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Abstract

The Jet Propulsion Laboratory (JPL) lidars, at the Mauna Loa Observatory, Hawaii
(MLO, 19.5° N, 155.6° W) and the JPL Table Mountain Facility (TMF, California, 34.5° N,
117.7° W), have been measuring vertical profiles of stratospheric ozone routinely since
the early 1990’s and late-1980s respectively. Interannual variability of ozone above
these two sites was investigated using a multi-linear regression analysis on the desea-
sonalized monthly mean lidar and satellite time-series at 1 km intervals between 20
and 45 km from January 1995 to April 2011, a period of low volcanic aerosol loading.
Explanatory variables representing the 11-yr solar cycle, the EI Nino Southern Oscilla-
tion, the Quasi-Biennial Oscillation, the Eliassen—Palm flux, and horizontal and vertical
transport were used. A new proxy, the mid-latitude ozone depleting gas index, which
shows a decrease with time as an outcome of the Montreal Protocol, was introduced
and compared to the more commonly used linear trend method. The analysis also
compares the lidar time-series and a merged time-series obtained from the space-
borne stratospheric aerosol and gas experiment Il, halogen occultation experiment,
and Aura-microwave limb sounder instruments.

The results from both lidar and satellite measurements are consistent with recent
model simulations which propose changes in tropical upwelling. Additionally, at TMF
the ozone depleting gas index explains as much variance as the Quasi-Biennial Os-
cillation in the upper stratosphere. Over the past 17 yr a diminishing downward trend
in ozone was observed before 2000 and a net increase, and sign of ozone recovery,
is observed after 2005. Our results which include dynamical proxies suggest possi-
ble coupling between horizontal transport and the 11-yr solar cycle response, although
a dataset spanning a period longer than one solar cycle is needed to confirm this result.
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1 Introduction

The concentration and distribution of stratospheric ozone is determined by three pro-
cesses: in situ creation (production), in situ destruction (loss), and transport into or out
of the region. In the upper stratosphere (3545 km) the first two processes, ozone pro-
duction and loss, are primarily homogeneous photochemical processes taking place
mostly where the effects of ozone depleting substances (ODSs) are expected to be the
easiest to quantify (UNEP/WMO Ozone Assessments, 1999) Below about 30 km, the
lifetime of ozone is comparable to, or longer than, transport time scales and ozone is
strongly affected by transport.

Detecting recent trends in ozone variations has been central to understanding if
the Montreal Protocol is working. Studies referenced in WMO (2010) pointed out that
ozone levels, both in total column and vertical distribution, were stabilizing. They con-
curred that the first stage of recovery (i.e. slowing of ozone decline attributable to ODSs
changes) had already occurred and that the second stage (i.e. onset of 0zone increase)
was expected to become evident within the next two decades. Recent studies confirm
that the upper stratospheric ozone decline apparent from 1979 until the mid-1990s has
stopped, stabilizing around 1995—-1996, and has a statistically insignificant trend after
1998 (Jones et al., 2009; Steinbrecht et al., 2009; Tatarov et al., 2009). In the tropical
lower stratosphere (LS, 20—25 km), the work of Randel and Thompson (2011) exhibits
statistically significant negative trends (approximately —2 to —4 % per decade). Such
an ozone trend is simulated in many current chemistry-climate models as a result of
a systematic increase in tropical stratospheric upwelling (Eyring et al., 2010; Shepherd,
2008; Li et al., 2009; Waugh et al., 2009).

Most ozone is found in the lower stratosphere and therefore column 0zone measure-
ments largely reflect the distribution in the lower stratosphere These observations ex-
hibit significant asymmetry between the hemispheres, with the differences maximizing
in the winter-spring seasons (McConnell and Jin, 2008). Dynamics explains this asym-
metry as well as why ozone loss exhibits high year-to-year variability while the halogen
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loading responsible for its chemical loss evolves more smoothly. Dynamical variability
leads to changes in ozone abundance through changes in transport. It follows that in
order to detect and attribute the chemical ozone loss resulting from anthropogenic halo-
gens, it is necessary to understand and account for the role of dynamics (Shepherd,
2008) Quantifying ozone variability and trends from historical observations is a clue
to understand past changes and contribute to validating models used to predict future
evolution of global ozone (Randel and Thompson, 2011).

Adding to these historical observations are the two JPL differential absorption lidars
located at Table Mountain Facility, California, and Mauna Loa Observatory, Hawaii,
which have been routinely measuring high resolution vertical profiles of stratospheric
ozone since the late 1980s and the early 1990s respectively. Under the framework
of the Network for Detection of Stratospheric Composition Change (NDACC, formerly
NDSC), these ground-based routine measurements support the validation of satel-
lite measurements (Leblanc et al., 2006), and produce long-term monitoring reference
datasets (Leblanc and McDermid, 2000; Li et al., 2008). They constitute unique and
invaluable datasets to study the long-term ozone variability in the subtropical and mid-
latitude regions.

Other historical observations (going back at least two decades) are the space-borne
stratospheric aerosol and gas experiment Il (ERBS-SAGE-II), halogen occultation ex-
periment (UARS-HALOE), and microwave limb sounder (Aura-MLS). These satellite
instruments provide high-quality observations to compare with our ground-based lidars
over both sites. SAGE Il and HALOE datasets span from 1995 to 2005 and the Aura-
MLS dataset (hereafter referred to as MLS for brevity) complements the time series
since 2004. Usually, zonal averaging of datasets is applied over large latitude bands
before using a multi-linear regression analysis (Soukharev and Hood, 2006; Rems-
berg, 2008). However, recently Randel and Thompson (2011), combining Southern
Hemisphere Additional Ozonesonde (SHADOZ) and SAGE Il over single tropical sites
from 1984 to 2009, found statistically significant negative trends in the tropical lower
stratosphere (approximately —2 to —4 % per decade over ~ 17-21 km).
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Multi-linear statistical models using explanatory variables (or proxies) are commonly
used to extract interannual and longterm ozone variability (see ref. in WMO 2011,
chapter 2; Randel and Thompson, 2011) The influence of the Quasi-Biennial Oscil-
lation (QBO), the 11 yr solar cycle (SC44) and the El Nino Southern Oscillation (ENSO)
on both total column ozone and vertical distribution have all been identified but as dis-
cussed in WMO (2007) a sizable fraction of the interannual or long-term ozone changes
can also be related to other dynamical processes. The estimation of trends requires
a proper accounting for the effect of these processes on ozone. One approach is to
add more terms to the model used for trend calculations using statistics and letting
the regression model find the best proxies (e.g. Mader et al., 2007) Another way is
to add proxies based on possible physical processes that cause the ozone changes
(e.g. Wohltmann et al., 2007). The two studies using these approaches (Mader et al.,
2007; Wohltmann et al., 2007) introduced a new proxy to isolate horizontal advection
and vertical transport (Wohltmann et al., 2005) and showed that the introduction of
this proxy in the statistical model led to the removal of most other dynamical variables
(Mader et al., 2007). In this paper we used a multi-linear regression analysis on de-
seasonalized monthly mean lidar and satellite time-series with explanatory variables
representing the 11-yr solar cycle, the El Nino Southern Oscillation, the Quasi-Biennial
Oscillation, and horizontal and vertical transport. We also added the vertical component
of the Eliassen—Palm flux (EPf) across the midlatitude tropopause to express a mea-
sure of the divergence of the momentum flux that drags the residual circulation and
determines large-scale ozone transport (see also, Reinsel et al., 2005; Dhomse et al.,
2006; Jrrar et al., 2006; Jain, 2010).

In the next section, the JPL lidar and satellite datasets used are described and their
use for long-term analysis discussed. Our regression model and its different compo-
nents are detailed in Sect. 3. Results for each proxy are presented and discussed in
Sect. 4.
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2 Lidar and satellite data sets

The JPL lidar group has a long record of lidar measurements. Three Differential Ab-
sorption Lidars (DIAL) have been operated for the long-term monitoring of ozone and
temperature in the troposphere and stratosphere at Mauna Loa Observatory, Hawaii
(MLO, 19.5° N, 155.6° W) and the JPL Table Mountain Facility, California (TMF, 34.4° N,
117.7° W). The two stratospheric systems utilize Rayleigh and vibrational Raman scat-
tering. Two laser beams (308 nm and 353 nm) are emitted in the atmosphere. The
backscattered light is collected by a telescope and sent to two receiving channels at
308 nm, two at 353 nm, one at 332nm, and one at 385nm. The signals are used to
retrieve stratospheric ozone number density between 15 and 55 km (Leblanc and Mc-
Dermid, 2000). Ozone mixing ratio is then derived using air density and temperature
obtained from lidar or from daily NCEP analysis. At MLO almost 100 % of the mixing ra-
tio profiles were derived using temperature measured by lidar, while at TMF only 50 %
were derived this way. The lidar measurements yield high vertical resolution for all al-
titudes below 35 km and are typically integrated over two nighttime hours beginning at
the end of astronomical twilight. At both sites, only one significant change in instrumen-
tal configuration occurred (in 2000 at MLO and 2001 at TMF) and results are produced
with the same family of analysis programs (i.e. only minor changes in processing ver-
sions), this ensures highly consistent datasets over 2.5 decades. A close look at the
daily profiles for each DIAL pair of channels, as well as at the altitudes where these
pairs were combined to form a unique profile (15-50km) confirmed that there was
no “‘jump” in the time-series associated with the instrumentation or data processing.
Though the Raman channels (15—-35 km range) provide measurements almost insen-
sitive to aerosols, we selected our time window from 1995 to 2011 to avoid periods of
heavy volcanic aerosol loading. For each site this ensures that the dataset is internally
consistent and suitable for trends and interannual variability studies. The best quality
measurements (typical relative error less than 3 %) cover the 20—40 km altitude range.
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From January 1995 to April 2011, more than 2000 lidar profiles were measured at MLO
and more than 1100 at TMF.

SAGE II, onboard the Earth Radiation Budget Satellite (ERBS), provided two
decades of ozone observations from 1984 to 2005. SAGE Il version 6 retrieval al-
gorithms have ~ 1 km or less vertical resolution and the precision of the ozone obser-
vation is usually better than 1 % in the middle stratosphere increasing to 2 % near the
stratopause and tropopause (Manney et al., 2001). Number density profiles from ver-
sion 6.2 were used and converted to mixing ratio versus altitude using the air density
profile provided with these data.

Ozone mixing ratio profiles from HALOE onboard UARS are measured by the at-
tenuation of the Sun’s intensity in a broadband channel centered at 9.6 um. Version
19 ozone profiles vertical range is from 15 to 60 km and the instrument vertical res-
olution is close to 2km. Error estimates vary from 5 to 10 % in the middle and upper
atmosphere (Bhatt et al., 1999).

EOS/Aura was launched in 2004. Onboard Aura, the microwave limb sounder
(MLS) instrument measures thermal emissions from the limb of Earth’s atmosphere.
The latitudinal data coverage from 82° S to 82°N. As recommended by Froidevaux
et al. (2008), ozone profiles used are in the 215 to 0.02 hPa with status, precision and
quality values that give total errors of form 5 to 10 %. Interpolation of the ozone mixing
ratio profiles onto an altitude grid was made using geopotential height profiles available
in version 3.3.

The need for a consistent dataset to be used for the study of stratospheric ozone
recovery led us to the construction of a homogenized time-series from the three instru-
ments introduced above. In order to be compared with the lidar time series, a merged
satellite dataset was formed for each station by using ozone mixing ratio collocated pro-
files (£5° latitude, +25° longitude). To build the merged satellite time series from 1995
to 2005, the average of HALOE and SAGE Il measurements was taken at 5 km vertical
intervals. Then, the averaged differences between the merged HALOE +SAGE Il values
and the MLS values over the overlapping period June 2004—May 2005 were used to
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correct the MLS measurements from 2005 to 2011. For both lidar and merged-satellite
datasets, ozone mixing ratio monthly means were calculated and deseasonalized by
subtracting the climatological mean for each month from January 1995 to April 2011.
Due to the low number of HALOE and SAGE Il coincidences, it was found that relaxing
time coincidences and thus using every profile available in a month over each site leads
to lower biases between merged-satellite and lidar time series and better correlation
coefficients (usually up to 18—19 %) between the regression model results.

The left side of Fig. 1 shows the number of profiles used to calculate the monthly
means for each station (MLO on top and TMF below). At MLO, for the lidar and the
satellite merged time-series, the mean number of profiles used for each month is 11.2
for the lidar, 4.3 for SAGE I, 5.5 for HALOE and 29.7 for MLS. At TMF, in the same
order, the average numbers are 7.7, 6.7, 5.9 and 29.7. If only time coincidences were
used, these numbers would be at MLO: 1.1 for SAGE II, 0.3 for HALOE and 8.9 for
MLS and 1.4 for SAGE Il, 0.3 for HALOE and 5.2 for MLS at TMF. Due to the occul-
tation measurements method, HALOE and SAGE Il yield fewer coincidences. Average
probabilities to have a coincidence with a lidar measurement from the three satellite
measurements are at MLO (TMF, respectively) 10 % (25 %) for SAGE Il, 3% (7 %)
for HALOE and 89 % (91 %) for MLS. For each time series, data gaps were filled by
interpolation, only if at least two measurements on each side of the missing value
could be used. The right side of Fig. 1 shows a comparison between the lidar (in red)
and the merged satellite (in black) deseasonalized time series. The correlation coeffi-
cients between the two time series are indicated on the right hand side of the figure for
each altitude-bin. The time-series are in very good agreement especially in the lower
stratosphere at MLO where the mean correlation coefficient is 0.68. At TMF, lower
correlations are found (0.38 on average) and almost none at 40 km (0.16). This lack
of correlation remains partly unexplained and any results shown hereafter for TMF at
this altitude must be interpreted with caution. Nevertheless the good agreement else-
where between the lidar and the merged satellite time-series is further given by the low
average bias: —0.7 % for MLO and 0.4 for TMF in average.
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The Root-Mean-Square errors and drifts between each data set (as a linear trend,
Nair et al., 2011) are compared in Fig. 2. On average, the RMS error is lower than 10 %
between every instrument for both sites. The highest values (between 10 and 20 %) are
found below 24 km. The best agreement is found between MLS and lidar with an RMS
error less than 5 %, then follow HALOE and SAGE Il with values below 9 %. Except for
the values calculated between MLS and lidar at MLO, the altitude variation of the RMS
follows the same pattern: minimum at 25 and 35 km, maximum at 30 km and below
25 km. Drifts values are also low, on average below 5%yr'1. Higher values, close to
5 %yr‘1, are found for HALOE in the lower stratosphere (21 km) over MLO and MLS in
the upper stratosphere (above 35 km) over TMF.

Figure 3 shows the lidar ozone anomalies in red and merged satellite time series
in black as a function of time. Correlation coefficients were calculated between the
two datasets and are written on the right hand side of the figure. Better correlation is
obtained at MLO (0.58 on average) and the highest correlation is reached in the ozone
maximum region at 25 km which explains the better agreement in the results than at
TMF where ozone anomalies values are much higher.

3 Regression model: description, proxies and specifications
3.1 Model description

To study interannual variations, the ozone mixing ratio monthly means (O5(z,t)) were
first deseasonalized (i.e. annual and semi-annual components removed by subtracting,
for each altitude bin, the composite monthly means computed over the period 1995—
2010). To extract each component of interannual variability present in the deseasonal-
ized time series, a zonally asymmetric regression model was applied at each altitude
bin (Randel and Cobb, 1994; Ziemke et al., 1997; Li et al., 2008, 2011):

Os(z,1)= D a;(z,t)proxy, + residual(z, 1) (1)
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Where a;(z,t) represents the 12, 6, 4 and 3 month seasonal fits of the form: Ay +
2,7:1 (cosimt + sini®t), @ = 2m /(12 months).

Regression analysis of this type has been widely used in the past (see for example
the references in WMO 2007, chapter 3 and WMO 2011, chapter 2). A large number
of different models and explanatory variables exist. Kerzenmacher et al. (2006) used
simulated data to determine criteria for optimized regression analysis. To fulfill these
criteria, we chose a time period free of major aerosol loading, i.e. starting in 1995 (four
years after the Pinatubo eruption). As the ozone trend is expected to change during
our selected time window, we used a nonlinear trend model, which is also advisable
when time-series are longer than five years (Kerzenmacher et al., 2006). At TMF, there
was a long data gap from April 1999 to May 2001 (see Fig. 1), but the time series
extends far enough before and after to allow the detection of the largest changes in
ozone trends at mid-latitudes.

3.2 Proxies description

Since our fitting period does not include any major volcanic eruptions, we did not in-
clude any aerosol-related proxy in our model. Additionally, for both TMF and MLO we
have compared the use of a non-linear trend and the use of the ozone depleting gas
index (ODGI). A review of all the proxies sources used in our model is shown in Fig. 4.
Proxies showing a strong seasonal cycle (Eliassen—Palm flux and transport) were de-
seasonalized before being used in the model.

The proxy used to represent the 11-yr solar cycle (SC44) is the monthly mean of
the 10.7cm™" solar flux measured in Penticton/Ottawa and available at the National
Oceanic and Atmospheric Administration (NOAA), at http://www.ngdc.noaa.gov/stp/
spaceweather.html.

ENSO signatures in stratospheric ozone and temperature have been observed at
low and middle latitudes around the globe and up to fairly high altitudes (Sassi, 2004;
Garfinkel, 2007; Li, 2008; Hood, 2010). To take these effects into account in our model,
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we chose the bimonthly Multivariate ENSO Index (MEI) values, computed by NOAA
and available at http://www.esrl.noaa.gov/psd/people/klaus.wolter/MEI/.

The Quasi-Biennial Oscillation (QBO) has a strong influence on the interannual
variability of ozone (e.g. Baldwin et al., 2001 for a detailed review). Monthly mean
values of the zonal wind over Singapore at 50hPa and at 30hPa (QBO50 and
QBO30) are used. The QBO30 and QBO50 indices are shifted in phase by approx-
imately m/2. The data were downloaded from the Freien Universitat of Berlin web-
site (http://www.geo.fu-berlin.de/en/met/ag/strat/produkte/qbo/), and are updated val-
ues from the work of Naujokat (1986). We selected wind anomalies on pressure levels
instead of EOF components (Randel and Cobb, 1994) because they yield better coeffi-
cients of determination /2 (simply referred to as R? thereafter for brevity) and because
our results could be conveniently reported in % per ms™.

Stratosphere—Troposphere Exchange (STE) and transport of ozone are mainly con-
trolled by the wave driven Brewer—Dobson Circulation (BDC). The strength of the BDC
is mainly measured in terms of the Eliassen—Palm flux (EPf). EPf is calculated from
the European Centre for Medium Range Weather Forecast (ECMWF) daily operational
data following the method of Wohltmann et al. (2007). For TMF, the vertical compo-
nent of the EPf vector at 100 hPa is averaged spatially over 45°~75°N. For MLO, it
is averaged over the 3 months preceding the measurement and the first half of the
measurement month. The flux through 45°~75° S is used for the months from May to
October, while the flux through 45°~75° N is used for the remaining months.

In addition to EPf, Wohltmann et al. (2005) proposed to separate the processes of
horizontal advection and mass convergence (horizontal and vertical transport). After
transforming the equivalent latitude profiles, calculated with the daily operational anal-
ysis from the ECMWF, into ozone mixing ratio profiles with the help of an ozone cli-
matology, the ozone profiles are integrated using the pressures p(4, @, t,q) computed
onto potential temperature levels, thus incorporating the effect of mass convergence
and divergence. Integration is restricted to the isentropic surfaces from 340 to 725K
where transport dominates photochemistry. Then synthetic ozone column obtained in
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this way could be divided into the two processes of horizontal advection and vertical
convergence. Considering a first order development, the mixing ratio and the pressure
difference between two isentropic levels are divided in a climatological part mxry, A,
and an anomaly dmxr, 6A:

z mxr;A; = Z(mxro,- +6mxr;)(Ag; + 64,)
i i

i i i i

The first term describes the climatological mean. For our model proxies we used the
second term which describes the vertical changes due to convergence and divergence
of mass (INTEQL-V), and the third term, which describes the changes due to horizon-
tal advection (INTEQL-H). The ozone climatology is taken from the National Institute
of Water and Atmospheric Research assimilated Total Ozone Mapping Spectrometer
and Global Ozone Monitoring Experiment total ozone datasets (Bodeker et al., 2001)
available at http://www.iac.ethz.ch/cato/.

Regression models usually use a linear trend to simulate ozone depletion at mid-
latitudes due to halogens. As in Brunner et al. (2006), we chose to compare it to
a gas index and a direct proxy for the halogen loading of the stratosphere. The ef-
fective equivalent stratospheric chlorine (EESC) as defined by the WMO (2007) has
commonly been used in the past, instead, we chose to use the ozone depleting gas in-
dex (ODGI) provided by NOAA (http://www.esrl.noaa.gov/gmd/odgi/). ODGI calculation
for mid-latitudes is based on EESC values calculated by first taking ground observa-
tions of halogen chemicals (estimating the Cl and Br atoms in each chemical), with
an additional time lag representing the transport time into the stratosphere (3 yr for
mid-latitudes with a 1.5 age spectrum width that also cover the subtropics). The effect
of bromine is scaled to take into account its higher ozone destruction efficiency (New-
man et al., 2006). Then, defining 100 as the maximum of Equivalent Effective Chlorine
(EECL) in the mid-90’s and zero in 1980 which corresponds to the values defining
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full recovery of the ozone layer in the mid-latitude stratosphere with all other factors
remaining constant (Montzka et al., 1996; Hofmann and Montzka, 2009).

In multi-linear analysis, it is assumed that proxies are strictly orthogonal. This condi-
tion holds when the determinant of the matrix formed by the decomposed time-series is
non-zero. However, to check possible interactions, correlation coefficients were calcu-
lated between each proxy for both stations (Table 1 for MLO, Table 2 for TMF). A non-
negligible correlation coefficient (-0.5) appears between ENSO and INTEQL-V. The
strong correlation between stratosphere/troposphere exchange and ENSO was shown
by Zeng and Pyle’s simulation (2005). During EI Nino and La Nina events, shifts in cir-
culation and meteorological patterns affect the transport of O-rich air from the strato-
sphere to the troposphere. They calculate an anomalously large increase of strato-
sphere/troposphere exchange following a typical El Nino year. La Nina events result in
a decrease of STE. Also, even if the correlation between wind anomalies is not negligi-
ble (0.3—0.4), coefficients between ENSO and QBO at 30 hPa, INTEQL-H and QBO at
50 hPa and INTEQL-V and QBO at 50 hPa are smaller than if the first two components
of the EOF were used, showing that our choice of proxies is appropriate and that these
proxies are mostly orthogonal.

3.3 Noise sensitivity and proxy selection

Noise sensitivity of our model was tested by deliberately introducing random noise of
varying magnitude in the deseasonalized ozone time series. Values of noise-to-signal
ratio of 0.1, 0.5, 1, 2, 5, 10 and 20 were used, and the R? values at each altitude bin
were computed as a function of this ratio, and plotted in Fig. 5. For both sites, R? values
reach a minimum when noise values are greater or equal to 5. It shows that the model
using atmospheric proxies can mathematically explain variance of noise up to 0.35.

A stepwise backward elimination based on the p-values of the regression coefficients
(Mader et al., 2007) was applied. This method defines a ranked sequence for each
proxy at each station. The variable with the lowest rank is dropped from the set of
potential explanatory variables. For both stations, the final model includes only the
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highest ranked variables. Their size is determined by the number of significant variables
and the percentage of total explained variance for each proxy (Rg should be greater
than 5%). The resulting model was fitted twice for each station to take into account
the two proxy options selected for trends (ODGI or Linear Trend). The coefficients of
determination /2 were calculated and compared, resulting in a preference for either
ODGil or linear trend for each station. While this approach is qualitative in nature, it is
robust and avoids the selection of a fixed point in time for the ozone depletion turn-
around (WMO 2007 and 2011) as was required in other studies (Mader et al., 2010).
The proxies and their averaged percentage of total explained variance (in %) are listed
in Table 3. This table summarizes proxies used in the model for both stations. It results
in that the EPf at MLO was not included in the model (RS equal 4 %). The HS calculated
for the linear trend at both stations are also really poor: 1% at MLO and 3% at TMF.
Noticeably, the use of ODGI instead of a linear trend clearly increases the value of total
explained variance for each altitude-bin. The mean difference between the R? profiles
is ~ 8% for MLO and ~ 9% for TMF. The largest values are found at 21 km (16 %) for
MLO, 26 km (17 %) and between 38 and 44 km (~ 18 %) for TMF.

4 Results

Figure 3 shows the time-series of the deseasonalized monthly mean ozone anomalies
in percent (black curves) between 20 and 40 km. The red superimposed curves are the
corresponding reconstructed regression fits. The scale factor is equal to 10 % per km.
The regression analysis generally captures well most of the longer timescale variability.
The effect of the strong 1997/1998 EI Nino (warm ENSO) event is very clear in the lower
stratosphere (20 km) in both lidar and satellite 0zone anomalies time-series. The total
annual mean percentage of variance explained by all components together varies from
40 to 80 % but generally remains below 60 % (F?2 values in Fig. 3). For each explanatory
variable except EPf (low statistical significance), the lidar and satellite responses will
now be detailed and the correlation between these responses will be presented. The
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low significance of the EPf proxy in midlatitudes could be caused by the fact that ozone
is only transported through midlatitudes and that vertical transport is restricted to lower
and higher latitudes (Wohltmann et al., 2007).

4.1 QBO signals

The QBO is the dominant proxy of the model as can be seen on Table 3 where it ex-
plains more than 30 % of the total variance at MLO and 19 % at TMF. Figure 6 shows
the 2-D contours of the ozone QBO perturbation reconstructed from the two desea-
sonalized zonal wind time-series used in the regression analysis for the lidars and the
satellite time-series at both MLO and TMF locations. The numbers on the right hand-
side show the correlation coefficients between the lidars and satellite reconstructed
time-series. The clearest QBO signature maximizes near 23 and 31 km at MLO and
is seasonally synchronized in late winter-early spring and out-of-phase with the equa-
torial ozone QBO anomaly. An approximate 1-yr phase lag in 2000—2001 is clearly
observed, leading to the reversal of the QBO phase before and after 2001, i.e. the
positive anomaly (during period of equatorial easterly shear) at 31 km is synchronized
to the winter/spring of even years before 2000, and odd years after 2001. High cor-
relations found for each altitude between lidar and satellite responses are shown by
values greater than 0.7. At TMF (mid-latitude) the QBO signature maximizes in Jan-
uary at 31 km and over the entire range (20 to 40 km). The most significant result (at
a 20 level) yields a correlation coefficient of 0.5—0.6 between the lidar and satellite re-
sponses between 23 and 36 km. High values (above 0.7 from 20 to 40 km) obtained
from interstation cross-correlations (not shown) for lidar and satellite datasets confirm
the subtropical regime of MLO.

4.2 11-yr solar cycle signals

Figure 7 (top) shows the reconstructed ozone perturbations, for two different altitudes
at MLO (22 and 35 km), illustrating the ozone response to the 11-yr solar cycle (SCy;).
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The response calculated from the lidar and satellite time-series is plotted using solid
and dotted lines, respectively. The correlation coefficients were found to maximize at
23 (0.7) and 32km (0.9). The lower stratosphere response (below 30 km) is character-
ized by a strong negative response observed during the 1999-2002 solar maximum,
and a positive response is observed during the 2006—2009 solar minimum. A stronger
response is seen in the satellite time-series. The lidar response is narrower and max-
imizes in January. This response computed from the lidar and satellite time-series is
also produced in the model simulations of Austin et al. (2007) where it is partially ex-
plained by the QBO and by a change in the upwelling due to SST variations. Theo-
retical and observational evidence favors relative downwelling in the tropics near solar
maxima (Kodera and Kuroda, 2002; Hood and Soukharev, 2003). According to these
simulations, and to the analysis presented by Marsh and Garcia (2007), variability in
lower-stratospheric ozone is strongly related to changes in tropical upwelling associ-
ated with ENSO. At 33 km, a weak expected positive response (3 to 6 %) is observed in
spring on the lidar reconstructed response during the solar maximum (cycle 23 maxi-
mum, from 2000 to 2002) but only during the 2002 winter on the satellite reconstructed
response (Soukharev et Hood, 2006). Further investigation is needed to fully under-
stand and interpret these features.

Figure 7 (bottom) shows the reconstructed ozone perturbations at TMF at 27 and
40 km (satellite dataset only). No result is shown for the lidar dataset due to the lack of
measurements during the solar cycle 23 maximum. The satellite responses shown at
27 and 40 km on the right hand side of Fig. 7 expose a clear winter positive response
during the solar maxima. This winter response expend until spring as the altitude in-
crease. Then this response become negative during solar minima.

4.3 ENSO signals

The highest correlation coefficients (more than 0.6) between the lidar and satellite re-
sponses were found between 25 and 35 km at MLO and above 30 km at TMF. Figure 8
shows responses at 26 and 34 km over both stations. The response to the strong El
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Nino event in 1997/98 is clear at both sites in both the lidar and satellite time-series.
Positive ozone anomalies were found above 30 km over MLO as well as over TMF for
the whole altitude range. A negative signature, out-of-phase with the one above, is ob-
served at MLO in the lower stratosphere. The response to the strong 2010 Nina event is
out-of-phase with the 1997 response to El Nino. These signatures were observed in the
different CCM’s simulations made by Fisher et al. (2008) and Cagnazzo et al. (2009).
Using satellite datasets and GCM simulations, Hood et al., (2010) showed that the
negative response and weaker cooling (see trends above MLO in Li et al., 2011) ob-
served throughout the tropical lower stratosphere are attributable to an indirect dy-
namical effect, i.e. an acceleration of the Brewer—Dobson circulation as a result of
enhanced Rossby wave activity associated with the tropical tropospheric circulation
changes. However, at MLO, the lidar and satellite responses show some discrepan-
cies, especially in the lower stratosphere. Until the Nina event in 2010, both responses
are synchronized in January and appear if the MEI index value is above 1 for an El
Nino event and —1 for a Nina. The lidar response is an early winter positive response
to a Nina event followed by a negative response at the end of the winter.

4.4 Trends and response to the ODGI

Seeking trends in time-series is usually done with a piecewise or single linear trend or
with an EESC representation (WMO, 2010). As previously mentioned, the ODGI was
preferred as a new index based on EESC calculations. Figure 9 (left) shows the total
explained variance calculated with ODGI minus the total explained variance calculated
with a linear trend component. It clearly appears that the use of ODGI increases the
value of total explained variance at each altitude-bin, particularly at TMF. The mean
difference between the profiles is ~ 5 % for MLO and ~ 9 % for TMF. The highest values
of explained variance are obtained at 21 km (18 %) for MLO, at 27 km (18 %) and at
40km (~ 20 %) for TMF. The center and right panels of Fig. 9 show the correlation
coefficients between the linear trend and the ODGl responses. At all altitude over MLO
and mainly at TMF, values of this coefficient are around 0.5. At TMF, two peaks of higher
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values can be seen at 28 (0.6) and 40 km (0.9). A major difference between the ODGI
and linear response is found before the transition period (see definition below). The
structure of the ODGI allows the model to take into account the state of the atmosphere
before 1995 when the classic linear trend define the first year of the analysis as a start
of the potential recovery.

Figure 10 shows the 2-D contours of the ozone ODGI perturbations reconstructed
from the regression analysis. The peak-to-peak annual mean values (compared to lin-
ear trends) over the entire time period are compiled in Table 4.

A good correlation is found at MLO between the lidar and satellite time-series espe-
cially in the middle and lower stratosphere. Four layers of distinct signatures appear:
a layer of strong ozone decrease in the lower stratosphere (20-22 km) in phase with
a layer of weak decrease at 36 km, and two layers of slow ozone increase at 30 and
42 km. The upper stratospheric increase and the steady lower stratospheric decrease
agree well with the multi-model simulations made by Eyring et al. (2010). The upper
stratospheric signature is a direct response to the decrease of total atmospheric chlo-
rine resulting from the Montreal Protocol, though the role of the CO,-induced strato-
spheric cooling still need to be investigated (Randel et al., 2009; Li et al., 2011). The
lower stratospheric signature is attributed to a faster transit of air through the tropical
lower stratosphere from enhanced tropical upwelling, leading to less time for ozone
production, hence to lower ozone levels in this region (Randel and Thompson, 2011).

At TMF, the best agreement between the lidar and satellite datasets is found near
28km. The steady increase starting in 2004 contrasts with MLO’s tropical case. The
temperature evolution in the mid-latitude lower stratosphere is similar to that in the trop-
ics, though the temperature response is more sensitive to changes in ODSs through
ODS induced change (WMO, 2007; Shepherd and Jonsson, 2008). The largest peak-
to-peak values obtained from the lidar time-series are found in the photochemically
controlled upper stratosphere (44 km), and can be partially explained by the cooling
of the stratosphere (Li et al., 2011) slowing down chemical destruction rates, thus in-
creasing ozone. However, caution must be used in this interpretation due to the lack of

30842

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
12, 30825-30867, 2012

Stratospheric ozone
interannual variability
at Mauna Loa and
Table Mountain

G. Kirgis et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/30825/2012/acpd-12-30825-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/30825/2012/acpd-12-30825-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

quantitative agreement at this altitude between the lidar and satellite results. Due to the
very low ozone number density above 40 km, the lidar measurement loses sensitivity
and is therefore affected by lower signal-to-noise ratios.

To better identify the ozone trend turning point and its shift in time with latitude,
the annual mean (in percent by decade) of the ODGI responses were calculated and
compiled in Table 4. The transition period is identified as the shift between negative
and positive values at £1 %. Over TMF, at 28 km, the time transition was established
between 2000 and 2006 and between 2001 and 2004 at 40 km. The start of the change
in ozone recovery (~ 2000) corresponds to the shift found by Waugh et al. (2009) over
the Northern Hemisphere mid-latitudes.

One striking difference between the lidar and satellite reconstructed responses is
the significantly larger amplitudes computed from the lidar time series. Differences in
the vertical resolution and in the remote sensing methods, as well as the quality of the
spatial and temporal coincidences are the most probable causes of these differences
(Li et al., 2008; Randel et al., 2009).

4.5 Horizontal and vertical transport

Figure 11 presents ozone responses to INTEQL-H (horizontal transport proxy) at 22
and 34 km, altitudes below the stratospheric ozone mixing ratio maximum which marks
the end of the region of dynamical influence. Good agreement is found between the
responses for the lidar and satellite time-series. Over both sites, an early winter signa-
ture was identified. Some correlation with the 11 yr solar cycle can also be seen. At
MLO, at 34 km and generally the middle stratosphere, the response is characterized
by a positive signature in-phase with the solar cycle 23 maximum, in good agreement
with the satellite response. Below, the response to the cycle 23 maximum is positive
with the lidar dataset and negative with the satellite dataset. The response at TMF is
characterized by a negative signature out-of-phase with the solar cycle 23 maximum
at 22 km. Above, the response is also out-of-phase but starts two years later.
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Table 1 shows the correlation coefficients between the proxies used in the model
over MLO. The correlation between ENSO and INTEQL-V, equal to -0.5, is too high
to consider these two components orthogonal. Connection between these two prox-
ies is not surprising considering the strong connection between ENSO events and the
vertical component of the mean upper tropospheric and lower-stratospheric circula-
tion. The suppressed convection in the Western Pacific leads to less efficient verti-
cal transport of low concentrations of ozone from the surface. In contrast, a negative
ozone anomaly in the Eastern Pacific arises from increased humidity and enhanced up-
ward transport (Doherty et al., 2006; Chandra et al., 2007). Moreover, During El Nino
and La Nina events, shifts in circulation and meteorological patterns not only affect
photochemistry in the tropics but also the transport of ozone-rich air from the strato-
sphere to the troposphere (Zeng and Pyle, 2005). Note also that in the tropics during
ENSO, warmer sea surface temperatures lead to a warmer troposphere and a higher
tropopause throughout most of the tropics. Higher tropopause levels are associated
with lower tropical ozone and increased ascent in the lower stratosphere circulation
thus increasing the Brewer—Dobson circulation (Cagnazzo et al., 2009). Over TMF, no
significant signatures were identified.

5 Summary and conclusion

This study presented a multi-linear regression analysis using ~ 17 yr of stratospheric
ozone measurements by lidar and satellite-borne instruments above Table Mountain,
California and Mauna Loa, Hawaii (20 to 45km). Comparisons between the lidar and
satellite data sets generally showed good agreement and revealed only low biases and
drift values.

As the dominant feature, the ozone QBO explained the largest fraction of the total
variance (up to 60 %) with an amplitude of 5 % throughout the stratosphere. The QBO
response is characterized by a winter signature which is different for the two stations: at
MLO, the lower stratosphere signature is in-phase with that in the middle stratosphere
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and out-of-phase with that in the upper stratosphere whereas at TMF the lower middle,
and upper stratosphere signatures are in-phase.

Several 11-yr solar cycle and ENSO signatures were clearly identified at MLO for the
lidar and satellite data sets, both showing a negative response in the lower stratosphere
(-5 to —2%/100 F.7 and MEI index). This response has been attributed by modelers
to a change in tropical upwelling subsequently strengthening the Brewer—Dobson cir-
culation.

Our regression analysis model was used to extract the stratospheric ozone response
to the decrease of ozone-depleting substances (ODGI) and compare it to the more
classical linear trend. Choosing an ODGlI-based proxy over a linear trend significantly
increased the total variance explained by the model fits (overall mean ~ 10%). The
ozone response to the decrease of ODGI is significantly negative in the lower strato-
sphere above MLO which is a symptom of an increase of the Brewer—Dobson circu-
lation. At TMF, significant positive trends are found in the upper stratosphere and the
positive response to the Montreal Protocol can finally be seen on the lidar time series.

The inclusion in the regression model of two indices representing horizontal and
vertical transport was tested. At MLO, the vertical transport index is highly correlated
with the ENSO (MEI) index (expected from model results). No significant response
could be associated with this index. However, a statistically significant ozone response
to the horizontal transport index was found between 20 and 35km for both the lidar
and satellite data sets. Over MLO, the seasonal response is enhanced and becomes
positive during the solar maximum. At TMF, an early (late) positive (negative) response
is observed when the cycle 23 is rising (setting).

This study covered 17 consecutive years without heavy aerosol loading in the strato-
sphere, but only includes one and a half solar cycles. The consistency found with model
simulations is very encouraging and points towards promising results once a full sec-
ond solar cycle (and beyond) is covered. H hence the need for continued, long-term,
routine measurements by the JPL lidars at TMF and MLO, as well as other ground-
based instruments and satellite missions.
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Table 2. Correlation coefficients at TMF between proxies with QBO 50 hPa and 30 hPa.

0 Solar ENSO QBO QBO ODGI EPf INTEQL-H INTEQL-V
50hPa 30hPa
Solar 1.0 -0.1 0.0 0.0 0.2 0.0 0.1 0.0
ENSO -0.1 1.0 0.3 0.0 0.2 0.1 0.0 0.1
QBO 50hPa 0.0 0.3 1.0 0.4 0.0 0.0 0.0 0.1
QBO 30hPa 0.0 0.0 0.4 1.0 0.0 0.0 0.1 0.2
ODGI 0.2 0.2 0.0 0.0 1.0 -0.1 0.0 0.0
EPf 0.0 0.1 0.0 0.0 -0.1 1.0 0.0 0.1
INTEQL-H 0.1 0.0 0.0 0.1 0.0 0.0 1.0 0.0
INTEQL-V 0.0 0.1 0.1 0.2 0.0 0.1 0.0 1.0
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Table 3. Proxies and mean explained variance (noted if over or equal to 5 %) over all altitude

bins (lidar values are for each station on the first line and satellite below).

R?(%) Solar ENSO QBO (50and30) EPf INTEQL-H INTEQL-V ODGI LT

10 14 33 - 8 - 9 -

MLO 10 11 51 - 6 6 -

13 11 19 8 12 6 19 -

TMF 10 10 27 8 7 5 8 -
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Table 4. Summary of the extreme annual mean values of the ozone response to the ODG (lidar
values are for each altitude on the first line, satellite below and linear on the right). Results
calculated from the lidar stratospheric ozone column from 20 to 40 km were added on the

bottom of the table. Units are in % by decade.

MLO

TMF

Jikm  -81%05 —1.020.1
00+01  0.1+0.1

~1.9+11 -03£0.0

86km 17101 -03£0.0

Column -15+0.2 -0.3+0.1

28 km

40km

Column

49+0.2 0.8+0.1
24+15 0.4+0.0

12.3+0.3 22+0.1
-29+0.1 -05+0.0

21+0.3 0.4+0.1
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Fig. 1. Left: number of profiles by month for MLO (top) and TMF (bottom) from 1995 to 2012.
Right: ozone anomalies time series (lidar in red, merged satellite time series in black) for MLO
(top) and TMF (bottom). The ozone perturbation scale is 10
of each altitude bin denote the correlation coefficient between the red and black curves.
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Fig. 3. Time-series of ozone anomalies (black) at 5km intervals and their corresponding re-
gression fitting results (red) at MLO and TMF for both datasets. The ozone perturbation scale
is 10%km™". The numbers in front of each dashed line denote the R? coefficient given by the

fit result.
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Fig. 6. 2-D contours of the ozone QBO perturbation reconstructed from the regression analysis
applied to lidar and satellite data. Correlation coefficients calculated between lidar and satellite

responses are indicated on the right hand side.
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Fig. 7. Ozone response to SC,, perturbations at different altitude over MLO and TMF. Lidar
responses are solid lines and satellite are dotted lines.
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Fig. 8. Ozone response to ENSO perturbations at 22 (blue) and 30 (red) km over MLO and
TMF. Lidar responses are solid lines and satellite are dotted lines.
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Fig. 9. Left: the difference between the total explained variance calculated with the ODGI or
a linear trend with lidar time series. Center: correlation coefficient calculated between ozone
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Fig. 11. Ozone response to INTEQL-H perturbations at 22 (blue) and 34 (red) km over MLO
and TMF. Lidar responses are solid lines and satellite are dotted lines.
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