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Abstract

The correlation between tropical stratospheric ozone and UV radiation on solar rotational time
scales is investigated using daily satellite 0zone observations and reconstructed solar spectra.
We consider two 3-year periods falling within the descending phases of two 11-year solar
cycles 22 (1991-1994) and 23 (2004-2007). The UV rotational cycle is highly irregular and
even disappears for half a year during cycle 23. For the 1991-1994 period, ozone and 205 nm

UV flux are found to be correlated between about 10 and 1 hPa with a maximum of 0.29 at ~5



hPa; ozone sensitivity (percentage change in ozone for 1 percent change in UV) peaks at ~0.4.
Correlation during cycle 23 is weaker with a peak ozone sensitivity of 0.2. The correlation is
found to vary widely, not only with altitude, but also from one year to the next with a
rotational signal in ozone appearing almost intermittent. Unexpectedly, the correlation is not
found to bear any relation with the solar rotational forcing. For instance, solar rotational
fluctuations are by far the strongest during 1991-1992 whereas the correlation peaks at the
end of 1993, a rotationally quiescent period. When calculated over sliding intervals of 1-year,
the sensitivity is found to vary very strongly within both 3-year periods; it is almost negligible
over the entire vertical profile during some 1-year intervals or reaches close to 1 around 2-5
mb for other intervals. Other sources of variability, presumably of dynamical origin, operate
on the rotational spectral range and determine to a large extent the estimated solar rotational
signal. Even considering 3 years of observations (corresponding to about 40 solar cycles), the
extraction of the rotational solar signal does not appear to be robust during declining phases of
11-year solar cycles. As observational studies cover at best three 11-year solar cycles, it must
be challenging to produce a reliable estimation of the 11-year solar cycle signal in

stratospheric ozone, especially in the presence of decadal climate variability.

Ozone — stratosphere — solar variability — 27-days - photochemistry

1. Introduction

Solar radiation is the main source of input energy to the terrestrial atmosphere and, as such, it
partly determines the Earth’s radiative balance and climate. The total input energy is
quantified with the Total Solar Irradiance (TSI). TSI varies on different time scales; the two
most important cycles are the 11-year solar magnetic activity cycle (also called the Schwabe

cycle) and the 27-day cycle (also called the Carrington solar rotational cycle). Changes in TSI



over an 11-year solar cycle are typically 0.1% only (about 0.24 W/m?) at the top of Earth’s
atmosphere which is expected to have a relatively limited influence on climate. However,
irradiance changes strongly depend on the considered wavelength region. The amplitude of
irradiance changes during an 11-year solar cycle is greater at shorter wavelengths, with
variations of 6-8% around 200-205 nm over a solar cycle, and even much greater near the
Extreme UV (EUV) domain and Lyman alpha line (121.57 nm). The magnitude of variations
in UV during the 27-day cycle is similar to that during the 11-year cycle. The 11-year solar
cycle is caused by the variability of solar magnetic activity whereas the rotational cycle is
caused by the longitudinally inhomogeneous distribution of magnetic field features (sunspots

and faculae) at the surface of the rotating Sun.

Several datasets for the past Spectral Solar Irradiance (SSI, spectrally resolved solar
irradiance) and Total Solar Irradiance (TSI) have been produced using different proxy-based
reconstruction approaches (e.g. Lean et al. 2005; Krivova et al. 2009) and satellite
measurements period. There is a consensus on an average TSI value of 1361 + 0.5 W.m™
(Kopp and Lean, 2011; Ermolli et al., 2013). However, there are still very substantial
disagreements on the variability and trend in TSI and SSI. For instance, the TSI during the
Maunder minimum was estimated to be about 3—4 W/m? lower than the present TSI (Lean et
al. 1995) whereas more recent reconstructions (Steinhilber et al., 2009; Frohlich, 2009)

derived a TSI change a factor 3 to 4 times smaller.

Regarding SSI, the situation appears to be more confused, notably for solar cycle 23. SSI
measurements on the SORCE (Solar Radiation and Climate Experiment) satellite during the
declining phase of solar cycle 23 (i.e. 2004 to 2008) show an unexpected behavior with a
trend in UV (Harder et al., 2009) being found to be several times higher than all recent

estimates for the 11-year cycles (e.g., Lean et al., 2005). More surprisingly, the trends in UV



radiation and TSI were found to be opposite to the trend in visible radiation (Harder et al.,
2009), which is not at all consistent with proxy-based linear extrapolations used in
reconstructing past irradiances (Pagaran et al., 2011). The substantial differences between the
SSI datasets available for the declining phase of solar cycle 23 lead to different atmospheric
and climate responses when they are used to force climate models (Shapiro et al. 2011). If
SORCE SSI measurements are to be confirmed (Garcia, 2010), it will dramatically affect our
understanding of the ozone and climate sensitivity to solar variations (Merkel et al. 2011;
Haigh et al., 2010). It is worth pointing out that there is a strong possibility that the SORCE
SIM instrument has suffered from degradation with time resulting in an overestimation of the
UV decline during cycle 23 (Lean, and DeLand, 2012; DeLand and Cebula, 2012; Ermolli et

al., 2013).

It is now acknowledged that the coupling between ozone and UV radiation, and the
subsequent propagation of middle atmospheric solar-driven perturbations toward the lower
atmosphere may play a very significant role in the overall atmospheric and climate responses
to solar variability (Haigh, 2007; Haigh et al., 2010; Gray et al., 2010; Ermolli et al., 2013).
Therefore, it is important to characterize the response of the stratosphere, notably ozone, to
changes in solar spectral irradiance. Indeed, accurate observational characterizations are
needed for evaluating chemistry-climate models that attempt to simulate the influence of solar
variability on the middle atmosphere. Most observational and modeling studies have focused
on the impact of solar ultraviolet irradiance on the tropical middle atmosphere, more
particularly on ozone and temperature (Hood, 2004; Fioletov, 2009; Remsberg, 2008; Randel
and Wu, 2007; Soukharev and Hood, 2006; Austin et al., 2007; Hood and Soukharev, 2012).
These studies found a change in the range of 2 to 4% in ozone mixing ratio from solar
maximum to solar minimum of an 11-year solar cycle with a maximum change occurring near

40 km.



The purpose of the present study is to analyze the short-term (i.e. rotational timescales) solar
forcing of tropical stratospheric ozone during the declining phases of different 11-year solar
cycles. The sensitivity of stratospheric ozone to solar variability is a key constraint on models
that attempt to simulate the response of the stratosphere to solar variations (Brasseur, 1993;
Fleming et al., 1995; Chen et al., 1997). Studies of ozone variability on rotational timescales
may not only improve our understanding of short-term solar-driven ozone variability but can
also provide a valuable insight into the mechanisms driving the stratospheric response on
longer solar time scales. The focus is on the rotational cycle because satellite time series cover
many more rotational cycles than 11-year cycles. Solar UV irradiance and ozone have been
monitored from satellite since 1978, which covers only about three 11-year solar cycles.
During the last 3-4 decades, the solar signal was also certainly perturbed by other natural and
anthropogenic influences (i.e. volcanic eruptions and increasing greenhouse gases
concentrations) which could lead to substantial inaccuracy in the solar signal retrieved from
observations and thus possible disagreements with model simulations that only account for
solar perturbations. In addition, because of the natural variability of the Earth’s atmosphere on
inter-annual time scales, it is preferable to consider at least several 11-year cycles before one
can safely extract a robust 11-year solar signal. Finally, the estimation of a solar signal in
ozone variations on long timescales is more sensitive to long-term instrumental drifts than on
shorter time scales. For these reasons, studies of the rotational cycle are expected to provide
more statistically significant and robust results than studies of the 11-year solar cycle. Several
studies have been carried out to determine the relationship between UV solar flux and
stratospheric ozone on rotation timescales. Most analyzed satellite observations over selected
parts of a single solar cycle: cycle 21 maximum for Hood (1986), cycle 22 descending phase
for Zhou (1997) and Hood and Zhou (1998), and cycle 23 descending phase for Ruzmaikin

(2007) and Dikty (2010). Others considered parts of two cycles: from cycle 21 maximum



phase to cycle 22 descending phase for Chandra et al. (1994), maxima and descending phases
of cycles 21 and 22 for Zhou et al. (2000), and from cycle 21 maximum to cycle 23
descending phase for Fioletov (2009). Chemistry-climate models have also been used to
determine the relationship between UV solar flux and tropical stratospheric ozone on solar
rotation timescales (Brasseur, 1993; Williams et al., 2001; Rozanov et al., 2006; Austin et al.,
2007; Gruzdev et al., 2009; Merkel et al., 2011). Comparing quantitative results from
different studies can be challenging because data filtering, statistical methods, solar and ozone
datasets and time periods can differ quite substantially. It is not possible to claim that they
reflect real temporal changes in the ozone-UV relationship, possibly because of other time-
varying sources of ozone variability, or to artifacts in the different methodologies in the solar

signal estimation.

The present study is focused on the temporal evolution in the ozone-UV relationship. The
objective is to explore possible inter-annual variations in the relationship on rotational
timescales and assess to what extent it varies not only within the declining phase of 11-year
cycle and also from one 11-year cycle to another. Indeed, the amplitude and coherence of
short-term solar UV variations may vary between solar cycles. In addition, the ozone response
to UV changes during the descending phase of two different solar cycles may not be identical
because the average solar spectrum may have changed, thus preconditioning the atmosphere
in different ways. Comparing two solar cycles is partly inspired by studies that analyzed how
the response of stratospheric ozone to solar UV variations varied between two relatively
similar cycles, cycles 21 and 22 (Chandra et al., 1994; Hood and Zhou, 1998). Fioletov (2009)
analyzed the rotational solar signal in cycles 22 and 23. None of these studies have
investigated the year-to-year variability in the estimated ozone response. We consider ozone
datasets obtained from different satellite plate-forms (UARS and AURA) but with a similar

instrument (MLS, Microwave Limb Sounder). The MLS/UARS observations started on 19



September 1991 but their coverage became more intermittent in 1994 because the antenna
scanning mechanism began to exhibit signs of wear and it was exacerbated by problems with
the UARS power system. The MLS/AURA observations started on 13 august 2004. In order
to consider the same solar cycle phase in the two MLS datasets, two 3-year periods are
selected (from 10/1991 to 09/1994, and from 09/2004 to 08/2007). Both periods correspond to
the descending phase of 11-year solar cycles, cycle 22 (1985-1996) and cycle 23 (1996-2009).
There is a great deal of observational evidence that the solar cycle 23 was rather exceptional
with respect to cycles 21 and 22. Cycle 23 decline in the peak and mean of the group sunspot
number appears to be the largest since the onset of the Maunder Minimum (Lockwood et al.,
2011) and thermospheric densities in 2007—2009 were also the lowest observed in a 43- year
database with anomalies starting well before 2006 (Emmert et al., 2010), the primary cause
being anomalously low levels of solar extreme ultraviolet irradiance (Solomon et al., 2010).
Note that the current debate on the UV decline during the descending phase of cycle 23
(Ermolli et al., 2013) has no relevance here because there is a general agreement on the short-
term rotational variations between SORCE data, reconstructed data (Lean et al., 2005) and

concurrent observations (DeLand and Cebula, 2012).

The solar rotational characteristics (major periodicities, correlation with short term solar
variability,...) in the ozone time series are estimated from commonly used filtering and
spectral techniques. All the datasets are processed and analyzed exactly with the same
algorithms; that way, differences in solar rotational signals between the two cycles cannot be
attributed to differences in statistical treatments. The solar variability is characterized with the
205 nm solar flux (Lean et al., 2005; Thuillier et al., 2012); this wavelength region is critical

for stratospheric ozone photochemistry (Brasseur and Solomon, 2005).



The plan of the article is the following. Section 2 provides a brief description of data series
and methods used in this study. Results are discussed in Section 3. A summary and

conclusions can be found in Section 4.

2. Data description

2.1. 205nm solar flux
As explained in the introduction, the solar input used in this study is the spectral irradiance at
205 nm (from both measurements and reconstructions). This wavelength is chosen because it
is important for the ozone chemical budget throughout the stratosphere. It corresponds to a so-
called window region that is positioned between two strong absorption bands: the Schumann-
Runge band of molecular oxygen and the Hartley band of ozone (Brasseur and Solomon,
2005). In this region, atmospheric absorption is very low and hence solar UV radiation
penetrates deeply in the atmosphere, down to the lower stratosphere, where it photolyzes
molecular oxygen (O) to produce Os;. The 205 nm flux, called thereafter F205, has been
commonly used in previous studies because it’s a very good proxy for characterizing solar

variability in the UV domain.

F205 is taken from semi-empirical reconstructions carried out with a well-established and
widely used solar spectral irradiance model, the Naval Research Laboratory Solar Spectral
Irradiance (NRL-SSI) reconstruction model. Below 400 nm, spectral irradiances are derived
from a multiple linear regression analysis of UARS/SOLSTICE (SOLar Stellar Irradiance
Comparison Experiment on board Upper Atmospheric Research Satellite (Rottman et al.,
1993)) observations (for more information, see Lean et al. (1997) and Lean (2000)). We use

the NRL-SSI model to generate the time series of daily F205.



2.2. Tropical stratospheric ozone
The interest of this study is based on the use of two data sets of ozone over two different solar
cycles which are measured by instruments using the same technique: the MLS instrument for
both data series (MLS /Aura and MLS /UARS ozone data sets). The focus is on the tropics
because the ozone response to solar variability is mostly driven by photochemistry in this
region and thus easier to be interpreted. Time series of daily tropical ozone mixing ratios on
UARS pressure levels are generated by averaging zonally all the MLS ozone profiles between

20°N and 20°S for a given day (24 hr).

2.2.1. MLS/UARS data (solar cycle 22)
The Microwave Limb Sounder (MLS) is one of the ten UARS instruments. The UARS
satellite was launched on 12 September 1991, into a 57° inclination and a 585 km altitude
orbit. Waters (1989, 1993) describe in detail the microwave limb-sounding technique. The
ozone retrieval is based on 205 GHz radiances. The typical 1-oc precision for ozone mixing
ratio measurements is 0.5 ppmv (about 20%) at 0.46 hPa, 0.3 ppmv (between 2 and 10%) at 1-
4.6 hPa and 0.2 ppmv (about 2-3%) at 10-46 hPa. As shown in Hood and Zhou (1998), an
artificial 36-day periodicity, caused by the UARS yaw maneuver cycle (Froidevaux, 1994), is
present in zonally averaged MLS data. This periodicity is present at all latitudes and increases
with increasing altitude. Hood and Zhou (1998) suggested to remove this artificial periodicity
by considering only daytime measurement near a local time for zonal mean calculations.
However, the fraction of daytime measurements over a small range of local time is so low that
this approach leads to much larger sampling errors and time gaps in the zonal averages. That
is why Hood and Zhou (1998) used both night and day measurements, as in this study. It has
to be mentioned that ozone diurnal variations do not generally exceed 5%, excepted at high

latitudes (Sakazaki et al., 2013; Schanz et al., 2014). However, above 2 hPa, they become
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very substantial (Parrish et al., 2014), increasing with altitude. Solar signals estimated from
regression on ozone measurements at fixed local times (e.g. solar occultation measurements)
are not affected by diurnal variations. However, in the case of measurements taken at local
times varying from day to day (e.g. MLS), the diurnal cycle can introduce spurious variations
in the temporal evolution of the daily zonal mean, increasing the solar signal-to-noise ratio
and thus making much less accurate the estimation of the solar signal. This effect depends on
the relative amplitudes of the ozone diurnal and solar variations and on the spatio-temporal

sampling of the measurements.

2.2.2. MLS/Aura data (solar cycle 23)

The Microwave Limb Sounder (MLS) is one of the four instruments on board the Aura
satellite, which was launched on 15 July 2004 into a sun-synchronous near-polar orbit around
705 km in order to study atmospheric chemistry and dynamics. Aura MLS is an advanced
successor to the MLS instrument on UARS. Detailed information on the microwave technique
in general and the Aura MLS instrument in particular is given in Waters (1993) and Waters et
al. (2006). MLS observes a large suite of atmospheric parameters by measuring millimeter-
and submillimeter-wavelength thermal emission from Earth’s limb with seven radiometers
covering five broad spectral regions (118, 190, 240, 640 GHz and 2.5 THz). The “standard
product” of ozone is retrieved from radiance measurement near the 240 GHz. The version 2.2
of the MLS ozone product is used in this study. The Aura MLS fields of view point forward in
the direction of orbital motion and vertically scan the limb in the orbit plane. That is leading
to data coverage from 82°N to 82°S latitude on every orbit. Thus Aura MLS provides
continuous daily sampling of both polar regions, with none of the temporal gaps from yaw

maneuvers that occurred with UARS MLS. The MLS limb scans are synchronized to the Aura
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orbit, with 240 scans per orbit at essentially fixed latitudes. This results in about 3500 scans
per day, with an along-track separation between adjacent retrieved profiles of 1.5° great circle
angle. The longitudinal separation of MLS measurements set by Aura orbit, 10-20° over low
and middle latitudes, with much finer sampling in the polar regions. The vertical resolution is
about 3 km in upper troposphere and stratosphere and about 4-6 km in mesosphere. The 1-c
precision for ozone mixing ratio measurements is about 0.1 to 0.3 (corresponding to 2 to 15

%) from 46 hPa to 0.5 hPa.

3. Results and discussion

3.1. Analysis of raw data
Figure 1 shows the temporal evolution of the daily F205 from the NRL-SSI model (Lean et
al., 2005) over the two last full 11-year solar cycles (cycles 22 and 23). The two 3-year
periods considered in this study (from 10/1991 to 09/1994 and from 09/2004 to 08/2007) are
highlighted in red in the figure; they both fall within a descending phase of an 11-year solar

cycle.

The high-frequency variability in the F205 time series largely originates from the solar
rotational cycle. For the sake of simplicity, the 3-year periods of cycles 22 and 23 will be
referred thereafter as the 1991-94 period and the 2004-07 period respectively and the so-
called 27-day solar cycle as the rotational cycle. Figures 2.a and 2.b show the FFT (Fast
Fourier Transform) power spectra of F205 time series for the 1991-94 period (i.e. from
10/1991 to 09/1994) and the 2004-07 period (i.e. from 09/2004 to 08/2007) respectively. In
both power density spectra, there is a broad signal between 20 and 35 days with a maximum

around 27 days (indicated by a vertical dotted line). The broadness of the peak indicates that
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the solar rotational modulation varies in period and intensity. The solar rotational modulation

is stronger during the 1991-94 than the 2004-07 period.

A secondary peak around 13.5 days is also visible for both periods; its power density is about
an order of magnitude smaller than the 27-day peak. This periodicity is mostly caused by the
presence on the Sun surface of two sunspots which rotate with the same period but are
separated by about 180° in longitude (e.g. Bai, 2003; Zhang et al., 2007). These findings are
in agreement with previous results (Fioletov, 2009). Using a range of solar proxies (Mg I,
F10.7 cm, Lyman-a, F205), Fioletov (2009) found that the 27-day solar rotational modulation
dominated the solar variability during the solar maxima and that it tended to be much stronger

during the maxima of cycles 21 and 22 than during cycle 23.

To follow the temporal variations in the intensities of the spectral components, continuous
wavelet transforms (CWT) are computed. The CWT is based on the Morlet wavelet (Torrence
and Compo, 1998) that has the advantage of being reasonably localized in both time and
frequency. Figures 2.c and 2.d show CWT time-resolved power spectral density (also called
scalogram) of F205 for the 1991-94 and 2004-07 period respectively. The “cone-of-influence”
is represented with the slightly vertical solid lines at the bottom corners (indicated by arrows)
that delimit the boundary regions where edge effects become important. The 95% confidence
level is denoted with solid contour lines. The black vertical dotted lines distinguish the three
1-year intervals that are studied in section 3.3 (relative to the inter-annual analysis). In
agreement with the FFT results, the broad rotational component centered at 27 days always
dominates the power spectral density for both periods. The solar rotational component is

stronger during the first year of the 3-year periods than the second and third year, which is
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consistent with the descending phase of an 11-year solar cycle. Out of the two 3-year periods,
the solar rotational fluctuations are the largest and well-marked during the first year of the
1991-1994 period because it includes about half a year of cycle 22 maximum (se Figure 1).
The solar rotational signal varies quite strongly in time within the 3-year periods. The solar
rotational periodicities disappear for several months at the end of 1993 during cycle 22. The
gaps are even more pronounced during cycle 23 with rotational periodicities disappearing
completely at the beginning of 2006 and during half a year in 2007. This is expected because
the existence of a clean and constant harmonic oscillation requires the presence on the Sun of
long-lived and intense active regions, which was not always the case during cycle 23,
especially during periods of low activity. In agreement with our FFT analysis and Fioletov
results (2009), there is a strong signal centered around 27 days in the F205 CWTs for both
periods and again the signal is found to be stronger during the 1991-94 period than the 2004-

07 period.

Let us now analyze the spectral components of the ozone time series and search for the
presence of a solar rotational signal. A spectral analysis is carried out on the daily
stratospheric ozone data averaged over the tropical band [20°S-20°N]. However, there are
gaps in the MLS/UARS data, notably towards the end of the period. As a result, a Fourier
transform analysis would require prior linear temporal interpolation of the data which could
be problematic when the data gaps are too large. The method of normalized Lomb-Scargle
periodogram (Lomb, 1976; Scargle, 1982) is better suited to the case of unequally sampled
time series with gaps and provides the same spectral information as a Fourier transform. This
normalized periodogram is based on fitting the data with harmonics series using least squares
method. Figure 3 shows the Lomb-Scargle periodograms of MLS/UARS (1991-94 period)

and MLS/Aura (2004-07 period) tropical ozone data at four different pressure levels (4.6 hPa,
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3.2 hPa, 2.1 hPa and 1.5 hPa) in the upper stratosphere. Note that the raw ozone time series
contained very few spurious values that have been filtered out by removing measurements
that are outside the 2-c range of the zonal average at each pressure level. The 4 left hand-side
panels corresponding to the 1991-94 period indicate a prominent peak at about 35 days that is
induced by the yaw-maneuver period of the MLS/UARS instrument as described previously
(Froidevaux, 1994; Hood and Zhou, 1998). There are small peaks in the 20-30 days range that
correspond to the frequency domain of the solar rotational cycle. The solar rotational cycle is
irregular; it peaks around 27 days but can cover a rather wide period range, typically between
20 and 35 days. The four right hand-side panels corresponding to the 2004-07 period also
show small peaks between 20 and 35 days but they are much weaker than for the 1991-94
period. There is a broad peak centered around 41 days which is certainly not due to the solar
rotation. It has to be pointed out that none of the peaks within the 20-35 days range (Figure 3)

are statistically significant at the 95% confidence level (not shown).

Figure 3

The analysis of ozone Lomb-Scargle periodograms is inadequate to retrieve significant solar
rotational signatures in ozone time series. The same results (not shown) are also observed in
FFT power spectra (after filling gaps using temporal interpolation) with again a broad peak
around 35 days and 40 days for the 1991-94 and 2004-07 period respectively and small peaks
in the 20-30 days range. The lack of significant peaks at solar rotational periodicities in the
ozone power spectra indicates there are other stronger sources of high-frequency variability in
stratospheric ozone, possibly of dynamical origin. It is likely that there are time intervals

during the 3-year periods when the solar rotational periodicities are stronger or that the other
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sources of variability are weaker. For this reason, it might be interesting to have a look at

time-resolved power spectra.

Figure 4 presents CWTs results for MLS/UARS (left panels) and MLS/Aura (right panels)
ozone time series on the same pressure levels (4.6 hPa, 3.2 hPa, 2.1 hPa and 1.5 hPa) as in
Figure 3. For MLS/UARS (1991-94 period), there is no very noticeable signal apart from a
patchy and broad signal covering a wide period domain, from 20 to almost 40 days, period
during the second-half of 1992. In agreement with Lomb-Scargle periodograms (see Figure
3), the signal appears to peak at about 35 days and is present at all the pressure levels. For
MLS/Aura (2004-07 period ), there is a strong and broad signal centered around 40-45 days
periods, already seen in the Lomb-Scargle periodograms, present at all pressure levels at the
beginning of 2007. There is also a weaker signal at similar periodicities at the 3.2 hPa
pressure level during the second half of 2005. For both ozone time series, the strongest signals
are found at 3.2 hPa and 2.1 hPa. In summary, in contrast to F205, ozone CWTSs, like Lomb-
Scargle periodograms, do not show a prominent rotational signal in the raw ozone time series,
especially during the 2004-07 period.

We then calculate the mean squared coherence between F205 (from NRL-SSI) and
stratospheric ozone in order to identify the frequency domains over which solar irradiance and
ozone are most correlated. Coherence represents the degree of correlation between two time
series as a function of frequency or period. Figure 5 shows the mean squared coherence
(defined as the ratio between the magnitude-squared cross-spectral density between solar and
ozone time series over the autospectral densities of solar and ozone time series) between F205
and ozone from MLS/UARS (left hand-side panel) and from MLS/Aura (right-hand side
panel) as a function of the period, between the 10 and 40 days, and pressure, between 46 and

0.1 hPa. Solid contour lines denote the 90% confidence level and vertical dotted lines indicate
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the 27-day period. For MLS/UARS (1991-94 period), the coherence is strong and significant
only between the periods of 20 and 28 days and between about 10 and 1 hPa with a local
maximum of about 0.7 at the 22-day period around 6 hPa. For MLS/Aura (2004-07 period),
the coherence is much weaker and barely significant at the 90% confidence level. These
differences between the two periods are consistent with results from Fioletov (2009) who
found a weaker (not statistically significant) coherence during the solar maximum of cycle 23
than during the maxima of cycles 21 and 22.

As the periodicities in F205 and ozone series strongly vary with time (see Figures 2 and 4),
we use the wavelet transform coherence (WTC) to follow the temporal evolution of the
coherence. WTC is a method to estimate the mean squared coherence and phase lag between
the time series as a function of both time and period/frequency. WTC is computed with the
Matlab toolbox provided by Grinsted et al. (2004). Figure 6 shows the WTCs results between
F205 and ozone at two pressure levels (4.6 and 3.2 hPa) for MLS/UARS ozone data (left
panels) and MLS/Aura ozone data (right panels). The phase is shown as arrows with in-phase
pointing right, anti-phase pointing left, and the solar leading ozone by 90° pointing straight

down.

Coherence fields look very patchy. It is not entirely unexpected. A spectral analysis over very
small temporal intervals (corresponding to the temporal resolution of the WTC) is subject to
large uncertainties because of the very small data samples. For MLS/UARS (1991-94 period),
the most outstanding feature is an area of strong in-phase coherence, between the periods of
about 16 and 35 days, lasting about 7-8 months (from the middle of 1993 to the beginning of
1994); it is present at the four pressure levels but it peaks at the 4.6 hPa level. There is a
secondary coherence maximum in the middle of 1993 at similar periodicities at 3.2 hPa with
phase arrows pointing unexpectedly straight up (i.e. a phase lag of about three quarter of a

cycle). It is much more localized (lasting only a couple of months) and is possibly just caused
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by some random correlation over a couple of months. For MLS/Aura (2004-07 period), a
patchy area of strong and significant in-phase coherence is found at the relevant period range
(16-35 days) at the 4.6 hPa pressure level, it last about 6 months in 2005. Another small area
of strong coherence is found at the beginning of 2006 but it only last a couple of months and
is present at all pressure levels. On both WTC panels, small areas of strong coherence can be
found outside the 16-35 days period range, especially at shorter periods. Some is certainly
related to the sub-harmonic period (about 13.5 days) of the main solar rotational periodicity.
However, they typically do not last more than a couple of months and hence could partly
originate from random fluctuations. Coherence appears to be much weaker during the 2004-
07 period. The most surprising is that the coherence waxes and wanes, without coinciding
with time intervals during which the solar rotational forcing itself is strong. For instance, the
F205 rotational periodicities are the most intense during 1992 (see Figure 2.c) whereas the

coherence appears to peak around these periodicities but at the end of 1993.

3.2. Analysis of filtered data

In order to focus on the spectral domain where the correlation between solar activity and
ozone (centered around 27 days) is the highest, most previous studies considered data filtered
in the frequency domain. Therefore, we apply a digital filter previously used (Hood, 1986;
Chandra, 1986; Keating et al., 1987; Hood and Zhou, 1998; Zhou et al., 2000). The filtering
procedure consists of smoothing data with a 7-day running mean which removes short-term
fluctuations. Linear trend and mean value are also removed from these smoothed time series.

Finally, a 35-day running mean is subtracted from the data, removing long-term fluctuations
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(e.g. seasonal, semi-annual, annual and QBO variations). The overall procedure is equivalent
to a band-pass filter in the frequency domain. Others band-pass filters (Butterworth or Bessel)
could have been used but, in order to make our results as comparable as possible, we use the

same digital filter as in previous studies.

Tables 1 and 2 show the linear (Pearson) correlation coefficient between filtered solar and
ozone time series for the two periods at 7 pressure levels, from 10 to 1.5 hPa. The mean of the

standard errors, provided in the Tables, is about 0.1.

As the previous results on raw data highlighted the large temporal variations in the
periodicities of the time series and the almost intermittent nature of the coherence between
F205 and ozone, correlation coefficients are also calculated for individual years to investigate
inter-annual variability. The second column of the tables corresponds to the 3-year intervals
whereas the third, fourth and fifth columns correspond to individual years. 2-c errors on
correlation coefficients are of the order of 0.1. Correlation coefficients calculated over 3 years
are positive at all the levels for the 1991-94 period (Table 1) with a maximum of 0.29 at 4.6
hPa whereas they are about two times smaller for the 2004-07 period and even negative at 1.5
hPa. The correlation varies strongly, not only with altitude, but also from one year to another.
When calculated over 1-year intervals, it is positive during the 3 years at only 2 pressure
levels (6.8 and 4.6 hPa) for both periods and, even on these levels, inter-annual variations are
quite substantial. For example, for the 1991-94 period, it varies from 0.3 (first year) to 0.16
(third year) at 6.8 hPa and it varies from 0.21 (first year) to 0.42 (third year) at 4.6 hPa. On the
other pressure levels (outside the 6.8-4.6 hPa range), there is at least a year out of three when

the correlation is not statistically significant or even negative.
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Additional tests are carried out in order to better estimate the errors in the correlation
calculations and the possible effect of random fluctuations and the time interval on correlation
results. We create two random synthetic time series with the same length and resolution
(daily) as the solar and ozone time series. These random time series are filtered exactly in the
same way (digital filter) as the real time series. Then, correlation coefficients between these
two random time series are computed for different window sizes (i.e. time intervals)
according to the following procedure. The total length of the time series is 1095 days (3
years); correlation coefficients are calculated over small windows covering the length of the
time series. Successive windows overlap because each window is shifted by half of the
window size. For instance, the first window size considered here (10 days) gives about 219

windows and the last considered window size (600 days) gives 2 windows.

For a given window size, correlation coefficients are calculated over all the windows and then
mean and quantiles are calculated from all the correlation coefficients. This procedure of
correlation calculations is applied to the random and real time series and results are compared
in order to test if the correlation between solar and ozone is statistically significant whatever
the window size. Figures 7.a shows the mean linear correlation coefficient (solid line)
between the two random time series as well as the 0.75 (in blue) and 0.25 (in red) quantiles as
a function of the window size (in days). Figures 7.b and 7.c present results for the solar and
ozone time series for both periods at the pressure level of 4.6 hPa. The absolute value of the
mean correlation stays below 0.1 for the random time series whatever the window size (see
Figure 7.a). As expected, the dispersion, represented by the 0.25 and 0.75 quantiles, decreases
with increasing window size for random and real time series. In the case of the largest
window size (600 days, hence 2 windows), differences between the mean and quantiles do not
exceed 0.1. This is of the order of the mean 2-c error calculated previously from the entire

time series (i.e. equivalent to 1 window, see Tables 1 and 2). In contrast to the dispersion, the
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mean value of the correlation coefficient varies little with the window size for random and
real time series. This suggests that, whatever the window size (time interval) chosen to
analyze the 3-year time series, the mean value of the correlation coefficient is robust. For the
1991-94 period (see Figure 7.b), the correlation coefficient remains close to +0.3 over the
range of window size values (10 to 600 days). For the 2004-07 period (see Figure 7.c), it is
about +0.2, slightly decreasing from +0.25 to +0.17 with increasing window size, The mean
correlation coefficient for the 2004-07 period is smaller than for the 1991-94 period but is

still distinctively greater than 0.1, the uncertainty estimated from the random time series.

As time lags in the ozone response to solar UV variability are not accounted for in the
previous correlations calculations, we repeat them with time lags. The results are called cross-
correlations to differentiate them from the previous ones. Naturally, for a null time lag, the
results are identical. Results are plotted in Figures 8.a and 8.b as a function of pressure and
time lag for the 1991-94 and 2004-07 period respectively. The shaded areas indicate results
statistically significant at confidence levels greater than 95%. As expected, the maximum
cross-correlation for the 1991-94 period is found on the 4.6 hPa level with no significant time
lag (see also Table 1); this maximum of 0.29 is close to the maximum of 0.35 found by Hood
and Zhou (1998) on the same pressure level. The overall variation of the time lag with altitude
shown in Figure 8.a is similar to that found in previous studies (Hood, 1986; Brasseur et al.,
1987; Brasseur, 1993; Hood and Zhou, 1998) with a negative lag above 3-4 hPa (ozone
leading the solar flux) and a positive lag below (ozone lagging the solar flux). Above 1.5 hPa
(upper stratosphere-lower mesosphere), the cross-correlation does not exceed 0.1 and is not
statistically significant; this result is consistent with Hood and Zhou results (1998) also
obtained with MLS ozone data. However, using SBUV ozone data, Hood (1986) found
correlation coefficients exceeding 0.5 above 1.5 hPa. Hood and Zhou (1998) attributed these

cross-correlations differences in the upper stratosphere-lower mesosphere to the strong
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diurnal cycle of ozone there (Parrish et al., 2014). Indeed, regression results from ozone
measurements at fixed or very slowly varying local times (e.g. SBUV data used by Hood
(1986)) are not expected to be affected by diurnal variations. However, in the case of
measurements taken over a wide range of local times that vary from one day to another (e.g.
MLS nighttime and daytime measurements), the diurnal cycle introduce spurious fluctuations
in daily zonal mean calculations, increasing the “noise” (non-solar variability) and thus
making more difficult the estimation of a robust solar signal. It is therefore likely that MLS
based analyses tend to underestimate the correlation between ozone and UV flux in the upper
stratosphere and mesosphere. Ideally, only ozone measurements at the same local time should
be considered in order to remove the diurnal variability in the time series. The cross-
correlation pattern for the 2004-07 period (Figure 8.b) is more distorted and noisy than for the
1991-94 period (Figure 8.a). The maximum cross-correlation (0.2) is smaller and is found at
10 hPa with a time lag of +5 days (ozone lagging solar flux) instead of 6.8 hPa for the
correlation without time lag (Table 1) and instead of 4.6 hPa for the 1991-94 period. Dikty et
al. (2010) analyzed the correlation between SCIAMACHY (SCanning Imaging Absorption
spectroMeter for Atmospheric CHartographY) ozone data and Mg Il index during cycle 23
and found large variations in cross-correlation results depending on the considered phase;
correlations were smaller during solar minimum conditions (2006-2007) than during solar
maximum conditions (2003-2004). As expected, our cross-correlation results for the 2004-07
period are closer to Dikty et al. (2010) results for solar minimum conditions than maximum

conditions.

Ozone response to solar irradiance changes has also been characterized in the literature in
terms of sensitivity, which is defined as the percentage change in ozone for one percent
change in solar UV. We derive the ozone sensitivity by linear regression of the filtered ozone

time series on different pressure levels using only one independent variable (F205). Figures
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8.c and 8.d show the sensitivity as a function of altitude for the 1991-94 period (MLS/UARS)
and 2004-07 period (MLS/Aura), respectively. The dashed lines denote the 2c error. For the
1991-94 period, the sensitivity peaks at 0.4 (i.e. 0.4 percent change in ozone for one percent
change in F205) around 4-5 hPa (~35 km), in good agreement with Hood and Zhou (1998)
results. For the 2004-07 period, the sensitivity profile is somewhat irregular and the sensitivity
peaks at only 0.2 around 35 km; it is consistent with a peak value of 0.15 found on the same
level by Dikty et al. (2010) for the 2006-2007 period (that best overlaps the 3-year period

considered here).

3.3. Analysis of inter-annual variations
Time-resolved power spectra (see Figure 6) and correlations coefficients calculated over 1-
year intervals (Tables 1 and 2) indicate that the link between solar UV irradiance and ozone
appears to be very intermittent. To investigate further the inter-annual variations, we repeat
the cross-correlation/sensitivity analyses on 1-year intervals after having divided each period
into three 1-year intervals, as done in Tables 1 and 2. In principle, a 1-year interval should
correspond to an average of about a dozen solar rotational cycles. Though one has to keep in
mind the non-solar ozone variability, one year of data may appear to be sufficiently long for
the extraction of a robust solar rotational signal in ozone time series. For comparison,
estimations of the 11-year solar cycle signal have been carried out with ozone time series
covering at best 3 solar cycles. Figures 9 and 10 show the cross-correlation between filtered
solar flux and tropical stratospheric ozone and ozone sensitivity for the three 1-year intervals
of the 1991-94 and 2004-07 period. The results for the whole periods (3-year intervals) are

shown in Figure 8.

For both periods, cross-correlation and sensitivity results vary substantially from one year to

another. For the 1991-94 period, the correlation (at null time lags) and ozone sensitivity
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remains positive during the 3 years between only about 8 and 2 hPa. Above and below this
altitude range, cross-correlation results for the three 1-year intervals are very different with no
clear pattern emerging. The correlation is stronger during the third year (from 10/1993 to
09/1994) than during the first and second 1-year interval. The cross-correlation peaks at 0.42
at 4.6 hPa for the third year whereas it peaks 0.22 and 0.32 for the first and second year,
respectively. In the same way, the sensitivity peaks at only 0.2 during the first year whereas it
reaches about 0.5-0.6 (% change in ozone for 1% change in solar UV) at around 3-4 hPa
during the second and third year. It is in contrast with the F205 rotational periodicities being
much more intense during the first year than during the second and third year (see Figure 2.c).
This finding is rather surprising because F205 rotational fluctuations and hence ozone forcing
are by far the strongest during the first year (see Figure 2), being the closest to the maximum
of cycle 22. As a result, correlation and ozone responses are expected to be the largest during
the first year. This tendency has been confirmed by several observational studies. For
example, Hood (1986) analyzed almost 2 years (November 78 to mi-October 80) of SBUV
tropical ozone data during cycle 21 and found that correlation with solar UV variations tended
to be larger during time periods of relatively strong 27-day solar UV modulations. In the same
way, Zhou et al. (2000) examined four different of about 3 years corresponding to solar
maximum and declining phases in solar cycles 21 and 22 and found the largest rotational solar
signal in SBUV ozone time series during solar maximum periods. The solar signal was
difficult to detect in the declining phases. Fioletov (2009) considered of two and half 11-year
solar cycles (cycles 21 and 22, first half of cycle 23) and showed that a large fraction of the
ozone variance could be attributed to solar rotational fluctuations during the periods of high
solar activity whereas the solar rotational signal was barely significant during the periods of
low solar activity (Fioletov, 2009). On the other hand, our results are consistent with Hood

and Zhou (1998) who analyzed MLS/UARS ozone data for the 1991-1994 period and found a
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correlation two times stronger during the last half of the period than during the first half.
Hood and Zhou (1998) speculated that it was the result of an artifact of either instrumental or
geometric (local time coverage) problems that may have affected the earliest part of the
MLS/UARS ozone record more than the later part. However, there is no evidence for it in the
dataset or, to our best knowledge; no such problems have been reported for MLS data in the
literature. Therefore, it is more likely to reflect real ozone variability. The extraction of the
solar signal in the ozone time series does not depend only on the intensity of the solar
rotational forcing but also on non-solar, presumably dynamical, sources of ozone variance
(operating on solar rotational periodicities) that can be viewed as noise in the solar signal
estimation process. It is possible that non-solar fluctuations may have been much larger the
first year than the second and third year of the 1991-94 period and would have degrading the
signal-to-noise ratio, making the signal extraction more difficult, even if this solar rotational
signal must have been greater the first year.

For the 2004-07 period, there are very large inter-annual variations in cross-correlation and
sensitivity, notably in terms of amplitude, altitude of maximum and, more generally, overall
shape, from one year to another (see Figure 10) throughout the stratosphere. It is not possible
to highlight any common patterns among the different years. The results also differ strongly
from the 1991-94 results, except for the sensitivity profile of the second year that somewhat
resembles to the profiles for the second and third year of the 1991-94 period between about 3
and 8 hPa. Although the rotational solar forcing is the strongest during the first year of the
2004-07 period (see Figure 2.d), the sensitivity is the weakest throughout the vertical profile
during that year. As for the 1991-94 period, the most likely explanation is that non-solar
ozone fluctuations were much larger during the first year than the second and third year of the

2004-07 period, “masking” the solar rotational signal.
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To explore further the inter-annual variability in ozone sensitivity, sensitivity profiles are
calculated over 24 1-year intervals (per 3-year period) obtained by shifting a 1-year sliding
window by a month. Figure 11 shows the mean of the 24 sensitivity profiles and 2-sigma
deviations for the two 3-year periods. Though sensitivity values are slightly weaker, the
profiles of mean sensitivity are reasonably similar to the profiles calculated over the 3-year
periods (see Figure 8). As in Figure 8, the mean sensitivity peaks between about 1 and 10 mb
typically and are much smaller for the 2004-07 period than for 1991-94 period. The amplitude
of the 2-sigma deviations shows that ozone sensitivities calculated over 1-year intervals can
vary widely with very small sensitivities for some 1-year intervals and sensitivities even

approaching 1 (between about 2 and 5 hPa) for other intervals.

4. Summary and concluding remarks
The purpose of the present observational study is to estimate the solar rotational signal in
tropical stratospheric ozone and its inter-annual variability. Based on the availability of MLS
stratospheric ozone data on-board the UARS satellite and AURA satellite, we consider two 3-
year periods falling within the descending phases of two successive 11-year solar cycles, from
10/1991 to 09/1994 for cycle 22 and from 09/2004 to 08/2007 for the rather exceptional cycle
23. We choose the solar irradiance at 205 nm (F205), a key quantity in ozone photochemistry,
and the daily F205 time series is generated from a well-established and widely used solar
reconstruction model (Lean et al., 2005). We have also tested other UV proxies, notably from
satellite observations (UARS/SOLSTICE for cycle 22 and SORCE/SOLSTICE
(SORCE/Solar Stellar Irradiance Comparison Experiment (Snow et al., 2005) during cycle
23). Results obtained with these observational UV time series are not presented here because

they are very close to those obtained with the NRL-SSI F205 time series.
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Power spectra of F205 indicate a broad peak centered around 27 days, which is stronger for
1991-94 period than 2004-07 period. Time-resolved spectral analyses show that rotational
periodicities are highly variable in the 205-nm flux time series; they even disappear for half a
year during the 2004-07 period. In contrast to the 205 nm flux, no prominent solar rotational

signature is found in the raw stratospheric ozone time series for both periods.

The level of correlation between stratospheric ozone and F205 variations for the 1991-94
period is found to be strong and significant (at the 90% confidence level) over periods ranging
from 20 to 28 days and between about 10 and 1 hPa with a maximum coherence of 0.7 at the
22-day period around 6-7 hPa. The coherence is weaker for the 2004-07 period. This is
consistent with results from Fioletov (2009) who found a weaker (not statistically significant)
coherence during the solar maximum of cycle 23 than during the maxima of cycles 21 and 22.
Time-resolved spectra (wavelet transform coherence, WTC) reveal that the coherence appears
to be almost intermittent with very patchy WTC fields. The most significant feature is a
strong coherence within the solar rotational periodicities lasting 7-8 months, from the middle
of 1993 to the beginning of 1994. Overall, coherence is much weaker during the 2004-07
period. The most unexpected feature is that the coherence waxes and wanes, without
coinciding with time intervals during which the solar rotational forcing itself is strong. For
instance, the solar 205 nm rotational periodicities are the most intense during 1992 (see Figure

2.c) whereas the coherence appears to peak within these periodicities but at the end of 1993.

We also carry out the analysis with times series filtered in the frequency domain. Correlation
coefficients calculated over the 3 years of filtered data are found be positive over the 10 to 1.5
hPa pressure range for the 1991-94 period with a maximum of 0.29 at 4.6 hPa whereas they
are about two times smaller for the 2004-07 period and even negative at 1.5 hPa. Time lag
tends to be negative above 3-4 hPa and positive below. This overall pattern is similar to that

found in previous studies (Hood, 1986; Brasseur et al., 1987; Brasseur, 1993; Hood and Zhou,
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1998). The cross-correlation pattern for the 2004-07 period is much more distorted and noisy
than for the 1991-94 period. Correlation has also been quantified in terms of ozone sensitivity
(i.e. ozone percentage change per 1% change in the solar index, here 205 nm irradiance). For
the 1991-94 period, the sensitivity peaks at 0.4 (i.e. 0.4 percent change in ozone for 1 percent
change in 205 nm irradiance) around 4-5 hPa (~35 km), in good agreement with Hood and
Zhou (1998) results. For the 2004-07 period, the sensitivity profile is somewhat irregular and

sensitivity peaks at only 0.2, which is in agreement with Dikty et al. (2010) results.

In order to explore to what extent correlation and sensitivity vary, not only with altitude, but
also from one year to another, we calculate the correlation coefficients over 1-year intervals.
A 1-year interval should correspond to an average of about a dozen solar rotational cycles.
For both periods, cross-correlation and sensitivity results vary very substantially from one
year to another. For the 1991-94 period, correlation and 0zone sensitivity remain positive
during the 3 years between only about 8 and 2 hPa. Above and below this altitude range,
cross-correlation results for the three 1-year intervals are very different with no clear pattern
emerging. The correlation is stronger during the third year (from 10/1993 to 09/1994) than
during the first and second 1-year interval. The sensitivity peaks at only 0.2 during the first
year whereas it reaches about 0.5-0.6 (% change in ozone for 1% change in solar UV) at
around 3-4 hPa during the second and third year. It is in contrast with the fact that F205
rotational periodicities are much more pronounced during the first year than during the second
and third year. For the 2004-07 period, the inter-annual variations in cross-correlation and
sensitivity are much larger, notably in terms of amplitude, altitude of maximum and, more
generally, overall shape of the profiles. It is difficult to highlight any common features. An
interesting similarity with the 1991-1994 period is that, although the rotational solar forcing is
the strongest during the first year of the 2004-07 period, the ozone sensitivity is the weakest

throughout the pressure range of interest (from about 10 to 1 mb). This finding, common to
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both periods, is unexpected. When the solar rotational fluctuations are well marked with large
amplitudes, notably around the maxima of 11-year cycles, ozone response and correlation are
expected to be the largest. A part from a study by Hood and Zhou (1998) who analyzed
MLS/UARS ozone data for the 1991-94 period, this tendency has been confirmed by several
observational studies (Hood, 1986; Zhou et al., 2000; Fioletov, 2009). The same analysis was
repeated for 24 1-year intervals (per 3-year period) obtained by shifting a 1-year sliding
window by a month. Ozone sensitivity is found to be almost negligible for some 1-year
intervals whereas it can even approach 1 between about 2 and 5 hPa for other intervals.
Obviously, the lack of correlation during some intervals should not be interpreted as an
absence of influence of UV changes on ozone; it is more indicative of the presence of other
sources of ozone variability that degrades the signal-to-noise ratio and hence the estimation of
the solar rotational signal. It makes the correlation between ozone and solar UV radiation look
somewhat intermittent. Our results suggest that one year of ozone data (covering on average
12 solar rotational cycles) is insufficient to extract a robust solar rotational signal because of
other sources of ozone variability, even during periods of strong solar rotational activity (like
during 1991). Even considering 3 years of observations (corresponding to about 40 solar
cycles), we find the estimation of the rotational solar signal is not reliable during the declining
phase of 11-year solar cycle. Finally, it is worth pointing out that observational studies
estimating the 11-year solar cycle signal in stratospheric ozone time series have covered at
best three 11-year solar cycles (Fioletov, 2009). As stratospheric ozone is also influenced by
decadal climate variability (Toumi et al., 2001), it is not clear to what extent the estimation of

the 11-year solar cycle signal is robust.

The relationship between ozone and the 27-day solar variability has also been studied with
Chemistry Chemical Models (CCMs) (e.g. Williams et al., 2001; Rozanov et al., 2006; Austin

et al., 2007; Gruzdev et al., 2009). We now examine the consistency of our observational
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results with these model results. Even though all atmospheric processes and their couplings
are not perfectly represented in models, CCMs can allow us to evaluate the expected ozone
sensitivity to solar forcing and, thus, improve our comprehension of the processes linking
stratospheric ozone and solar UV irradiance. As for observational results, model results can
vary from one CCM study to another. Austin et al. (2007) calculated a peak tropical ozone
sensitivity of 0.4 % per 1% change in 205 nm solar flux which is in good agreement with our
peak value for the 3 years of cycle 22 but not with cycle 23 results. In addition, their peak is
located at about 2 hPa instead of 4.6 hPa. Gruzdev et al. (2009) calculated the same maximum
sensitivity of 0.4 but at 40 km. Rozanov et al. (2006) found a similar result with sensitivity
values scattered between 0.2 and 0.8 in the stratosphere. In all these model studies, there
seems to be a strong inter-annual variability in the ozone sensitivity, though not fully
quantified. The inter-annual variability in the sensitivity was attributed to nonlinearities in the
chemistry (Austin et al., 2007) or to the dynamical state of the background atmosphere
(Gruzdev et al., 2009). It is important to point out that the quantitative agreement between our
study and some model results on the value of the peak ozone sensitivity might also be
fortuitous. It only holds for cycle 22 and, even during this cycle, our observation-derived

sensitivity varies widely from one year to another.

Finally, the differences between results from cycle 22 and cycle 23 could also be attributed to
the fact that they do not cover exactly the same part of the descending phase of 11-year solar
cycles (see Figure 1). The 3 years of cycle 22 considered here are closer to the 11-year solar
maximum (including even about 6 months of cycle 22 solar maximum), than the 3 years of
cycle 23. As studies with CCMs are not constrained by the availability of ozone observations,
several 11-year cycles might be required in order to investigate how the solar-ozone
relationship on rotational timescales varies over and within several entire 11-year cycle

(ascending phase, maximum and minimum phases) The current 11-year cycle (cycle 24) is
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intriguing. The amplitude of this cycle is even smaller than the previous three cycles,
suggesting that it might even be more atypical than cycle 23. It would be interesting to study

it and investigate whether the ozone response to solar rotational variability is also different.
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Figure 1: Temporal evolution of daily 205 nm solar flux from NRLSSI model over solar

cycles 22 (1985-1996) and 23 (1996-2008). The two 3-year periods considered here (10/1991-

09/1994 and 09/2004-08/2007) are highlighted in red.
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Figure 2: (Top) 205 nm flux FFT power spectra (from NRLSSI model) for the (a) 1991-1994
period [10/1991-09/1994] and (b) 2004-2007 period [09/2004-08/2007]. (Bottom) Time-
resolved power spectra densities (or scalogram) estimated from continuous wavelet transform
(CWT) for (c) the 1991-1994 period and (d) 2004-2007 period. The vertical dotted line on (a)
and (b) represents the 27-day period. The thin red horizontal dashed line on (c) and (d)
indicate the 27-day period; the solid contour lines represent the 95% confidence level. The

cone-of-influence on (c) and (d) is represented also by solid line on edges of scalograms and it
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is indicated by arrows on (d) (same on (c)). The black vertical dotted lines distinguish the

three 1-year intervals that are studied in section 3.3 (relative to the inter-annual analysis).
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Figure 3: Ozone Lomb-Scargle periodograms for the (left) 1991-1994 period and for the
(right) 2004-2007 period at four different pressure levels in the stratosphere (top to bottom:

4.6 hPa, 3.2 hPa, 2.1 hPa and 1.5 hPa)
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Figure 4: Time-resolved power spectra densities (or scalogram) estimated from continuous

wavelet transform (CWT) of ozone for the (left) 1991-1994 period and (right) 2004-2007
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period at four different pressure levels in the stratosphere (top to bottom: 4.6 hPa, 3.2 hPa,
2.1 hPa and 1.5 hPa). The red horizontal dashed line indicates the 27-day period. The solid

contour lines represent the 95% confidence level.
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Figure 5: Mean squared coherence between ozone and 205 nm solar flux as a function of
period and pressure for the (left) 1991-1994 period and for the (right) 2004-2007 period.

Contour lines represent the 90% confidence level. The red vertical dashed line indicates the

27-day period.
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Figure 6: Wavelet Transform Coherence (WTC) between ozone and 205 nm flux for the (two
top panels) 1991-1994 period and for (two bottom panels) 2004-2007 period at two different
pressure levels in the stratosphere (4.6 hPa and 3.2 hPa). The red horizontal dashed line
indicates the 27-day period. Solid contour lines represent the 95% confidence level. Arrows
represent the relative phase between solar and ozone time series (right arrow: in-phase, left

arrow: out-of-phase, down arrow: solar leading ozone).
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Figure 7: Mean linear correlation coefficient (a) between two random time series, and

between the 205 nm flux and ozone (at 4.6 hPa) for the (b) 1991-1994 period and for the (c)
2004-2007 period as a function of the window size. The black solid lines represent the mean
correlation, the colored solid lines represent the 0.75 (blue) and 0.25 (red) quantiles and the
dashed line represents the zero correlation. The total sample size is 1095 days and each

window is shifted by half of the window size. Therefore the first window size value on the
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abscissa (i.e. 10 days) correspond to about 219 windows and the last window size value (600
days) on the abscissa corresponds to 2 windows. For a given window size, correlations are
calculated over all the windows and then mean and quantiles are calculated from the
correlation distribution. The ozone and 205 nm flux time series had been digitally filtered (see

section 3).
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Figure 8: (Top) Cross-correlation between ozone and 205 nm solar flux as a function of time
lag (days) and pressure (hPa) for the (a) 1991-1994 period and for (b) 2004-2007 period.
(Bottom) Ozone sensitivity to 205 nm flux (% change in ozone for 1% change in 205 nm flux)
as a function of pressure for (c) cycle 22 and for (d) cycle 23. The shaded areas in (a) and (b)
represent areas with a 95% significant level. The dash-dotted lines in (c) and (d) represent the

2-o error. The ozone and 205 nm flux time series had been digitally filtered (see section 3).
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Figure 9: Same as Figure 8 but for (left) the first year (10/1991-09/1992) , (middle) second
year (10/1992-09/1993), and (right) third year (10/1993-09/1994) of the 1991-1994 period.

The shaded areas in (a), (b) and (c) represent areas with a 95% confidence level. The dash-
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dotted lines in (d), (e) and (f) represent the 2-c error. The ozone and 205 nm flux time series

had been digitally filtered.
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Figure 10: Same as Figure 9 but for (left) the first year (09/2004-08/2005), (middle) second

year (09/2005-08/2006), and (right) third year (09/2006-08/2007) of the 2004-2007 period.

The shaded areas in (a), (b) and (c) represent areas with a 95% confidence level. The dash-
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dotted lines in (d), (e) and (f) represent the 2-c error. The ozone and 205 nm flux time series

had been digitally filtered.
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Figure 11: Mean ozone sensitivity to 205 nm flux (% change in ozone for 1% change in 205

nm flux) as a function of pressure for the (left) 1991-1994 period and for (d) 2004-2007

period. The mean sensitivity profile is calculated by averaging 24 sensitivity profiles

(calculated over 24 1-year intervals obtained by shifting a 1-year sliding window by a month

over the 3-year periods). The dash-dotted lines indicate the 2-c deviations.

47



Tables:

Pressure levels

10/1991 - 09/1994

10/1991 — 09/1992

10/1992 — 09/1993

10/1993 — 09/1994

(hPa)
10 0.10 = 0.06 0.20 = 0.10 0.06 = 0.10 -0.24 = 0.10
6.8 0.28 = 0.06 0.30 = 0.10 0.28 = 0.10 0.16 = 0.10
4.6 0.29 = 0.06 0.21 £ 0.10 0.31 = 0.10 0.42 = 0.10
3.2 0.23 = 0.06 0.10 = 0.10 0.32 = 0.10 0.25 = 0.10
2.1 0.19 = 0.06 -0.05 £ 0.10 0.31 = 0.10 0.29 = 0.10
1.5 0.12=+ 0.06 -0.11 £ 0.10 0.26 = 0.10 0.05 = 0.10

Table 1: Correlation coefficients and associated 2-c errors between ozone (at six different

pression levels) and 205 nm flux for cycle 22. The second column refers to the whole 3-year

period, the third column to the first year of the period, the forth to the second year and the

fifth to the third year. The ozone and 205 nm flux time series had been digitally filtered (see

section 3).
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Pressure levels

09/2004 — 08/2007

09/2004 — 08/2005

09/2005 — 08/2006

09/2006 — 08/2007

(hPa)
10 0.11 + 0.06 0.13 + 0.10 0.00 = 0.10 0.19 = 0.10
6.8 0.16 == 0.06 0.24 + 0.10 0.24 + 0.10 0.22 =+ 0.10
4.6 0.13 + 0.06 0.15 + 0.10 0.23 =+ 0.10 0.14 =+ 0.10
3.2 0.06 =+ 0.06 0.08 = 0.10 0.22 + 0.10 -0.09 + 0.10
2.1 0.03 + 0.06 0.11 + 0.10 0.06 = 0.10 -0.16 + 0.10
15 0. 01+ 0.06 -0.03 = 0.10 0.07 = 0.10 -0.18 + 0.10

Table 2: Same as Table 1 but for cycle 23.

- Correlation is not found to bear any relation with solar rotational forcing

- Strong inter-annual variability in solar rotational signal contained in ozone time series

- Ozone response is stronger during the descending phase of cycle 22 than cycle 23

- Other sources of variability operate on the rotational spectral range
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