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1 Overall comments

This paper highlights some results from 22 years of stratospheric 0zone monitoring by
the MOPI microwave radiometer at Lauder New Zealand, and puts them into the large
scale context of global ozone and N20 measured by the MLS microwave radiometer
on the AURA satellite. To me, the take home messages from the paper are

* Unusally high ozone in the mid-stratosphere (near 10 hPa) above Lauder in June
2001 was caused by anomalous transport associated with a strong Australian
(stratospheric) anti-cyclone, that was unusually stationary above New Zealand
throughout June 2001.

* Mid-stratospheric ozone at Lauder (near 10 hPa) shows high correlation with
ozone throughout the Southern hemisphere mid-stratosphere (20_S to 60_S, 20

hPa to 3 hPa). It is also anti-correlated to tropical ozone (around 10 hPa, 10_S

to 10_N), and to Northern hemispheric ozone (around 20 hPa, 20_N to 50_N).

This correlation pattern appears to be caused by QBO modulation of trace gas
transports.

* Enhanced ozone in the mid-stratosphere goes hand in hand with enhanced N20.
Enhanced N20 is usually associated with faster transport in the Brewer Dobson
circulation, which leaves less time for photo-dissociation of N20O. Less photodissociation
means less NOx and less chemical ozone destruction in the midstratosphere.

* Over the 2010 to 2013 period, ozone and N20 mixing ratios have been unusually
low around 10 hPa in the tropics, and have been unusually high around 10 hPa in
the Southern Hemisphere extra-tropics. The latitude altitude pattern of the 2004

to 2013 trend is very similar for ozone and N20O, and is very similar to the pattern
associated with QBO-related ozone variations at Lauder.

* This anomaly during 2010 to 2013 suggests a slowing of ascent in the tropical
mid-stratophere, and faster transport to the Southern hemisphere mid- stratosphere.
The most recent data since mid-2013 indicated that the transport

anomaly has ended.

Overall I think this is a good paper and worth publishing in ACP. I do suggest a few
minor revisions below.

2 Comments on Text

The text does not always read well, and could benefit from some copy-editing.

page 5243, 1st paragraph. The importance of anthropogenic chlorine, increasing until

the late 1990s, decreasing since 2000, should be mentioned here.

We have done quite a bit of copy editing throughout the manuscript. We also added some text
about CFC’s and the Montreal Protocol in the previous paragraph: “The large decline observed
from the 1960s to the late 1990s has ended as a result of the reduction in chlorofluorocarbon
(CFC) emissions following the 1987 Montreal Protocol (WMO, 2014).”

page 5243, 1st and 2nd paragraph. Rather than going paper by paper, it might be
better to separate declining and increasing ozone trends, before and after 2000. What
sticks out from this general picture is the unexpected ozone decline around 10 hpa
since about 2002 in the tropics. This different decadal variability is the topic of the
present paper!



We have rewritten this section of the paper in a more chronological, instead of instrument-based,
order. This clarifies that all of the trends observed since the 1984-1997 Kyrola study of the
SAGE measurements show the decline around 10 hPa in the tropics. The text now reads (the
first paragraph below is unchanged), before going on to discuss SCIAMACHY':

“Several studies of satellite data show the variability in O3 trends depending upon the exact
timeframe and geographical location. Kyrola et al. (2013), using measurements from the
Stratospheric Aerosol and Gas Experiment (SAGE) from 1984-1997, show a general decrease in
O3 that is statistically significant over much of the stratosphere and is particularly large in the
mid-latitude upper stratosphere. However, they also show an increase in equatorial O3 (albeit not
statistically significant) in the 30-35 km region.

There are a number of studies covering later years, all of which show a variation in O3 that
differs dramatically from that of the 1984-1997 SAGE data. Nedoluha et al. (2015) studied O3
over the period 1991-2005, when Halogen Occultation Experiment (HALOE) measurements are
available, and found a strong decrease in mid-stratospheric O3 in the tropics over this period.
Kyrola et al. (2013) also examined the period 1997-2011, showing a general increase in O3 from
SAGE and Global Ozone Monitoring by Occultation of Stars (GOMOS) measurements, but a
statistically significant decrease near 30 km in the tropics.”

Pages 5251 to 5253. This discussion is very detailed and hard to follow. Maybe

shorten? Or provide more structure / subsections. E.g. start a new subsection "Links
between Ozone and N20O" in line 11 of page 5251.

We have reorganized and rewritten parts of Section 4, and now divide it into 3 subsections
4.1 Monthly O3 anomaly correlations

4.2 Links between Oz and N,O

4.3 Decadal changes in O3 and N,O

Section 4.1 has been rewritten to read:

“To better understand the global implications of the observed O3 variations over Lauder, we
investigated how the variations in Oz observed over Lauder compare globally with changes in
MLS Os. We first calculated monthly averaged O3 at each MLS pressure level from 50 to 1 hPa
in 2° latitude bins for 10 years of MLS data (2004-2014). We then calculated a climatological
(i.e., 10-year) average for each calendar month. Using this climatology, we calculated an
anomaly for each month of the 10-year series as a function of latitude and pressure. A similar
monthly anomaly time series was calculated for the MOPI ozone at 10 hPa. Correlation
coefficients were calculated between the 10 hPa MOPI anomalies and the MLS anomalies at
different pressures and latitudes, using months where both MLS and MOPI measurements were
available.

Figure 8 shows the correlation coefficient (r) as a function of pressure and latitude. The
strongest correlation occurs slightly equatorward of Lauder and at a slightly higher pressure
level. This is likely due to differences in instrumental errors, vertical resolution, and and because
the MOPI1 measurement is for local conditions near Lauder and not a zonal average. At the
equator and 10 hPa, there is a strong anti-correlation (r < -0.5) between MOPI1 and MLS (the
correlation between 10 hPa MLS O3 at 45°S and the equator is similar). There is also a weaker
anti-correlation between MOPI1 and MLS O3 at ~20-45°N below 10 hPa.



The geographical correlations seen in Fig. 8 are similar to those discovered by Randel and Wu
(1996), who used singular value decomposition (SVD) analysis to study the relationship between
QBO zonal winds and global SAGE Oz anomalies. The second mode of their analysis (SVD2,;
which explains 25% of the overall covariance) shows an anti-correlation between 10 hPa O3 at
Southern mid-latitudes and at the equator. It also shows a much weaker anti-correlation between
Southern mid-Ilatitudes and Northern mid-latitudes.”

We also did change a reference from Figure 5 to Figure 7 (old Figure 6) in 5251 line 1.

Start a new subsection "Decadal changes™ on line 16 of page 52537
Good idea. Done.

Page 5254. As mentioned briefly in the introduction, several papers remark on a 2002

to 2013 ozone decline in the tropics near 10 hPa. There is also a recent modelling

study by Aschmann et al. (2014) trying to explain decadal variations in tropical ozone.

I think some additional discussion is needed in the conclusions section (or before) to

put the results from the current paper into this wider context.

The Aschmann study is quite interesting, but it is for slightly lower altitudes (70-30 hPa), where
things seem to develop differently than at 10 hPa in the tropics, or at lower altitudes in mid-
latitudes. We have added a reference and some discussion related to Mahieu et al. [2014] since,
at least for the mid-latitudes, our Figure 9 shows a change in sign in N,O consistent with their
conclusions relating to age-of-air.

3 Comments on Figures

I think it would make sense, to plot satellite data also in at least one of the panels of

Figure 3.

We plot the individual monthly MOPI1 points to give an idea of the typical variation in the
monthly average. If we plot satellite data on here are as well it would becomes difficult to
convey that information.

Avre all panels of Figure 3 necessary? The 10 hPa panel would probably be enough.

We provide 4 panels in order to show the levels at which our two features of interest are most
clearly observed, and to visually make the point that while the 2009-2013 anomaly occurs in the
mid- to upper stratosphere, the 2001 anomaly is primarily a lower stratospheric phenomenon.

Is Figure 5 necessary? The same information could be incorporated into Figure 3, and

more or less appears again in Figure 6. | think Figure 5 could be dropped.

Figure 5 (now Figure 6) differs from Figure 6 (now Figure 7) in 3 primary ways: 1) It shows the
seasonal variation (there seems to have been some confusion on what the following figure
shows, which we have hopefully clarified). 2) It shows that the difference between convolved
and unconvolved Aura MLS data (which is small), and 3) it shows the Aura MLS measurements
with a much tighter coincidence to Lauder. Despite all of these differences Figure 5 still shows
clearly the increase in ozone in 2009/2010, so it helps to emphasize that this increase can be
clearly detected without taking annual averages.

Figure 6: This is quite a good Figure. I don’t understand, however, if seasonal means



or annual means are plotted. The caption says annual means, but the lines indicate

seasonal means. Please correct / clarify.

These are annual means shown 4 times yearly. We have added within the parentheses of the
caption the phrase “with annual averages taken from January-December ...” to hopefully clarify
this point.

Figure 9: I think it would be good to also give an indication of the significance of these
decadal trends. Looking at Figure 8, it seems to me that the trend is only a small part of

the overall variance, and uncertainties in the QBO part of the fit will also result in large
uncertainties in the linear trend. Although unsignificant trends can indicate a consistent
change, they have less meaning for the long-term evolution.

We now provide, in the text, average and maximum uncertainties for the trends at the pressures
shown in the figure (both at Lauder and globally). The text now reads: “Based on the monthly
MLS dataset that was used for the fit, the average 1-c uncertainty in the Oz (N,O) trend fit is
0.008 ppmv/yr (0.46 ppbv/yr), and it is <0.020 ppmv/yr (<1.05 ppbv/yr) everywhere in Fig. 10.
The 1-c uncertainty in the O3 (N20) trend fit at 45°S is <0.011 ppmv/yr (<0.76 ppbv/yr).”

4 Reference

Aschmann, J., Burrows, J. P., Gebhardt, C., Rozanov, A., Hommel, R., Weber, M., and
Thompson, A. M.: On the hiatus in the acceleration of tropical upwelling since the beginning
of the 21st century, Atmos. Chem. Phys., 14, 12803-12814, doi:10.5194/acp-
14-12803-2014, 2014.
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This paper presents analyses aimed at highlighting and explaining some unusual

ozone anomalies in the middle stratosphere from a 22-year set of observations from

Lauder, NZ. The unusual anomalies consist of (1) one month of high ozone in June

2001, and (2) relatively high ozone at the end of the record during 2009-2013. The

objectives of the paper are to point out these ozone anomalies and demonstrate that

they are related to large-scale dynamical variations. While the authors do infer some

circulation changes for these periods, the results are hand-wavy and (in my opinion)

do not provide fundamentally important new results of a standard appropriate for ACP.

Some specific comments are below.

In the revision, we provide some additional analysis and discussion to document the source of
the two anomalies over Lauder (details below). We certainly admit that additional benefit could
be gained from more detailed three-dimensional dynamical and chemical modeling of the events.
We hope that documenting the observations within the context of a 22-year dataset and providing
preliminary interpretation will motivate future work on the detailed cause of these anomalies.

The analysis of the June 2001 event is quite superficial. The authors show some
anomalous circulation behavior in Fig. 4 (postage-stamp figures which are difficult
to see; why are 15 panels needed?), but this result begs for more substantial analysis.
Why is there an anomalous anticyclone near 10 hPa in this month? What are

its horizontal and vertical characteristics, and dynamical origin? Is this tied to some
anomalous circulation in the troposphere? Why is this important?



We have removed 7 of the 15 panels from Figure 4 and changed the color scale somewhat to
help emphasize the anti-cyclone. We also and added a Figure 5 in order to show the vertical
characteristics of this field at the latitude of Lauder. As is shown in the new Figure 5, there is no
clear signature in the troposphere. We do not have any clear answer as to “why” this dynamical
feature has occurred, but it seems important for interpreting O; measurements to be aware that
such a large change can occur as a result of unusual dynamics.

The additional text which goes with the new Figure 5 reads: “Figure 5 shows the vertical
structure of this feature at 45°S, identified by zonal anomalies of geopotential height over a range
of pressure surfaces from 1000 to 0.1 hPa. Elevated values extend from the tropopause (~200
hPa) into the lower mesosphere, tilting westward and narrowing with height. The anomaly peaks
at ~10 hPa, with a longitudinal extent of ~120°. *
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Figure 4— The tracer equivalent latitude (see text) for the Southern Hemisphere at 650 K. The location of Lauder (45°S,
169.7°E) is indicated by a black dot. White contours are 650 K streamlines at constant intervals. The black “H” indicates the
location of strong anticyclonic circulation.
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Figure 5 - The MERRA geopotential height anomaly, in 100 m increments, calculated for the period 21-30 June 2001, at 45°S.
The longitude of Lauder is indicated by the red dot. Positive (negative) anomalies are identified by solid black (red) contours,
while the black dotted line indicates zero anomaly.

Regarding the 2009-2013 event: the agreement with MLS ozone data in Fig. 5 is

impressive, but the construction of Fig. 6 is misleading (norming the individual satellites

to separate segments of the MOPI data). Note that as a result of this construction there

is a significant mismatch between the SAGE, HALOE and MLS results for the overlap

during 2004-2005. | think the overall agreement of MOPI with satellite data would

look less impressive if the satellite data were merged consistently using the overlap

period. Alternatively, it might be useful to use one of the merged ozone datasets that

are available in the community for this comparison (e.g. GOZCARDS or the SPARC

Data Initiative data sets).

Yes, it certainly cannot be denied that a different construction of the Figure 6 (now Figure 7)
might degrade the visual agreement between the satellite and MOPI data. However, given that
only the MOPI dataset spans the entire period shown in Figure 6 (now Figure 7) this seems to us
to be the best choice. The text has been rewritten to read: “Since only the MOPI1 measurements
are available throughout the entire time period, all of the satellite measurements have been offset
so that the average ozone matches that of MOPI1 during the period of coincidence. We note that
there is an increase of ~4% in the MOPI measurements relative to both the locally coincident and
the zonally averaged and convolved Aura MLS (shown in Fig. 6), which occurs primarily near
the beginning of the Aura MLS timeseries.”

| like Fig. 7 as arguing for a link with global-scale circulations, but the following discussions
in Section 4 regarding links to tropical ozone, N20 and the QBO seem unfocused,

and arrive at a conclusion that the anomalies are ‘caused by the rate at which

N20 moves from the tropics to southern midlatitudes’. This is quite hand-wavy, as



these patterns in Figs. 7 and 9 could easily be associated with changes in overturning
circulation (given the decreasing vertical gradient of N2O across the globe).

Yes, this is a very good point. We now point out in the text that it is the competition between
descending air and poleward moving air that determines N,O and Og in this region, so the text
reads: “The lower stratospheric anomalies in O3 and N,O at 40°S to 50°S are likely to be caused
by the variations in the rate at which tropical air with high N,O and low O3 air moves into the
Southern mid-latitudes, relative to the rate at which low N,O and high O3 air descends into this
region.”

We have also made some changes to the text and have added a reference to Mahieu et al. (2014)
at the end of Section 4 together with the text: “While the beginning and endding dates are
slightly different, Fig. 10 is qualitatively consistent with the conclusion in Mahieu et al. (2014)
that the air in the SH mid-latitude lower stratosphere is younger in 2010/2011 than in 2005/2006,
while the opposite is true in the NH.” We also divided Section 4 into subsections to make it
easier to follow.

But more importantly, these results strongly overlap the findings recently published in Nedoluha
et al, ACPD, 2015; hereafter N15), including the large-scale coherence between ozone

and N20 over much of the globe (shown in their Fig. 4) and out-of-phase changes (or

trends) between the tropics and SH midlatitudes (Fig. 9a is copied from N15). What is

the additional novel information here? Overall | do not appreciate that there are important

new results in this paper that enhance our fundamental understanding of ozone or

large-scale circulation beyond the results of N15.

Yes, to the extent that the high mid-stratospheric Oz from 2009-2013 over Lauder is related to
changes in the tropics there is admittedly indeed significant overlap between some of the results
of this paper and N15. However, N15 does not include the ground-based dataset, and is very
much focused on the tropics. What we found particularly interesting was how the tropical results
of N15 helped to explain at least one temporal variation in our long Lauder measurement dataset.
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In this study, Nedoluha et al. investigate ozone anomalies in a 22 year record of
ground-based microwave measurements at Lauder, New Zealand. The ground-based
observations are augmented by satellite observations that provide a global perspective.
Long-term ground-based observations are extremely important to provide a reference

for the long-term evolution of the middle atmosphere under the influence of ozone recovery
and a changing climate. Understanding how dynamical variations affect trace

gases, and in particular ozone, is essential for interpreting long-term observations. The
present study is a well written case study, analyzing an important data set. While there

is some overlap with the earlier study of Nedoluha et al. (2015), the focus of the present study is
sufficiently different and provides enough independent evidence to justify publication

as an individual paper. I recommend publication in Atmos. Chem. Phys. after

consideration of the following, mostly minor, comments.

General comments:

As presented here, there is some disconnect between the shorter-lived O3 anomaly in

June 2001 and the longer-lived anomaly in 2009-2013. E.g., how does the 2009-2013
anomaly behave in terms of tracer equivalent latitude? Can the event in 2001 help to



better understand the longer-lived anomaly in 2009-2013?

While it is true that both of these anomalies involve dynamical variations that affect constituents
at 45S, the June 2001 anomaly is for a given longitude (near Lauder), while the 2009-2013
anomaly is observed in a zonal average. In the zonal average, the TrEL value for June 2001 is
not particularly unusual (seventh highest in 35 years).

Can you relate (directly or indirectly) the ozone anomaly at Lauder to the reported reversal

in HCI columns at Northern Hemisphere mid-latitudes (Mahieu et al., Nature,

2014)? Maybe even if these anomalies are not related you may want to consider referring

to Mahieu et al. in the introduction and/or in discussion of the N20O trends seen in

Fig. 9b.

Yes, good point. We have added the text: “While the beginning and endding dates are slightly
different, Fig. 10 is qualitatively consistent with the conclusion in Mahieu et al. (2014) that the
air in the SH mid-latitude lower stratosphere is younger in 2010/2011 than in 2005/2006, while
the opposite is true in the NH. «

The ozone increase from MOPI1 measurements between 2005 and 2013 (Fig. 6)

are much larger than what is seen in the MLS measurements. Is this because MLS in

Fig. 6 is a zonal mean from 40-50S? How does this compare for coincident data, i.e.

as in Fig. 5, but with annual averages? In general | would have expected that the lower
(vertical) resoluition MOPI data would show smaller anomalies.

While it is not as clearly apparent in Figure 5 (now Figure 6), the ~4% relative change between
MLS and MOPI which is clear in Figure 6 (now Figure 7) and occurs primarily from the
beginning of the MLS time series until ~2007 is actually present in Figure 5 (Fig. 6) as well.
We have added text in 3.2 pointing out this change. It does not appear to be related to
differences in vertical resolution.

Specific comments:

p. 5242, 1. 5: Abstract: “We will study” -> “We study”

done

p. 5242, 1. 9: Why 35 yr period and not the 22yrs of measurements discussed here?

Since MERRA was available back to 1979 (as we now indicate in the abstract as well as later on
in the text) we thought it would be best to do the calculation for the entire MERRA period.
p.5242, 1.9: better indicate “most equatorward” rather than just “highest”

done

p. 5242, 1.15: “This latitude band”: I suggest giving the latitude of Lauder already in

line 3.

done

p.5244,1.17: “Each MOPI instrument: : :”: I feel that some introduction is needed here on the
different MOPI instruments. More importantly: Is MOPI1 a single instrument,

which has been used continuously throughout the 22yr record? Were there any significant
modifications of MOPI1 within this period?

We now mention at the start of Section 2 that there is a MOPI2 instrument at Mauna Loa, and
that the MOPI1 instrument is essentially unchanged except for repairs since 1992.

p. 5246, 1.3: any ideas why the MOPI1 vertical resolution is coarser than MOPI2 at

Mauna Loa? Is this an instrument effect (different signal-to-noise) or due to differences

in tropospheric opacity? Not essential here but would be nice to know.

Yes, tropospheric opacity is the biggest reason for the difference. Lauder is 370m AMSL and
the Mauna Loa site is 3400m AMSL.



p.5248, 1.19: You mean O3 latitudinal gradient in a climatological sense?
Yes, and we have added the word “climatological”.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Unusual stratospheric 0zone anomalies observed in 22 years
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Abstract

The Microwave Ozone Profiling Instrument (MOPI1) has provided ozone (O3) profiles
for the Network for the Detection of Atmospheric Composition Change (NDACC) at Lauder,
New Zealand, (45.0°S, 169.7°E), since 1992. We present the entire 22 year dataset and compare
with satellite O3 observations. We, study in detail two particularly interesting variations in Os.

The first is a large positive O; anomaly that occurs in the mid-stratosphere (~10-30 hPa) in June
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occurs nearly simultaneously with a sharp decrease in O3 and N,O at the equator, and the period

ends nearly simultaneously with a sharp increase in Oz and N,O at the equator.

1. Introduction
Observations of total column ozone (O3) show that, over most of the globe, O3 loss has
leveled off since ~2000, and O has even begun to increase. The large decline observed from the

1960s to the late 1990s has ended as a result of the reduction in chlorofluorocarbon (CFC)

emissions following the 1987 Montreal Protocol (WMO, 2014). While global O; may be

recovering, the magnitude and sign of stratospheric O3 trends over multi-decadal timescales in

the mid-stratosphere strongly depends on geographical location. It is important to understand the
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causes of this geographical variation.
Several studies of satellite data show the variability in O3 trends depending upon the

exact timeframe and geographical location. Kyrol4 et al. (2013), using measurements from the
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Stratospheric Aerosol and Gas Experiment (SAGE) from 1984-1997, show a general decrease in
Os that is statistically significant over much of the stratosphere and is particularly large in the
mid-latitude upper stratosphere. However, they also show an increase in equatorial O3 (albeit not
statistically significant) in the 30-35 km region. |

There are a number of studies covering later years, all of which show a variation in O3

that differs dramatically from that of the 1984-1997 SAGE data. Nedoluha et al. (2015) studied

O3 over the period 1991-2005, when Halogen Occultation Experiment (HALOE) measurements

are available, and found a strong decrease in mid-stratospheric O3 in the tropics over this period.

Kyrol4 et al. (2013) also examined the period 1997-2011, showing a general increase in Oz from

SAGE and Global Ozone Monitoring by Occultation of Stars (GOMOS) measurements, but a
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statistically significant decrease near 30 km in the tropics._ Measurements from the Scanning

Imaging Absorption Spectrometer for Atmospheric Chartography (SCHIAMACHY) instrument

for the period 2002-2012, reported by Gebhardt et al. (2014), showed a pattern similar to the
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1997-2011 pattern reported by Kyr6lg et al. (2013), i.e,, a strong statistically significant decrease

in tropical Oz in the 30-35 km region while most of the middle atmosphere shows a slight

increase in Os. [Eckert et al. (2014), using Michelson Interferometer for Passive Atmospheric

Sounding (MIPAS) data from 2002-2012, also showed a general increase in Oz in most regions,
especially in the Southern Hemisphere mid-latitudes near ~20 hPa, but found statistically

significant negative trends in the tropics from ~25 hPa to 5 hPa. Finally, Nedoluha et al._(2015)

showed that from 2004-2013 Aura MLS measurements showed a strong decrease in mid-
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This paper is organized as follows. Section 2 describes the ground-based and satellite

measurements. Section 3 examines the MOPI O time series, focusing on the unusual anomalies

in 2001 and 2009-2013. Section 4 examines MOPI Os_ in the context of global O; and N,O

variations, and a discussion is presented in Section 5.

2. Measurements

The Microwave Ozone Profiling Instrument (MOPI1) instrument has been making

measurements of stratospheric O; from the Network for the Detection of Atmospheric

Composition Change (NDACC) station at Lauder, New Zealand (450°S, 169.7°E) since 1992, ( Deleted: 05 )
 Deleted: 7€ )
With the exception of repairs, the instrument has been essentially unchanged during this entire ( Deleted: During these 22 years )
period. Both this MOPI1 instrument and the similar MOPI2 instrument deployed at Mauna Loa, [Deleted: has been ]
Hawaii, since 1995, have been used as a ground-based reference for a number of satellite
instruments,, Satellite measurements can provide a global perspective for the MOPI ( Deleted: ]
measurements, and we will use measurements from Aura MLS to provide such a global
perspective for MOPI ozone variations since 2004. Here we present a brief description of both
the ground-based microwave and satellite measurement techniques.
2.1 Ground-based microwave measurements ( Deleted: Microwave Measurements ]
Each MOPI instrument uses a heterodyne receiver coupled to a 120 channel filter ( Deleted: has ]
spectrometer, to measure the line_emission spectrum, produced by a thermally excited, purely ( Deleted: , which are used ]
(Deleted: ofaline )

rotational ozone transition at 110.836 GHz (2.7 mm wavelength). The spectral intensities and
measurements of the tropospheric thermal emission are calibrated with black body sources at

ambient and liquid nitrogen temperatures. The tropospheric opacity is calculated from hourly
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emission measurements. The experimental technique was described in Parrish et al. (1992), and
technical details on the instrument used for this work are given in Parrish (1994). MOPI

measurements have been employed in several validation and trend studies (e.g,, Boyd et al.,
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2007; Steinbrecht et al., 2009).

MOPI observations are made continuously, with selected spectra chosen based on the
absolute tropospheric opacity and its variability, where limits for these values are set empirically
at each site. This technique allows measurements in weather ranging from clear_sky to some
overcast conditions. The standard MOPI retrieval product, which will be used here, provides
four retrievals per day, using_up to 6-hour data periods starting at local midnight. The diurnal
variations in the Oz measurements from the MOPI2 instrument at Mauna Loa (using a 1-hour

retrieval product) have been validated and compared to the Goddard Earth Observing System

Chemistry Climate Model (GEOSCCM) Os (Parrish et al., 2014), and measurements and model

values generally agree to better than 1.5% of the midnight value. For this study we make use of
three of the four daily retrievals, and do not include the daytime afternoon measurements (i.e,,
1200-1800 local time). This selection has been made because, at Lauder, these measurements
show a slightly anomalous vertical profile in the mid-stratosphere, with values at 10 hPa Jower
by ~3% than at other times of the day. We believe that these variations may be caused by the

strong thermal cycles in the building_housing the instrument, especially in the afternoon.

In Fig. 1 we show a typical spectrum and Os profile retrieval from the MOPI1 instrument.

As described in Parrish et al. (1992), the measurement shown is obtained using a switching

Deleted: .

Deleted: ,

Deleted: ].

(
(
(
(
[Formatted: Font: Not Italic
(
(
(

Formatted: Font: Not Italic

O U U N N

[ Deleted: four times

[ Deleted: models

[Formatted: Font: Not Italic

[ Deleted: .

[ Deleted: ~3%

Deleted: Figure

Deleted: [

technique (Parrish et al,, 1988) so that the spectrum used in the retrievals is the difference

between measurements being made at a low elevation angle (in this case 22.6° above the

horizon), and measurements made near the zenith through an attenuating sheet of plexiglass.
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The measured temperature in the two positions is approximately balanced, and any remaining
slope or offset in this difference spectrum is removed before retrieving the O3 profile. The Os
mixing ratio profiles are retrieved from the spectra using an adaptation of the optimal estimation

method of Rodgers (1976), discussed in Parrish et al. (1992) and Connor et al. (1995). Error

[Formatted: Font: Not Italic

analysis techniques are discussed in the latter paper. The independent variable in the retrieval
system is pressure.

In Fig. 2 we show typical averaging kernels for the MOPI1 version 6 retrievals. The
vertical resolution of the MOPI1 measurements is ~7-8 km (FWHM) at 10 hPa, slightly coarser
than at Mauna Loa, where the MOPI2 resolution at the 10 hPa pressure level is ~6 km. The
MOPI retrievals have a measurement contribution of near 100% at 10 hPa, as defined by the

technique of Connor et al. (1995). Unless otherwise indicated the satellite measurements which

[Formatted: Font: Not Italic
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[ Deleted: Figure
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will be shown have not been convolved with the MOPI averaging kernels.

2.2 Satellite measurements

We compare MOPI O3 measurements with observations from three satellites that provide
coincident measurements. Two of these are solar occultation instruments, which make ~15
sunrise and ~15 sunset high vertical resolution (~1 km) profile measurements each day, generally
at different latitudes, with the latitude bands varying differently over the course of the season
depending on the satellite orbit. The majority of MOPI-satellite comparisons come from Aura
MLS, which provides measurements over all latitudes between 82°S and 82°N on a daily basis.

The SAGE Il instrument was launched in October 1984 aboard the Earth Radiation
Budget Satellite, and continued making measurements through August 2005. It consisted of a

seven channel solar photometer using ultraviolet and visible channels between 0.38 and 1.0 um
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in solar occultation mode to retrieve atmospheric profiles of ozone, water vapor, nitrogen dioxide
and aerosol extinction. Measurements were made over a latitude range from 80°S to 80°N. The
measurements are retrieved as ozone number density as a function of altitude, but are also
provided as ozone mixing ratio as a function of pressure. The version 6.1 data is described in

Wang et al. (2002).

retrievals are insignificant.

25, 35, 45, and 55 km.
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The v7.00 dataset (Damadeo et al., 2013), released in December 2012, is used in this [Meted:[ ]
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analysis. This latest processing version implements an algorithm that is consistent across all ( Deleted: | )
SAGE missions. The most significant change in the new version is that, whereas the previous
SAGE retrievals made use of the meteorological profiles from the Climate Prediction Center
(CPC) NCEP analysis, the new retrievals make use of the Modern Era Retrospective-Analysis
for Research and Applications (MERRA) reanalysis. Retrievals using the meteorological

profiles from the MERRA reanalysis show significantly different Oz mixing ratios as a function ( Deleted: do ]

of pressure in the upper stratosphere and mesosphere (pressures below ~4 hPa). For the pressure ( Deleted: ), however for ]
levels of interest for this study, however, the differences between the v6.1 and v7.00 SAGE O3
HALOE solar occultation measurements of O3 are available from 1991-2005. The
latitude bands drifted daily so that near global latitudinal coverage was provided in both sunrise
and sunset modes five times over the course of a year. The trends in the HALOE O3

measurements have been compared against SAGE Il (Nazaryan et al., 2005) and differences ( Deleted: | ]
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have been found to be on the order of less than 0.3% per year in a majority of latitude bands at ( Deleted: | )
Aura MLS measurements of O3 and N,O are available since 2004. The stratospheric O3

product has been validated by Froidevaux et al. (2008). The vertical resolution of the MLS O3 [Formatted: Font: Not Italic ]
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measurements at 10 hPa is ~3 km. The N,O measurements have been validated by Lambert et

al. (2007) and have a vertical resolution of ~4 km. Upper Atmosphere Research Satellite
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(UARS) MLS measurements of O3 are available from 1991-1999, and were validated by

JFroidevaux et al. (1996) for the v2.2 retrievals and by Livesey et al. (2003) for the V5 retrievals.
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3. The MOPI O3 timeseries

In Fig. 3 we show the monthly anomalies at selected pressure levels for the entire
MOPI1 data record. The anomalies are calculated by first fitting the data with a sinusoidal
seasonal cycle (including annual and semi-annual terms) and then subtracting this seasonal cycle
from the data. There are two interesting features that particularly stand out, The first is the large
positive anomaly that occurs in June 2001 at 31.6, 17.7, and 10.0 hPa (green boxes). The

second, much longer-term, feature, is the positive anomaly at 10.0 and 5.6 hPa from August 2009
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through July 2013 (red boxes). During this period the mean monthly O3 anomaly at 10 hPa is
0.32 ppmv, only 7 of the 47 measurement months show a negative anomaly, and the 3-month
smoothing never shows a negative anomaly. This period ends with a sharp drop in O3 in August

2013.

3.1 Unusually high mid-stratospheric O3 in June 2001

Since there are no MLS measurements available to document the global variation in O3
during June 2001, we use Tracer Equivalent Latitude (TrEL) simulations in order to better
understand the June 2001 anomaly over Lauder. TrEL is determined from isentropic passive

tracer advection calculations on the sphere as described by Allen and Nakamura (2003). The

[ Deleted: ,

[ Deleted: High Mid-Stratospheric

[Formatted: Font: Not Italic

tracer mixing ratio is converted to an equivalent latitude by matching the area enclosed by tracer

[ Deleted: [

[ Deleted: ].

A




10

11

12

13

14

15

16

17

18

19

20

21

22

23

contours to that enclosed by an equivalent latitude line. Specific details of the TrEL calculation

used for this paper, based on MERRA winds, are provided by Allen et al. (2012). The average
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TrEL in June 2001 over Lauder on potential temperatures surfaces from 550 K to 850 K (~35 to

10 hPa) was the highest (i.e., most equatorward TrEL) June average observed throughout the 36-

year period from 1979-2014. At 650 K the mean TrEL value at Lauder in June 2001 was ~31°S,

indicating unusually tropical air relative to the latitude of the site.

From ~30 hPa to ~3 hPa, O3 generally increases from pole to equator throughout the year,
hence the unusually high (equatorward) TrEL is associated with high Os. We calculated the
climatological monthly Og latitudinal gradient from 45°S to 35°S from the MLS measurements,
and found that from 20-10 hPa, this gradient peaks during the months of March-June. Hence O3
mixing ratios measured over Lauder are particularly sensitive to changes in TrEL during these

months. Thus the unusually high Oz anomaly in June 2001 js likely the result of an unusual

Deleted:

1.

Formatted: Font: Not Italic

550K

Deleted:

850K

Deleted:

35

Deleted:

1980

Deleted:

(
(
(
(
( Deleted:
(
(
(
(

650K

o U U U U L N

[ Deleted:
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amount of equatorward air over Lauder at a time when Oj variations are particularly sensitive to
such transport.
To better explain the dynamics that caused this unusually high TrEL (and hence O3) over

Lauder in June 2001 we show, in Fig. 4, the TrEL at 650 K (~20 hPa) for the entire Southern
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( Deleted:

Figure

Hemisphere from 18 June — 2 July 2001. Low TrEL occurs throughout the polar vortex, also

identified by streamlines (white contours) circling the pole. A strong anticyclone, identified by

closed streamlines and elevated TrEL (marked with black “H”), moves eastward from 18-22
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during the second half of
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June, before remaining relatively stationary for the next 8 days. This is an unusually strong

“blocking” type pattern that kept high TrEL/high Os air over Lauder. Figure 5 shows the vertical

structure of this feature at 45°S, identified by zonal anomalies of geopotential height over a range

of pressure surfaces from 1000 to 0.1 hPa. Elevated values extend from the tropopause (~200
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hPa) into the lower mesosphere, tilting westward and narrowing with height. The anomaly peaks

at ~10 hPa, with a longitudinal extent of ~120°. While this quasi-stationary stratospheric

since 2009.

“Australian high” signature is known to occur in the SH spring (Harvey et al., 2002), this is the ( Formatted: Font: Not Italic )
[ Deleted: by far ]
largest and most persistent episode observed in June in the 36-year TrEL simulation. ( Deleted: 35 )
3.2 Unusually high mid-stratospheric Oz from August 2009 through July 2013 ( Deleted: High Mid-stratospheric )
The 4 years of elevated O3 (2009-2013) occurred during the period when coincident Aura ( Deleted: , from the increase in 10 hPa O in )
[Deleted: to the sharp drop in ]
MLS measurements are available. Aura MLS overpasses occur near 01:15 and 14:30 local solar ( Deleted: )
time at the latitude_of Lauder. Since we are not using the MOPI1 measurements from 12:00- ( Deleted: tnis )
[ Deleted: , but since ]
18:00, only the 01:15 overpasses are used. For comparison with MOPI1, we choose a longitude ( Deleted: overpass coincidences )
o o o ) i A . [Deleted: shown in Figure 5. There are ]
coincidence criterion of +/-6°, which generally includes two daily 01:15 MLS overpasses, The ( Deleted: that ulill he +/-6° longituce crierion |
monthly averages at 10 hPa from 2004-2014 are compared in Fig. 6. The MLS measurements  Deleted: Aura ]
show very good agreement with the MOPI measurements over the entire period, and both
instruments show the large O3 increase in mid-2009 and the large decrease in mid-2013. In mid- ( Deleted: The increase in ]
2009, mixing ratios increased from values near the lowest observed during the Lauder winter ( Deleted: shows that ]
over this 10 year period, to values at, or near, the highest observed in a Lauder summer. There
was a month-long gap in the MOPI1 measurements in July 2013, but the observed drop in the
coincident MLS measurements is very similar to that of the MOPI1 measurements between June
and August 2013. Both instruments show that, in August 2013, the O3 values were the lowest [Deleted: lower than they had been ]
The unusual nature of the 2009-2013 period is even more clearly emphasized in Fig. 7,  Deleted: Figure 6 ]
which shows annual average anomalies from MOPI and from four satellite instruments that  Deleted: which ]

measured O3 over extended periods since the early 1990°s. All of the measurements shown in
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Fig. 7 are provided on their native grid. For the SAGE Il measurements the native grid is

altitude, and results are shown at 30 km. For HALOE, UARS and Aura MLS, and MOPI we

show results at a 10 hPa. Note that, with the exception of the MOPI measurements, the O

anomalies shown in Fig. 7 are zonally averaged. Since only the MOPI1 measurements are

[ Deleted: Figure 6

available throughout the entire time period, all of the satellite measurements have been offset so

that the average ozone matches that of MOPI1 during the period of coincidence. We note that

there is an increase of ~4% in the MOPI measurements relative to both the locally coincident and

the zonally averaged and convolved Aura MLS (shown in Fig. 6), which occurs primarily near

the beginning of the Aura MLS timeseries. Since Fig. 7 shows annual averages it helps to

emphasize the Quasi-Biennial Oscillation (QBO). The annual-average MOPI measurements
show local minima in 1997, 1999, 2002, 2004, late 2006/early 2007, and late 2008/early 2009.

Following the minimum in late 2008/early 2009 the O3 rises and remains well above the long-
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term average until 2013,

4. Oz and N,O at Lauder and at the Equator

4.1 Monthly Oz anomaly correlations
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coefficients were calculated between the 10 hPa MOPI anomalies and the MLS anomalies at

different pressures and latitudes, using months where both MLS and MOPI measurements were

available.

Figure 8 shows the correlation coefficient (r) as a function of pressure and Jatitude. The
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strongest correlation occurs slightly equatorward of Lauder and at a slightly higher pressure

level. This is likely due to differences in instrumental errors, vertical resolution, and because the

and 10 hPa there is a strong anti-correlation (r < -0.5) between MOPI1 and MLS (the correlation

between 10 hPa MLS Os at 45°S and the equator is similar).

correlation between MOPI1 and MLS O3 at ~20-45°N below 10 hPa.

The geographical correlations seen in Fig. 8 are similar to those discovered by Randel

and Wu (1996), who used singular value decomposition (SVD) analysis to study the relationship

between QBO zonal winds and global SAGE O3 anomalies.. The second mode of their analysis

(SVD2; which explains 25% of the overall covariance) shows an anti-correlation between 10 hPa

O3 at Southern mid-latitudes and at the equator. It also shows a much weaker anti-correlation

between 10 hPa O at Southern mid-latitudes and Os at Northern mid-latitudes at slightly higher

pressures.

Of course the temporal correlations shown in Fig. 8 give no indication of the time period

There is also a weaker anti-
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over which the correlation is taking place (by using anomalies we have eliminated only the
seasonal cycle), and could, e.g., represent QBO-like variations, solar cycle driven variations, or

decadal-scale changes. What Fig. 8 certainly does emphasize is that the anomalies over Lauder
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at 10 hPa during the period 2004-2014 are not, predominantly, driven by a decadal scale global

trend.
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4.2 Links between Os and N,O

Nedoluha et al. (2015) showed that Os variations at the equator are very strongly
positively correlated to variations in N,O. This relationship could best be understood as

resulting from dynamical variations. Using a 2D chemical transport model, Nedoluha et al

1
(2015) showed that slower ascent resulted in more N,O being photodissociated and oxidized to

produce NOy (while reducing N,O), and the increased NOy destroyed more ozone, resulting in a

positive correlation between O3 and N,O. Such a relationship has been previously deduced from

changes in HALOE measurements of NO, at ~10 hPa from 1993-1997, where the change in NO;

was shown to be consistent with a decrease in upward transport (Nedoluha et al., 1998).
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The relationship shown in Figure 7 results from
dynamical changes which affect O; chemistry.
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In Fig. 9 we show monthly average anomalies for O3 and N,O from Aura MLS and
MOPI at 10 hPa. The variations in both Oz and N,O from 5°S to 5°N (Fig. 9, right) show a clear,
and similar, QBO signature. The connection between the QBO signal in Oz and NOy (which is

affected by N,O) was recognized in SAGE Il data by Chipperfield et al. (1994), who pointed out
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that it was the result of QBO modulation of the vertical advection, with faster ascent resulting in
larger O3 mixing ratios in the mid-stratosphere.

In addition to O3 and N,O, Fig. 9 shows the zonally averaged 30 hPa QBO winds over
the equator from the Climate Data Assimilation System (from www.cpc.ncep.noaa.gov). The 10
hPa equatorial O3 and N,O anomalies show a slight phase-lag relative to the 30 hPa QBO wind
anomaly, but the generally positive correlation between this 30 hPa wind anomaly and O3 and
N2O mixing ratios suggests that an anomalously fast ascent rate near 10 hPa is associated with

westerly (positive) winds at 30 hPa.
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Figure 9 also shows that in 2006, 2008, 2010, and 2013 there are sharp jncreases in Os
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and NO from 5°S to 5°N near the middle of the year, while in 2007, 2009, and 2011 there are

sharp decreases. Following these sharp changes the equatorial anomaly often remains high (or

low) until the next June/July period. Thus the variation is often nearly biennial except for the

absence of a change in sign for the O3 and N,O anomalies from 5°S to 5°N in June/July 2012.
While the variation shown in Fig. 9 seems to be primarily nearly biennial, the period

from 2009-2013 shows lower average equatorial O3 and N,O mixing ratios than are observed

from 2004-2008, as is apparent in the annual averages shown in Fig. 7. Figure 9 shows that the
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5°S to 5°N O3 and N,O mixing ratios have both lower maxima and lower minima at a similar
phase of the QBO. While these equatorial N,O and O3 anomalies are correlated with the phase
of the QBO wind anomalies, it is not clear whether or not the unusually low O3 and N,O mixing
ratios in 2009-2013 are associated with unusual QBO wind anomalies.

There are some peculiarities in the QBO winds during the 2009-2013 period. For
instance, the westerly wind anomalies in 2010 are weaker than the other four cycles during this
period (16.0 m/s in August 2010 is the lowest maximum since 1992). The easterly 30 hPa wind

anomalies in 2009/2010 are, unusually,_strong for ~3 months before an unusually fast transition

{ Deleted: , as is apparent in the annual averages
[ Deleted: 8

e J )

[ Deleted:

Deleted: do not reach quite the same maximum
strength as in

( Deleted:

back to westerly winds, while the 21.4 m/s maximum easterly wind anomaly in 2012 is the
weakest over the four cycles shown. The 30 hPa wind anomalies during the 2008-2013 period
persist for slightly longer than usual. The winds switched from easterly to westerly in March
2008, August 2010, and March 2013, producing QBOs of length 29 months and 31 months
respectively.

The 10 hPa O3 and N2O anomalies at 40°S to 50°S (Fig. 9, left) are not as strongly

correlated as at the equator (see Fig. 4, Nedoluha et al,, 2015), but nonetheless there is clearly a
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positive correlation between the anomalies of these two species. Not unexpectedly, given the
correlations shown in Fig. 8, these Southern mid-latitude anomalies show variations that are
usually opposite to those seen at the equator. Most clearly the sharp changes in June/July are
anti-correlated with those near the equator. Figure 9 shows that, like the Oz values that have
been shown previously, the N,O values over latitudes near Lauder are elevated from 2009-2013.

The_lower stratospheric anomalies in Oz and N,O at 40°S to 50°S are likely to be caused

by the variations in the rate at which tropical air with high N,O and low Os air moves jnto the

Southern mid-latitudes, relative to the rate at which low N,O and high Os air descends into this

region. The same tropical 30 hPa westerly winds which are associated with the increased ascent
rate in the tropics seem to be correlated with a decrease in transport from the tropics into the
Southern Hemisphere, resulting in an anti-correlation between N,O (and hence Os) anomalies at
the tropics and the Southern mid-latitudes.

v

4.3 Decadal changes in Oz and N,O

To provide a global perspective on the 2009-2013 anomalies, we used linear regression to

fit the MLS monthly mean data from August 2004 through May 2013 fo 8 parameters, including
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fit plot (Fig. 10a) has been shown previously in Nedoluha et al. (2015), where it was shown that
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the decrease observed at 10 hPa near the equator has been occuring for more than 20 years.

opposite is true in the NH.

5. Discussion
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throughout the 36-year period 1979-2014.
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While a linear trend is clearly a very coarse representation of the MLS data from 2004-2013, it
does allow us to show the strong global correlations between N,O and O3 increases (and
decreases) during this time period. While the beginning and endding dates are slightly different,
Fig. 10 is qualitatively consistent with the conclusion in Mahieu et al. (2014) that the air in the
SH mid-latitude lower stratosphere is younger in 2010/2011 than in 2005/2006, while the
We have investigated two unusual O3 variations which occurred in the mid-stratosphere
over Lauder, New Zealand during the 22 years of ground-based microwave measurements from
the site. First, we examined a large positive O; anomaly that was observed by the MOPI ( Deleted: One feature is the very ]
instrument in June 2001. The anomaly was associated with an unusually persistent stratospheric [Deleted: We ]
[Deleted: O3 anomaly ]
blocking anticyclone that kept air from more equatorial latitudes (with high ozone) over Lauder ( Deleted: unusual )
i i i A [Deleted: pattern which keeps J
for much of this month. The very unusual nature of this event was emphasized by comparing the
average Tracer Equivalent Latitude (TrEL) in June 2001 over Lauder on potential temperatures
surfaces from 550 to 850 K (=35 to 10 hPa) with values found in other years. It was found that ( Deleted: 550K ]
( Deleted: 850K )
the TrEL in June 2001 was higher (i.e., more equatorward TrEL) than in any other June
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The second interesting, and much longer-term, feature is the positive O3 anomaly near
~10 hPa which persists over Southern mid-latitudes from 2009-2013. During this period N,O in

this region is also unusually high, and the same chemical-dynamical relationship that causes the




10

11

12

13

14

15

16

17

18

19

20

21

22

very strong N,O-Oj3 correlation in the tropics is likely the cause of the high Os. Briefly, N,O
decreases rapidly both as a function of increasing altitude and increasing distance from the
tropics due to photodissociation and oxidation. Thus the high N,O at Southern mid-latitudes
from 2009-2013 suggests that air was transported into this region from the tropical lower
stratosphere more quickly during this period, thus decreasing the amount of photodissociation
and oxidation of N,O. At the same time, air was being transported more slowly into the tropical
10 hPa region. The mid-2013 decrease in mid-latitude N,O suggests that air is now again being
transported more quickly upwards in the tropics as opposed to being shifted towards Southern
mid-latitudes, but it remains to be seen whether this is a brief interruption, a halt, or a reversal of

a decadal scale trend.
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