN L L R LR RN L L LR

N,O Anomaly (%)
Q

-10

20 0 w0y

2004 2006 2008 2010 2012
Year

Figure 2. Comparison of 450 K vortex mean N,O anomalies, 21-30 September 2004-2012,
calculated from MLS observations (solid) and the GMI simulation using MERRA

meteorology (dashed). The correlation between the time series is 0.95.
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Figure 3. N,O and Cly from the GMI CTM (black) compared to the Schauffler relationship
(blue) from 2000, 52-88°N: A) GMI Antarctic winter 2000, B) and GMI Arctic winter 2000.
Model points are from isentropic surfaces 400-500 K. C) GMI Antarctic winter 2012
compared to the Schauffler relationship scaled for 2012 (red) and +5% scaling variation. D)
Comparison of the original Schauffler relationship (blue) and the scaled relationships for

2004 and 2012 showing the range of scaling required for Aura time period.

©2014 American Geophysical Union. All rights reserved.



Vortex Mean MLS N,O
180 .
425 K ]
160 .
140} .

120 -

N,O (ppb)

500 K

80:- W\‘-
60 .

o0 . . 4 . — — .
2004 2006 2008 2010 2012
Year

MLS-derived Cl, and Cl,/Mean Age Curves

L L 1

2004 2006 2008 2010 2012
Year

Figure 4. A) Antarctic vortex mean MLS N0, 2004-2012, on three lower stratospheric
isentropic surfaces. B) Based on the scaled Schauffler relationship, MLS-derived Cly in the
Antarctic vortex on the same three isentropic surfaces for late September of each year. The
thin-and thick black lines are the projected Cly time series for mean ages between 4.4 and 5.8

years (0.1 year intervals) from the Newman et al. [2007a] calculation.
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Figure 5. A) EESC (black line) and Cly (red line) for 1979-2013 from the Newman
calculation with mean age 5.2 yrs (approximately 450 K). MLS-derived Cly from this study
(red asterisks) and MLS-derived EESC (black asterisks), calculated from MLS-derived Cl,
and projected Bry [Newman et al. 2007a], are shown for 2004-2012. Ozone hole area
averaged 11-30 September is shown in blue. B) Scatterplot of the EESC and area data shown

in A). MLS-derived EESC values are shown with blue triangles.
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Figure 6. A) Antarctic collar temperature anomalies, 31-100 hPa, based on MERRA zonal
mean temperatures averaged over 11-30 September, 1979-2013. For each pressure level the
anomaly with respect to the 35-yr mean is expressed in units of standard deviation. B) EESC
and area data from Figure 5 for all years with area >15 M km?. Blue points are the years
where collar temperatures were about 1c or more below the mean at all levels, 31-100 hPa.
The dashed blue line shows the linear relationship between EESC and area in the coldest
years. Red diamonds are the years with temperature at or above the mean. All other years are
shown with green asterisks. The vertical bars, shown for years outside of 2004-2012, indicate

the estimated 1o uncertainty in EESC based on the inferred Cly variability at 450 K (Fig. 4b).
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Figure 7. Estimated past and projected future EESC (black line) and MLS-derived EESC,
2004-2012 (red asterisks). The dashed red lines show the estimated 16 EESC variability

based on 9 years of MLS-derived Cly.
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