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ARTICLE INFO ABSTRACT

Keywords: We report on 27-day and 11-year solar cycle signatures in atomic oxygen (O) concentrations ([O]) in the MLT
Nightglow (Mesosphere/Lower Thermosphere) region of the terrestrial atmosphere. MLT [O] profiles were retrieved on the
Green line emission base of green line (557.7 nm) nightglow data sets provided by the SCanning Imaging Absorption spectroMeter
O(IS',ID) for Atmospheric CHartographY (SCTAMACHY) onboard Envisat from 2002 to 2012. A statistically significant
gtg;)lc oxygen solar 27-day signature was identified (and then quantified with respect to the sensitivity and phase relationship
o(1s) to solar forcing) in time series of MLT [O] profiles with use of cross-correlation and superposed epoch analysis

techniques. It was the first identification of the solar 27-day signature in MLT atomic oxygen on the base of such
experimental data sets. The sensitivity of [O] to solar cycle variability at the 11-year time scale was quantified
with use of cross-correlation and multiple-linear regression analysis techniques, which yield results consistent
with known studies and, particularly, indicate that the sensitivity of [O] to solar forcing increases with
increasing altitude. A comparison of obtained values of atomic oxygen sensitivity in response to solar forcing at
the 27-day and 11-year time scales reveals the fact that the sensitivities agree well to each other within their
uncertainties during the descending phase of the last (23rd) 11-year cycle of solar activity, whereas the [O]
sensitivity values at the 27-day time scale during the last solar minimum phase were lower than those ones
during the descending phase. It was also determined that atomic oxygen is in-phase with the solar forcing (in
agreement with model results) at the 11-year time scale, whereas the time lag of the 27-day signature in

Remote sensing

response to solar forcing was about 12 — 14 days.

1. Introduction

Atomic oxygen (O) is one of the most important chemical consti-
tuents in the MLT (Mesosphere/Lower Thermosphere) region of the
terrestrial atmosphere. Being chemically directly coupled to ozone (O3),
atomic oxygen is — due to its long lifetime — an important carrier of
chemical potential energy and it causes radiative cooling at 63 um in
the upper mesosphere (Beig et al., 2008). Atomic oxygen is also of
crucial importance, because it drives airglow emissions (by O('S — 'D),
OH* and O%) frequently used to remotely sense the Earth's upper
atmosphere.

Variations of solar spectral irradiance at the 11-year and 27-day
time scales (McIntosh et al., 2015) are known to affect many atmo-
spheric minor parameters. There are numerous model studies that
consider 11-year (e.g., Schmidt et al., 2006; Marsh et al., 2007) and
27-day (e.g., Gruzdev et al., 2009) solar cycle effects on the composi-
tion of the atmosphere in the MLT region. However, the number of
corresponding studies based on observations is quite limited. In terms
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of 27-day solar cycle effects there are studies concerning noctilucent
clouds (NLCs) (e.g., Robert et al., 2010; von Savigny et al., 2013),
stratospheric and mesospheric O3 (e.g., Hood, 1986; Fioletov, 2009),
temperature (e.g., Hood, 1986; von Savigny et al., 2012; Thomas
et al.,, 2015) and water (e.g., Thomas et al., 2015). There are also
several studies addressing 11-year solar cycle signatures identified in
atomic oxygen data sets provided by satellites (Russell et al., 2004;
Kaufmann et al., 2014; Lednyts'kyy et al., 2015; Zhu et al., 2015).

The aim of the present research is to quantify the solar 11-year and 27-
day signatures in MLT atomic oxygen profiles retrieved from nighttime
oxygen greenline measurements with SCCAMACHY on the Envisat space-
craft. First, we provide a brief overview of the existing studies on 11-year
and 27-day solar cycle signatures in atomic oxygen in the MLT region.

Russell et al. (2004) retrieved atomic oxygen concentration profiles
in the MLT region from Wind Imaging Interferometer (WINDII)
observations on board the Upper Atmosphere Research Satellite
(UARS). They identified a dependence of [O] on solar activity at
altitudes above about 96 km.
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Model simulations of the atmospheric response to changes in solar
forcing over the 11-year solar cycle were, e.g., performed with the
Whole Atmosphere Community Climate Model, version 3 (WACCM3)
(Marsh et al., 2007) and with the Hamburg Model of the Neutral and
Ionized Atmosphere (HAMMONTIA) (Schmidt et al., 2006). The general
circulation model WACCM3 used by Marsh et al. (2007) incorporates
interactive chemistry of both neutral and ion species exposed to solar
radiation and energetic particles. The modeled relative change in July
mean atomic oxygen volume mixing ratio between the solar maximum
and minimum is slightly larger than 20% in the 90 — 100 km altitude
range and for latitudes between 0° and 20 °N (see Fig. 12d in Marsh
et al., 2007). The chemistry-climate model HAMMONIA used by
Schmidt et al. (2006) considers relevant radiative and dynamical
processes coupled to a chemistry module containing 48 compounds.
The model results show a relative change of zonal mean July atomic
oxygen volume mixing ratio for the solar maximum relative to the solar
minimum conditions of slightly less than 20% in the 90-100 km
altitude range and in the latitude range 0 ° — 20 °N (see Fig. 12e in
Schmidt et al., 2006).

Liu and Shepherd (2008) found that O('S) nightglow volume
emission rates (VER) retrieved from WINDII/UARS observations
increase linearly with increasing solar F10.7 cm flux. Moreover, the
solar influence on the O('S) nightglow appears to be modulated by
seasonal variations, and Liu and Shepherd (2008) derived an empirical
formula to predict three-month averages of the vertically integrated
O('S) emission rates using the F10.7 flux data and some coefficients
describing linear and seasonal variations of the O('S) emission rates.

In a very recent study, Kaufmann et al. (2014) retrieved — similar to
Lednyts'kyy et al. (2015) and von Savigny and Lednyts'kyy (2013) —
MLT atomic oxygen profiles from monthly averaged SCTAMACHY O
greenline observations based on the well-known cubic equation
(McDade et al., 1986). Kaufmann et al. (2014) found annual mean
[O] changes between the solar maximum and minimum of 5% at 90 km
and 25% at 102 km, with [O] being in phase with the F10.7 solar flux.

The number of available studies on the solar 27-day response of
atomic oxygen in the MLT is very limited and restricted to model
simulations.

Gruzdev et al. (2009) used HAMMONIA model simulations to
investigate the response of middle atmosphere chemical composition —
including atomic oxygen — to the 27-day solar forcing. The model
results show that the OCP) sensitivity decreases with increasing
altitude in the 80 — 120 km altitude range.

The phase characteristics of the O(*P) response to the 27-day solar
forcing were obtained by Gruzdev et al. (2009) from phase spectra for
the simulation with a three times amplified 27-day solar forcing. The
modeled OCP) response lags the solar forcing by 4.5-7 days in the
altitude range 90-100 km and in the latitude range 0° — 20 °N (see
Fig. 11c in Gruzdev et al. (2009)), and is approximately in opposite
phase with the O, response.

The paper is structured as follows. Section 2 provides a brief
description of the SCTAMACHY instrument aboard Envisat. Section 3
gives an overview of the data sets used in this study. Results on the 11-
year and 27-day solar cycle signatures in MLT atomic oxygen are
presented in Section 4. The study employs different analysis techni-
ques, including cross-correlation analysis, wavelet analysis and multi-
ple-linear regression. Conclusions are provided in Section 5.

2. Brief instrumental description

SCIAMACHY (Bovensmann et al., 1999) was an 8-channel grating
spectrometer on board of the European Space Agency's Envisat space-
craft that carried out atmospheric observations in nadir, limb and
solar/lunar occultation geometry in the 220—-2380 nm spectral range.
SCIAMACHY also performed nighttime limb emission measurements
in a mesosphere/thermosphere mode in the tangent height range 75—
150 km. Envisat was launched on March 1st, 2002, into a polar sun-
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synchronous orbit with a 10:00 a.m. descending node. SCTAMACHY
routine operations started on August 2nd, 2002, and ended because of
an abrupt failure of the Envisat spacecraft on April 8th, 2012. For the
present study we used low latitude nighttime limb measurements
carried out at approximately 22:00 local solar time. SCIAMACHY
nighttime limb observations are only available throughout the year
for latitudes between the equator and about 25 °N. For this reason, the
focus of the present study is on the latitude range 0° — 20 °N.

3. Data sets
3.1. Proxy indicators of solar activity

In the present study we employ two different solar proxy variables
to characterize solar activity, i.e. the MgII index and the Lyman-a flux.
Additionally we use the F10.7 cm radio flux to convert the calculated
[O] sensitivity values (with respect to Mgll-index and Lyman-a, see
Section 4.3 and Section 4.4 for further details) to the [O] sensitivity
values with respect to the F10.7-cm radio flux.

The MglII index is a dimensionless proxy of solar activity and is
defined as the core-to-wing ratio of the Mgt Fraunhofer line at 280 nm.
Near the center of the Fraunhofer line a chromospheric emission
doublet occurs, which is associated with more intense emissions during
periods of enhanced solar activity. Dudok de Wit et al. (2009)
compared the performance of different solar proxies in terms of
representing the actual solar spectral variability in different spectral
regions, and found that of the studied proxies the MgII index showed
the best overall performance. In this study we use a composite MgII
index time series (version 4 provided by IEPUB (2015) since June 10,
2015) based on daily solar spectrum observations (Weber et al., 2013;
Snow et al., 2014) with a number of different satellite instruments
including SBUV(/2), GOME, SCTAMACHY and GOME-2.

The irradiance near 280 nm, where the MgII lines occur, is
primarily absorbed in the O3 Hartley band in the stratosphere through
photodissociation leading to the formation of O('D). The solar irra-
diance in the wavelength range 122-200 nm in the far-ultraviolet
region (FUV) affects the concentration of molecular oxygen and nitric
oxide in the MLT region and is absorbed in the ionosphere.

The Lyman-a line is a proxy of solar activity measured in photon
em 2571, The solar irradiance at 121.6 nm is absorbed by O, in the
mesosphere and is not absorbed by O3 (Brasseur and Solomon, 2005).
The extreme ultraviolet region (EUV) in the wavelength range 10—
120 nm affects thermospheric O. In this study we also use a Lyman-
a time series (version 3 provided by LISIRD (2015) since January 23,
2015) based on measurements from multiple instruments and models,
whereas values of the time series are all scaled to match the UARS
reference level (Woods et al., 2000).

The radio flux emitted at 10.7 em (F10.7) or 2800 MHz has no
direct impact on climate (Dukok de Wit and Watermann, 2010), but
this proxy of solar activity is one of the most widely used solar proxies
and is measured in units of 10722 W m~! Hz~!, which is usually referred
to as one solar flux unit (1 sfu). In this study we also use a F10.7
(Tapping, 2013) time series (version 1994.v2 available at NOAA
(2015)) based on observations made by the Dominion Radio
Astrophysical Observatory (Canada) at 17:00 UT daily.

3.2. Atomic oxygen concentration profiles in the MLT

The atomic oxygen concentration profiles used in this study were
retrieved from O green line nightglow observations with SCTAMACHY.
First, we retrieved O green line vertical volume emission rate (VER)
profiles from limb emission rate (LER) profiles, using regularized total
least squares minimization in the inversion procedure as described in
detail by Lednyts'kyy et al. (2015). LER profiles were calculated from
SCIAMACHY nighttime limb emission measurements of the oxygen
557.7 nm green line emission in five degree latitude bins with daily
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time resolution and on a one km altitude grid.

To retrieve [O] profiles from O green line VER profiles we used two
different photochemical schemes both based on the two-step Barth
transfer scheme, as described in detail by Lednyts'kyy et al. (2015).
First, the well-known cubic equation (McDade et al., 1986) was used
with coefficients as discussed by Lednyts'kyy et al. (2015), taking into
account SABER as a source of temperature and atmospheric pressure
to calculate density profiles. Second, an extended cubic equation
(Gobbi et al., 1992; Semenov, 1997) with corresponding coefficients
(Lednyts'kyy et al., 2015) was used to include processes of O('S)
quenching by chemical constituents not considered in the well-known
cubic equation. Note that the Energy Transfer in the Oxygen Nightglow
(ETON) rocket campaign (McDade et al., 1986) was conducted in
March 1982 during the maximum of the 21st solar cycle to derive the
well-known cubic equation. However, the coefficients used by
Lednyts'kyy et al. (2015) were adopted from studies relevant for
different phases of solar activity to solve the well-known cubic equation
and the extended cubic equation.

Both equations are based on the 2-step Barth transfer scheme,
represented by chemical reactions accompanied by quenching. The
quenching of OF as well as the quenching of O('S) by O, is considered in
the well-known cubic equation. The quenching of O('S) by other
chemical species, e.g. OCP) and N, is considered in the extended
cubic equation. We consider these two cases of quenching in the
following equation:

[0] .
C(0) + C(HIO] + CD)[0]

VER = 1 [OP (IN2] + [O2]): )

Assg
Ais + X, (ks [M])

with VER being volume emission rates (photon ecm™> s™1), Agsg (s71) the
transition probability of 0('S - 'D), Ais(s™!) the inverse radiative
lifetime of O('S), the dimensionless variables C(0), C (1) and C(2) are
the empirical O('S) excitation parameters, «,(cm®s~!) the rate coeffi-
cient for the three body recombination of atomic oxygen, x5( cm?s~!)
the rate coefficient for quenching of O('S) by M; i=1,2,3,
[M;] = ([O], [N;], [O,]) being concentrations of atomic oxygen (i=1),
molecular nitrogen (i=2) and molecular oxygen (i=3). Eq. (1) corre-
sponds to the extended cubic equation if ’ks # 0 fori = 1, 2, 3 and to the
well-known cubic equation if 'k =0 and %k5 = 0. Lednyts'kyy et al.
(2015) applied a numerical approximation to find the solution of the
extended cubic equation that considers the case of the enhanced
quenching and apply Eq. (1) in the time interval of SCIAMACHY
observations. The state-of-the-art numerical values of the photoche-
mical model parameters relevant for the retrieval of atomic oxygen
profiles are discussed by Lednyts'kyy et al. (2015).

The sensitivity of atomic oxygen to solar forcing is a relative
quantity, suggesting that the choice of the photochemical model
(according to the well-known cubic equation or the extended cubic
equation) should not influence the obtained sensitivity values too
much. In the following we demonstrate that the sensitivities are more
or less independent of the photochemical scheme chosen. For this
reason, the results presented in the main part of the paper are based on
the well-known cubic equation only. The SCTAMACHY atomic oxygen
retrievals were also used in a recent study on quenching of vibrationally
excited OH* by atomic oxygen (von Savigny and Lednyts'kyy, 2013).

To study the altitude dependent [O] sensitivity to solar forcing we
used the [O] time series retrieved according to the procedure given by
Lednyts'kyy et al. (2015), which takes into account data quality reports
and data anomaly reports concerning SCIAMACHY operations. LER
profiles used in the [O] retrieval were obtained from SCIAMACHY
observations and averaged daily over longitude at a fixed local solar
time of 22:00. We expect that the vertical motion field at 22:00 local
time (LT) will influence limb emission rates observed by SCTAMACHY
since atomic oxygen has a large vertical gradient in the MLT region.
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The [O] data for the entire time interval (from January 1, 2003, to
December 31, 2011) were averaged in the altitude range 90-100 km as
well as other altitude ranges noted explicitly hereafter (i.e., 88—90 km,
91-93 km, 94-96 km, 97-99 km, 100-102 km) as follows. The [O]
and VER data were averaged daily if the corresponding VER values
were higher than 1 photon s™* em™ for each altitude and latitude bin,
and only for days, for which data are available in every year between
2003 and 2011. So, the same days are omitted when forming annual
means for individual years. This was done in order to avoid spurious
trends or solar cycle effects caused by an inhomogeneous distribution
of data gaps throughout the SCTAMACHY mission period. The resulting
[O] and VER time series were averaged daily in the latitude range 0° —
20 °N . Then the resulting [O] and VER time series were averaged
monthly and, finally, annually.

The above mentioned criteria for rejecting days of measurements
enabled us to compare the averaged data for each month or year and to
perform the sensitivity analysis. The daily averaged [O] time series
contains the following data gaps with a duration of more than 5 days:
two gaps of 6 days each, one gap of 12 days, two gaps of 17 days each,
one gap of 18 days, one gap of 20 days and one gap of 56 days. The
monthly averaged [O] time series contains only one data gap and its
duration is 1 month (June 2003). We read the data (with zero values in
the data gaps) in and applied interpolation over the data to fill small
data gaps in. In order to deal with data gaps and also to investigate
potential temporal variations in the sensitivity of [O] to the 27-day
solar forcing, different time intervals were defined for the analysis. The
time intervals were also chosen to represent different phases of the 11-
year solar cycle (McIntosh et al., 2014).

SCIAMACHY routine observations only commenced in Fall 2002,
i.e., they do not cover the solar maximum 1999 — 2003. However, the
descending phase of solar cycle 23 and the prolonged solar minimum
are well covered. In order to study possible non-linearities in the
atmospheric response to solar forcing we performed the analysis for the
following time intervals:

1. the descending-phase time interval (for days 800 — 1500 relative to
January 1, 2003, corresponding to 03/2005 — 02/2007) covering the
descending phase of solar activity,

. the minimum-phase time interval (for days 1500 — 2140 corre-
sponding to 02/2007 — 11/2008) covering the solar minimum
phase,

3. the long time interval (for days 800 — 3280 corresponding to 03/
2005 — 12/2011) covering the descending, minimum and ascending
phases of solar activity, and

. the entire time interval (for days 1 — 3285 corresponding to 01/
2003 — 12/2011), covering nine complete years of data.

4. Results and discussion

The 11-year solar cycle and the 27-day rotational solar cycle
constitute the dominant periodicities in solar spectral irradiance
(Dukok de Wit and Watermann, 2010). The analysis techniques used
and the resulting estimates of the sensitivity of atomic oxygen to solar
activity at the 11-year and 27-day time scales are described in the
following.

4.1. The 11-year solar cycle signature

The phases of the 11-year solar cycle can be recognized by sight in
the MglII index data set shown in the upper panel of Fig. 1. The panel
displays the MgII index time series with daily (red solid line) and
annual resolution (red circles) for the entire time interval (from 01/
2003 to 12/2011). The equatorial [O] time series averaged over the 90
— 100 km altitude range (see Section 3.2) is shown in the lower panel of
Fig. 1 with daily (small blue dots) and annual resolution (large blue
circles). Annual averaging of the [O] and MgII index time series is
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Fig. 1. Upper panel: The MgIlI time series with daily resolution (red line) and annually
averaged (red circles). Lower panel: The [O] time series with daily resolution (small blue
dots) and annually averaged (large blue circles) in the 0° — 20 °N latitude range and the
90-100 km altitude range. See Section 4.1 for further details. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

performed to suppress variations at time scales shorter than one year
and to study the impact of solar forcing on the [O] profiles in the MLT
region at the 11-year time scale. Annually averaged time series are
denoted by [0?], MgII?, and daily averaged time series are denoted by
[04], MgI1d.

The upper panel of Fig. 1 demonstrates that minimal MgII index
values occur in the time interval from the second half of 2007 to the
end of 2009, so that the chosen minimum-phase time interval
(introduced in Section 3.2) is appropriate to reflect the solar minimum
phase. It is difficult to determine the minimum-phase time interval
with help of the [O] time series with daily resolution shown with small
blue dots in the lower panel of the figure. The annually averaged [O]
time series shown with large blue circles exhibits a bit longer time
interval with minimal [O] values than that of minimal MgII index
values. However, we analyze the [O] time series in the same time
intervals defined in Section 3.2. We discuss the cross-correlation
between the MgII index and the [O] anomaly data sets with daily
resolution in different time intervals to address this issue in Section
4.2.3. The high solar activity during 2003 and 2004 can be recognized
due to high values in the MglII index data set, but is not so obvious for
[O]. The descending phase of solar activity (the descending-phase time
interval introduced in Section 3.2) was chosen to study the impact of
solar forcing on atomic oxygen in the MLT region at the 27-day time
scale.

4.2. Quantitative estimation of the 27-day solar cycle signature

The first step applied to quantify the solar 27-day signature in MLT
atomic oxygen consists of the determination of anomaly time series based
on the original [O] time series with daily resolution. The anomaly time
series were obtained through removal of a 35-day running mean (following
earlier works by Hood (1986) and Robert et al. (2010)) followed by
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Fig. 2. Upper panel: Scatter plot of daily MgII index and F10.7 solar proxy values. The
correlation coefficient and the time dependent linear regression equation are shown as
well. Lower panel: similar to upper panel, but for Lyman-a. See Section 4.2 for further
details. (For interpretation of the references to color in this gure legend,the reader is
referred to the web version of this article.)

smoothing with a 7-day running mean. The applied smoothing technique is
equivalent to the bandpass filtering (7-35 days) to suppress variations at
shorter and longer time scales. Particularly, the bandpass filtering by
consecutive smoothing removes non-stationarity at temporal scales larger
than 35 days, which is typically present in the analyzed time series.

The impact of solar forcing on atomic oxygen in the MLT region at the
27-day time scale was determined using both the MglII and the Lyman-a
solar proxies. To convert these proxy values to the F10.7 cm radio flux
measured in sfu (see Section 3.1) we correlated them to the F10.7 cm radio
flux (see upper and lower panels of Fig. 2) and performed a linear ordinary
least squares bisector regression (Isobe et al., 1990). The linear regression
line (see blue line) and corresponding uncertainties were calculated for the
daily averaged values (see black dots) of the F10.7 cm radio flux and the
Mgll index data sets for the period 2003 — 2011 as shown in the upper
panel of Fig. 2. The cross-correlation coefficient between MgII and
F10.7 cm is 0.93. We also found a high correlation coefficient of 0.90
between the F10.7 cm radio flux and the Lyman-a data set. The corre-
sponding equations of the linear relationships are displayed in blue (upper
panel) and red (lower panel). Due to high values of correlation coefficients
we can use the linear relationships to convert the calculated [O] sensitivity
values (with respect to Lyman-a and MgII index, see Section 4.3 and
Section 4.4 for further details) to the [O] sensitivity values with respect to
the F10.7-cm radio flux. Finally, we can compare the converted [O]
sensitivity values with studies that use F10.7 as the proxy indicator of
solar activity.

In following subsections we discuss frequency spectra, time re-
solved spectra, phase shift resolved diagrams of the analyzed [O], MgII
and Lyman-a data sets.
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Fig. 3. Normalized power spectral density (PSD) in the generalized Lomb-Scargle (GLS)
spectrum of the [09] anomaly time series (see gray line) and MglI4 anomaly time series
(see red line). The anomaly time series were averaged daily in the entire time interval
from January 2003 to December 2011 (days 1-3285). See Section 4.2.1 for further
details. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

4.2.1. Spectral analyses

The generalized Lomb-Scargle (GLS) method is based on a least
squares fit of sinusoidal, cosinusoidal and offset components of a time
series and enables to estimate a frequency spectrum of unevenly
sampled data (Zechmeister and Kiirster, 2009) including data uncer-
tainties. Using the GLS method we calculated the normalized power
spectral density of the zonally and daily averaged [O] ([09]) anomaly
time series over the entire time interval. SCTAMACHY performed
nighttime limb-emission observations from a sun-synchronous orbit
at a fixed local solar time of 22:00. Full longitudinal geographical
coverage was obtained within 3 days at the equator, and we average
daily measurements zonally in 5° latitude bins (Lednyts'kyy et al.,
2015). Some interruptions in the communication link to Envisat
resulted in a small number of non-periodic data gaps (see Section 3.2
for details) in the latitude range 0° — 20 °N studied here.

Fig. 3 shows the GLS spectrum of the [0¢] anomaly time series
(gray line), the corresponding 68% confidence (Press et al., 1997) level
(blue dash-dotted line) and the GLS spectrum of the Mgll¢ anomaly
time series (red line). The GLS-spectrum indicates a group of peaks
with a periodicity of about 27 days (significant at the 68% confidence
level). GLS spectra of both the [09] and Mgll¢ anomaly show rather
narrow peaks at about 27, 28 and 30 days significant at the 68%
confidence level. However, the GLS spectrum of the [09] anomaly also
shows wide peaks at about 24, 31 and 32 days.

The physical-chemical drivers of the quasi-27-day signatures are
not well understood - and may differ between different altitudes and
latitudes. The effects may be dominated by photochemistry, i.e.
photolysis and variable diabatic heating, or by dynamical processes
(variable up/downwelling leading to adiabatic cooling/heating). For
instance, a strong quasi-27-day oscillation (observed by Huang et al.
(2015) in temperature, zonal and meridional winds) propagates from
the troposphere to the MLT and reaches about 20 m/s at 90 km. This
oscillation is of Rossby wave type. Huang et al. (2015) noted that the
27-day periodicity in the solar F10.7 cm radio flux is almost in phase
with the reported oscillation at 90 km from December 2004 to March
2005.

It is unlikely that our results based on cross-correlation and the
superposed epoch analysis are strongly affected by such oscillations.
First, because our analysis is based on zonally averaged data, i.e. most
of the planetary wave signatures should cancel out. Second, planetary
waves are not expected to have a fixed phase relationship with solar
activity, i.e. its impact should also cancel out in cross-correlation or
superposed epoch analyses, if the time series is sufficiently long.
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Fig. 4. The MgII index anomaly time series in the entire time interval is shown in the
upper panel, the corresponding wavelet power spectrum is shown in the main part of the
figure and the mean magnitude of the spectrum is shown in the right part of the figure.
The cone of influence region is marked with solid lines colored in blue. The red contour
line corresponds to the 99% confidence level and the black line to 68%. See Section 4.2.2
for further details. The horizontal axis includes the day numbering starting on January 1,
2003. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

4.2.2. Time resolved spectral analysis — wavelet analysis

The generalized Lomb-Scargle method applied in the previous section
does not allow investigating temporal variations of the power spectrum. To
overcome this limitation we applied the wavelet analysis technique
described by Torrence and Webster (1999) to the entire anomaly time
series to decompose the time series into time-frequency space. The anomaly
time series was convolved with a “Morlet” wavelet function. The convolu-
tion procedure is corrupted near the edges of the data set. The region of the
wavelet spectrum where these edge effects can not be neglected is shown as
the cone of influence (COI) (Torrence and Webster, 1999). The natural
logarithm of the wavelet power was multiplied by ten to represent the
resulting wavelet power spectra in decibel (dB) units. The mean magnitude
of the resulting wavelet power was calculated by temporal averaging of the
wavelet power spectra within the COI region.

Fig. 4 shows the MgII index anomaly time series (upper panel) in
the entire time interval, the corresponding wavelet power spectrum
(main part of the figure) and the mean magnitude of the spectrum
(right part of the figure). We calculated the wavelet power spectrum
and the corresponding confidence level, using a regular y>-test
(Torrence and Webster, 1999). The colored contour lines shown in
the contour plot reflect certain confidence levels. The red contour line
corresponds to the 99% confidence level and the black line to the 68%
confidence level. The COI region is marked with a solid blue line and is
only visible at the left and right edges of the contour plot. The MgII
index wavelet spectrum clearly shows the presence of the major 27-day
periodicity in the time interval corresponding to the solar maximum
phase and other minor periodicities (significant at the 95% confidence
level) in the range 13-24 days during the descending and ascending
phases of solar activity. High values of the wavelet power are
distributed in the range 20-33 days during the entire time interval,
except during the solar minimum. The mean magnitude of the
spectrum exhibits the major 27-day periodicity. The wavelet spectrum
of the Lyman-a time series (not shown) exhibits similar periodicities as
those ones found for the MgII index.

Fig. 5 shows the [O] anomaly time series (upper panel), the
corresponding wavelet power spectrum (main part of the figure), the
mean magnitude of the spectrum (right part of the figure) and the COI
region marked in blue. We used the same colors to mark confidence
levels of the [O] wavelet spectrum as for the MgII index wavelet
spectrum. The wavelet power spectrum within white areas is not shown
due to corruption of the convolution procedure near the edges of some
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Fig. 5. The [O] anomaly time series is shown in the upper panel. The [O] wavelet power
spectrum is shown in the main part of the figure and the temporally averaged spectrum is
shown in the right part of the figure. The cone of influence region is marked in blue. The
wavelet power spectrum within white areas is not shown due to corruption of the
convolution procedure near the edges of some rare data gaps discussed in Section 3.2.
The red contour line corresponds to the 99% confidence level and the black line to 68%.
See Section 4.2.2 for further details. The horizontal axis includes the day numbering
starting on January 1, 2003. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

rare data gaps discussed in Section 3.2. Particularly, the wavelet power
spectrum in the time interval 2140 — 2250 days was chosen to be
excluded due to the date gap with the duration of 18 days because the
effective COI (not shown) around this date gap is about 100 days.

It is common for the [O], MgII index and Lyman-a wavelet spectra
that they show the presence of the major 27-day periodicity in the time
intervals corresponding to the solar maximum phase. The MgII index
and Lyman-a wavelet spectra also exhibit the presence of the major 27-
day periodicity during descending and ascending solar activity sig-
nificant at the 68% confidence level.

4.2.3. Estimation of the phase shift of the atomic oxygen response to
solar forcing using cross-correlation analysis

To determine the phase shift between the MgII index and the [O]
anomaly data sets we applied the cross-correlation analysis technique.
The [O] anomaly data sets were averaged in the altitude range 90 —
100 km for different time intervals as introduced in Section 3.2. The
upper panel of Fig. 6 shows the results of this cross-correlation. The
black solid and red dashed line correspond to the descending-phase
and long time intervals, respectively. The time-lagged cross correla-
tions for both time intervals evidently exhibit a strong signature with a
period near 27 days.

As the upper panel of Fig. 6 shows, the cross-correlation values for
both the descending-phase and long time series are significant at the 2-
o confidence level (see the gray dash-dotted and red dotted lines). The
significance testing was performed using the random phase test
described by Ebisuzaki (1997), i.e., a large number of random time
series were generated from the anomaly time series having the same
power spectra, but different phase. The significance of a given correla-
tion coefficient was determined by comparing the correlation coeffi-
cient to the distribution of correlation coefficients of the random phase
ensemble.

The black solid line shows a coherent oscillation with the temporal
distance between the center minimum and the following minimum
being about 27 days. The cross-correlation attains a maximum at a time
lag of 13 days, which corresponds to our preliminary estimate of the
phase shift between solar forcing and the [O] response. Comparing the
time lags of the descending-phase and long time series (shown by the
black solid and red dashed lines in the upper panel of Fig. 6) we find a
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Fig. 6. Upper panel: Time-lagged cross-correlation between the Mgl index and the daily
[0] anomaly ([09]) data sets (black solid and red dashed lines correspond to the
descending-phase and long time intervals introduced in Section 3.2). The gray dash-
dotted and red dotted lines correspond to the 95% confidence levels for the descending-
phase and long time intervals, respectively. Lower panel: The composite or superposed
MglI index anomaly for the long time data set (red dashed curve) and the composite [O]
anomaly for both the descending-phase data sets (solid blue line) and long data sets (blue
dashed line). The blue dash-dotted (red dotted) line represents the 95% confidence level
for the descending-phase (long) composite [O] anomaly data sets. The daily equatorial
[O] anomaly data sets were averaged in the altitude range 90—100 km for time intervals
as introduced in Section 3.2. See Sections 4.2.3 and 4.2.4 for further details. (For
interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

difference of about 2 days. These time delays could be caused by both
physical and chemical drivers involved in the MLT region and are
discussed in Section 4.6.

4.2.4. Estimation of the phase shift of the atomic oxygen response to
solar forcing using the superposed epoch analysis (SEA) technique

Upon calculating the phase shift between the MgII index and the
[O] anomaly data sets using the cross-correlation analysis, we applied
another technique, i.e., the superposed epoch analysis (SEA) (Chree,
1913), which is also known as the composite technique. 61-day epochs
were chosen in such a way that they are centered at maxima of the MgII
index anomaly. The individual MgII and [O] epoch time series were
then superposed as described in more detail in, e.g., Robert et al.
(2010) or Thomas et al. (2015).

The lower panel of Fig. 6 shows the composite MgIl anomaly
(MglI¢, red dashed line) for the long data set and the composite [O]
anomaly ([O°]) for both the descending-phase (blue solid line) and long
data sets (blue dashed line). The composite MglIl anomaly shows the
maximum at time lag zero, as expected. The composite MgII anomaly
exhibits clear peaks about 25 — 27 days apart, corresponding to the 27-
day signature of solar forcing. The thick blue composite [O] anomalies
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correspond to 5-day running means. The original composite anomalies
are also shown as thin lines. Note that the displayed composite [O]
anomalies are relative anomalies, i.e., absolute anomalies divided by
the average O concentration.

The blue dash-dotted curve shown in the lower panel of Fig. 6
represents the 95% confidence level for the descending-phase data set
[O°]. The confidence level was determined through application of the
bootstrapping method (Blarquez and Carcaillet, 2010) that was per-
formed in two steps. In the first step a randomization is performed,
adding white noise to the signal. The Gaussian noise is characterized by
a mean value equal to zero and a standard deviation corresponding to
the average of daily standard errors of the mean of the oxygen anomaly.
In the next step (known as random subset selection), the composite
matrices from a large number of Monte Carlo simulations are randomly
permuted. The red dotted curve shown in the lower panel of Fig. 6
represents the 95% confidence level for the [O°] long data set.

The temporal distance between two clear [O°] minima indicates the
presence of a 25-day periodicity for the long time interval, and a 26-day
periodicity for the descending-phase time interval that is shorter than
the periodicity of about 27 days found from the cross-correlation
analysis. Note that the results agree with each other within their
uncertainties. The time lag from the center of the 61-day lag-window to
the maximal peak of [O¢] (see solid blue thick line) is about 12 days,
which is in very good agreement with the time lag obtained by the
cross-correlation analysis.

If we compare the time lag between the [O] maximum and the MgII
index for the descending-phase and long time series in the lower panel
of Fig. 6, we again find a difference of about 2 days. The [O] anomaly
maximum for the descending-phase time series occurs at about day 12,
and the one for the long time series at about day 14. Being consistent
with the cross-correlation analysis (upper panel of Fig. 6) the super-
posed epoch analysis leads to a slightly larger time lag for the long time
series as compared to the descending-phase time series.

In summary, we find statistically significant 27-day signatures in
MLT atomic oxygen with time lag of about 13 days relative to solar
forcing and relative amplitudes on the order of 1%. In addition, the
results obtained by applying the superposed epoch analysis technique
are consistent with the cross-correlation analysis, which constitutes an
important consistency check.

4.3. Quantitative estimation of atomic oxygen sensitivity to solar
forcing based on annually and daily averaged [O] time series

The quantitative estimation of the [O] sensitivity to the 11-year and
the 27-day solar cycles was performed with a regression analysis
applied to relative [O] values and a solar proxy (Mgll index or
Lyman-a). Relative [O] values were calculated according to the
following equation:

(o1 - (o1
([on @

where ([0]) denotes the averaged [O] time series. The annually
averaged [O] time series (denoted with the upper index a as [0?], see
Section 4.1) were used to calculate the annually averaged relative
values [O?]. In terms of the 27-day sensitivity we already determined
superposed or composite anomalies, which essentially correspond to
the numerator of the Eq. (2). The sensitivity of atomic oxygen to solar
forcing at the 27-day scale was determined by plotting the relative
superposed [O°] anomaly and the solar proxy anomaly in a scatter plot
(see Fig. 7) and performing a linear regression. Additionally, the epoch
averaged [O°] data set was shifted with respect to the superposed epoch
averaged MgII index or Lyman-a data set, so that the maximal value of
[O¢] coincides with the maximal value of the solar proxy. The sensitivity
is then simply given by the slope of the regression line.

The uncertainty of the calculated sensitivity was determined con-
sidering errors in both the atomic oxygen concentration and the solar
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Fig. 7. Upper panel: Scatter plot of the annually averaged MgII index and relative [O]
anomaly ([O*])values. The slope of the regression line corresponds to the sensitivity.
Lower panel: Scatter plot of the daily averaged values of the composite MgII index
anomaly and the relative composite [O] anomaly ([09]) data sets. The slope of the
regression line corresponds to the sensitivity. The equatorial [O] anomaly data sets were
averaged in the altitude range 90—100 km for time intervals as introduced in Section 3.2.
See Section 4.3 for further details. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

proxy value (see Press et al. (1997) for more information on the x*
merit function to be minimized). The least-squares fitting was per-
formed with the Levenberg-Marquardt algorithm implemented in the
IDL routine MPFIT (Markwardt, 2009) and the uncertainty of the
sensitivity was calculated with the reduced x> function set to unity,
following the MPFIT user's guide. This is justified here, because the fits
were of good quality.

The upper panel of Fig. 7 shows a scatter plot of the annually
averaged values of the MgII index and the relative [O] anomaly data
sets. The [O] anomaly data sets were averaged in the altitude range 90—
100 km. The sensitivity of atomic oxygen with respect to solar forcing
represented by the MgII index corresponds to the slope of the linear
regression. The sensitivity of [0?] with respect to the MgII index data
for the years 2003-2011 is ﬂ&g“:IB.O%(iS.O%)/(0.0l MgII index
unit). To convert this sensitivity to the sensitivity with respect to the
F10.7 cm radio flux we used the linear relationship between the
F10.7 cm radio flux and the MgII index data, see Fig. 2 and Section
4.2. The F10.7cm sensitivity corresponding to fg., s
B0, MglD) = 17.2%( £3.9%)/(100 sfu).

We repeated the analysis using Lyman-a as the proxy indicator of
solar activity, see Section 3.1 for further details. The values of
sensitivity of [O] to the 11-year solar cycle calculated according to
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Table 1
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The values of sensitivity of atomic oxygen ([O]) to solar forcing were calculated using the time series of MgII index and Lyman-a as proxy indicators of solar activity and converted with
respect to F10.7 cm radio flux measured in sfu. Different approaches applied enable us to compare the results for the 11-year and 27-day temporal scales. The values of daily averaged
[O] time series were retrieved according to the well-known cubic equation and averaged over the 90—100 km altitude range. On the base of the annually averaged [O] time series ((0?])
we calculated sensitivities of [0?] to solar forcing (with help of the linear regression analysis) for the 11-year temporal scale. On the base of the monthly averaged [O] time series ([O™])
we calculated the relative percentage changes of [O™] for solar maximum conditions relative to the solar minimum (with help of the scaled values of the components of multiple-linear
regression analysis) for the 11-year temporal scale. The calculated sensitivities of [0?] and relative percentage changes of [0™] correspond to the 11-year cycle of solar activity. On the
base of the daily averaged [O] time series ([09]) we calculated sensitivities of [09] to solar forcing (with help of the superposed epoch analysis (SEA) and the linear regression analysis) for
the 27-day temporal scale for conditions of the descending phase and the solar minimum of solar activity. See Sections 4.3 and 4.4 for further details.

Time ranges / Sensitivity %/(0.01 MgII) %/(1 LyA) %/(100 sfu), use MgIl

%/(100 sfu), use LyA %, solar max- min, use MglIl %, solar max- min, use LyA

Annual averaging, 11-y 13.0+3.0 94+21 17.2+3.9
Monthly averaging, 11-y 12.8+3.8
Descending phase, 27-d 14.6 £0.7 149+1.3 19.4+0.9
The solar minimum, 27-d 04+14 03+1.2 05+1.9

159+3.6 16.3+3.7 15.1+3.3
18.4+6.6 12.2+3.6 17.4+6.3
25.1+21 18.4+0.9 23.9+2.0
0.5+2.0 0.5+1.8 0.5+1.9

the method described above are shown in Table 1. The F10.7 cm
sensitivity derived from the Lyman-a analysis is
Biio7 (LyA) = 15.9% (+3.6%)/(100 sfu).

We applied the superposed epoch method on the daily averaged [O]
([0%)) time series and calculated the linear regression, the slope of
which is shown in the lower panel of the Fig. 7 that represents the
sensitivity of [O] to solar forcing on the 27-day temporal scale. The
sensitivity of [0Y] with respect to the MgII index data for the
descending phase of solar activity is fy,, = 14.6% (+0.7%)/
(0.01 MgII index unit). We converted this sensitivity to the sensitivity
with respect to the F10.7 cm radio flux, see Section 4.2 and Fig. 2 for
further  details. The obtained F10.7cm  sensitivity is
B0 MelD) = 19.4% (+0.9%)/(100 sfu). We repeated the analysis using
Lyman-a as the proxy indicator of solar activity and obtained the
F10.7 cm sensitivity ﬁFdIOJ (LyA) = 25.1%(£2.1%)/(100 sfu). The sensi-
tivity of [0Y] to solar forcing for the solar minimum phase was
determined with help of the superposed epoch method and shown in
the lowest row of the Tables 1 and 2 according to the well-known and
the extended cubic equations.

The consistency of our results with earlier experimental and
modeling results will be discussed in detail in Section 4.5, and the
multiple-linear regression results are presented in the following
Section 4.4.

4.4. Multiple-linear regression analysis of monthly averaged [O] time
series

In order to identify and quantify the relevant sources of variability —
including, e.g., solar impact, seasonal variation, or a long-term trend —
in the monthly averaged [O] time series we performed a multiple-linear
regression analysis including some elementary trigonometric functions.
The following model was used to approximate the monthly averaged
[O] ([O™]) time series:

Table 2

FIT (t) = Offset + LTA™.t +  MglI"™-Mgll (t + MgII*he)

+ QBOIA"”’-cos( + QBO,P’“‘) +  QBOS™.

Q B OlPer

cos LIP + OBOSM |+ AOA™.cos 2t + AQPha
QBOZ er AoPer
+ SAOM.cos| 2T 4 saoPa).
SAOPer 3

The upper indices of the variables denote the type of variable, i.e.,
Amp for amplitude in atoms cm ™3, Per for period and Pha for phase in
months. The terms of the multiple-linear fit equation contain the
following parameters: Offset is the offset, LT is the linear trend term,
MgIIA™ is the amplitude of the solar term, and MglII is the MgII index
time series. MgII™™ is the phase shift of the MgII time series with
respect to the [O™] time series. Also considered are two quasi-biennial
oscillation (QBO) terms consisting of the amplitudes QBOA™, cosine
functions with periods QBO™" and phase shifts QBO™?, Moreover, an
annual component is considered with amplitude AOA™, period AOP*"
and phase AO™?, The semi-annual oscillation (SAO) term is defined in
a similar way as the QBO and AO terms.

Fig. 8 shows the [O™] time series (green dots) averaged over the 0°
to 20 °N latitude range and the 90 — 100 km altitude range. The blue
line shows the result of the multiple-linear fit. The individual fitting
terms represent the contributions of the corresponding processes or
proxy variables to the fitted time series and are shown as blue solid
lines in the lower panels of Fig. 8. The black dots in these panels
correspond to the difference between the original [O™] time series and
the sum of all fitted components except the one under consideration.

The multiple-linear regression analysis was performed on the
atomic oxygen retrieval based on the well-known cubic equation
solution, as well as on the extended cubic solution. The multiple-linear
fit results for the well-known cubic solution are shown in Fig. 8 and
also presented in Table 3. Table 4 presents fit results for the extended
cubic solution.

The multiple-linear regression analysis was performed with the
Levenberg-Marquardt algorithm implemented in the IDL routine
MPFIT (Markwardt, 2009). The procedure we used to carry out the

Similar to Table 1, but for atomic oxygen profile retrievals based on the extended cubic equation.

Time ranges %/(0.01 MgII) %/(1 LyA) %/(100 sfu), use MgIl

%/(100 sfu), use LyA %, solar max- min, use MgII %, solar max- min, use LyA

Annual averaging, 11-y 5.6+3.8 11.2+2.7 20.6 +5.0
Monthly averaging, 11-y 16.5+4.2
Descending phase, 27-d 15.6 £ 0.9 16.4+1.5 20.7+1.1
The solar minimum, 27-d 1.2+1.7 09+1.3 1.6+2.3

19.0+4.6 19.6+4.8 18.0+4.4
22.1+£5.0 15.7+4.0 21.0+4.8
27.7+£2.6 19.7+1.1 26.4+2.5
1.5+£2.2 1.6+£2.1 1.4+21
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Fig. 8. Multiple-linear fit of the monthly averaged [O] ([O™]) data set with consideration of the MgII index as a proxy of solar activity. The [O™] time series was averaged in the latitude
range 0° — 20 °N and the altitude range 90—100 km. The upper panel contains values of the [O™] data set (green dots), the resulting fit curve (blue solid line) calculated with help of the fit
equation (containing the terms and parameters shown above the fit curve). The parameters of the fit equation terms are discussed in Section 4.4. The time series of single components
(the superposition of which gives the fitted time series in the upper panel) are represented in lower panels (violet lines) calculated for the terms of the fitting equation. The black dots in
the lower panels correspond to the difference between the original [O™] time series and the sum of all fitted components except the one under consideration. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

multiple-linear fit consisted of a sequence of five steps to determine
optimal values of the fitting parameters with the minimal degree of
freedom. The procedure is based on setting the input parameter values
at a given fitting step to the values determined by the previous steps. At
each step the optimal values of the fitting parameters were chosen from
the range of possible values at the minimum of the ¥* function. The
values of the reduced x> function were chosen to be equal to one to
calculate the uncertainty of the fitting parameters.

In the first step of the procedure we fixed the values of several
parameters, i.e.:

(a) the phase shift of the MgII index time series MgII”™ was set to 13
days according to the SEA and cross-correlation analyses, see
Section 4.2.3 and Section 4.2.4,

(b) the period of semi-annual oscillation (SAO"*") was set to 6 months,

(¢) the period of annual oscillations (AOP®") was set to 12 months,

Table 3

and set initial values for the parameters QBO]”"", QBO, QBOM™,
QBO;™, QBOS™, QBO™, SAOA™, SAOP™, AOA™ and AOP™ according
to the discussion by Baldwin et al. (2001) and Burrage et al. (1996).
The initial values for the parameters LTA™ and MgII*™ were obtained
during a test fit of the [O™] time series with other parameters being
constrained as it is described above.

We then applied a band pass filter to the [O™] time series in order to
find optimal values of the phases of the annual (AO?) and semi-
annual (SAO™?) oscillations in the following way. The technique of
bandpass filtering by consecutive smoothing (see Section 4.2 for
further details) was applied to the initial [O™] time series to determine
AOP™, For instance, we analyzed the anomaly time series obtained
through removal of a 19-month running mean followed by smoothing
with a 9-month running mean. The resulting filtered time series was
then fitted by a three-parameter sinusoidal function to yield AOP™,
SAOP was determined in a similar way: we analyzed the anomaly time
series obtained through removal of a 9-month running mean followed

The sensitivity values of atomic oxygen ([O]) to solar forcing were calculated using the time series of MglI index and Lyman-a as proxy indicators of solar activity and converted with
respect to F10.7 cm radio flux measured in sfu. The values of daily averaged [O] time series were retrieved for the years 2003 — 2011 according to the well-known cubic equation. The [O]
time series were averaged annually and monthly and additionally averaged in the altitude ranges shown in the table header. On the base of the annually averaged [O] time series ((0?]) we
calculated sensitivities of [0?] to solar forcing (with help of the linear regression analysis) for the 11-year temporal scale. On the base of the monthly averaged [O] time series ([O™]) we
calculated the relative percentage changes of [0™] for solar maximum conditions relative to the solar minimum (with help of the scaled values of the components of multiple-linear
regression analysis) for the 11-year temporal scale. The calculated sensitivities of [0?] and relative percentage changes of [O™] correspond to the 11-year cycle of solar activity. See

Sections 4.3 and 4.4 for further details.

Time ranges / Altitude range (km) 88 - 90 91 - 93 94 - 96 97 - 99 100 - 102 90 — 100
Annual averaging, g, , (Mgl (%/100 sfu), use MgII 8.7+5.6 8.2+6.6 19.5+4.3 26.2+5.8 26.6 +13.0 17.2+3.9
Annual averaging, S, ,(LyA) (%/100 sfu), use LyA 7.5+5.6 6.8+6.2 17.7+4.2 245+4.5 26.3+11.1 159+3.6
Annual averaging, fg_;;, (Mgll) (%), solar max - min, MgII 82+5.3 7.8+6.2 18.5+4.0 248+55 25.2+12.3 16.3+3.7
Annual averaging, ﬂz}:_]]y(LyA) (%), solar max - min, LyA 7.1+5.3 6.5+5.9 16.8+4.0 23.3+4.2 25.0+10.5 15.1+3.3
Monthly averaging, 4. (Mgll) (%), use MgIT 53+7.2 10.5+4.3 129+ 4.2 15.7+3.8 20.0+5.4 12.8+38
Monthly averaging, 4 (LyA) (%), use LyA 72+£7.1 128+5.4 16.7+5.2 19.8+6.8 242+6.2 18.4+6.6
Monthly averaging, " | ]y(MgII) (%), solar max - min, MgII 5.0+£6.9 10.0+4.1 12.3+4.0 149+3.6 19.0+5.1 12.2+3.6
Monthly averaging, ﬁ;ﬂ"ﬁlly(LyA) (%), solar max - min, LyA 69+6.8 12.1+5.1 159+4.9 18.8+6.5 23.0+5.9 17.4+6.3
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Table 4
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Similar to Table 3, but for atomic oxygen profile retrievals based on the extended cubic equation.

Time ranges / Altitude range (km) 88 - 90 91 - 93 94 — 96 97 - 99 100 — 102 90 — 100
Annual averaging, £, (MglD) (%/100 sfu), use MgII 10.6 £6.9 10.9+7.9 22.2+5.5 32.4+£6.5 31.5+£11.9 20.6 £5.0
Annual averaging, ., (LyA) (%/100 sfu), use LyA 9.0+6.8 9.2+75 20.2+5.3 30.2+5.0 30.5 +10.0 19.0+4.6
Annual averaging, ﬂ,%_”y(Mg[l) (%), solar max - min, MgII 10.0+£6.5 10.3+7.5 21.1+5.2 30.9+6.2 29.9+11.3 19.6+4.8
Annual averaging, fg_, 1y (LyA) (%), solar max - min, LyA 8.5+6.4 87+7.1 19.2+5.1 28.6 +4.7 29.0+£9.5 18.0+4.4
Monthly averaging, g Mgll) (%), use MgII 7.8+5.0 12.7+5.2 16.4+4.8 19.5+4.5 23.7+13.3 16.5+4.2
Monthly averaging, ;" (LyA) (%), use LyA 9.5+6.1 16.0+ 6.4 20.3+5.9 243+5.0 28.4+26.4 22.1+5.0
Monthly averaging, ﬁ;ﬂ“ﬁlly(MgII) (%), solar max - min, MgII 74+48 12.0+5.0 155+ 4.6 18.5+4.3 22.6+12.6 15.7+4.0
Monthly averaging, ﬂ,%"_”y(LyA) (%), solar max - min, LyA 9.1+5.8 152+6.1 19.3+5.6 23.1+4.7 27.0+25.0 21.0+4.8
by smoothing with a 3-month running mean. Sensitivity of relative [O°] via regression =z
In the second step we fixed the values of the variables studied in the < 35F ‘ ‘ ‘ ‘ ‘ T g >
first step to calculate x¥* (Markwardt, 2009). We then varied the = i 30 E a) | | | : | ‘ 430 g 2
amplitudes of the semi-annual and annual oscillations (SAOA™, % j E ‘ ‘ ‘ | ‘ .‘ ] - z
AOA™) to determine their optimal values corresponding to the g 3 25° : : ‘ : H : ' 25 g g
minimum of. the x* function. . o 2 2 ook AR :4.-7- cpeede ) 20 é x
In the third step we fixed the values of all variables dealt with in the S 8 [ ‘ I - : o c £
previous steps and calculated x*>. We then applied the technique of - T 15} ‘ ‘ ‘ 1 ‘ ‘ ‘ 115 5 &
bandpass filtering by consecutive smoothing (see Section 4.2 for & 8 E % :‘-' - " ; T B T e \7 ] 10 @ %
further details) to the initial [O™] time series two times to determine g *E 10 [ # | : | | | 1 Q\"/ *
optimal values for the periods and phases of the QBO components (i.e., = 2 50 | | | | | f 2 ‘E
QBO™, QBO!™, QBOY™, QBOS™). For instance, to determine optimal S & of ! ‘ ‘ ‘ ‘ ‘ ] 2 =
values for QBO!* and QBO™ we analyzed the anomaly time series » @ ‘ ‘ ‘ ‘ % 5
88 90 92 94 96 98 100 102 n ?

obtained through removal of a 29-month running mean followed by
smoothing with a 12-month running mean. And to determine optimal
values for QBOS™ and QBOY™ we analyzed the anomaly time series
obtained through removal of a 50-month running mean followed by
smoothing with a 29-month running mean.

In the following fourth step we fixed again the values of all
parameters studied so far and calculated y2. Then we varied the values
of the amplitudes of the QBO components (i.e, QBO{*“‘", QBO?‘“") to
determine their optimal values corresponding to a * minimum.

In the fifth step we fixed the values of all parameters studied in the
previous steps and calculated x*. Then we determined the optimal
values of the amplitude of the shifted MgII index time series and the
linear terms (i.e., LTA™ MglII*™) as described in the previous steps.

The described fitting procedure was then repeated once including
the determined optimal values of the fitting parameters to improve the
fit quality.

We now discuss the results obtained by performing the described
multiple-linear analysis and compare them to results based on the
regression analysis presented in Section 4.3. The upper panel of Fig. 9
shows the sensitivity of atomic oxygen to the solar forcing at the 11-
year time scale estimated for annually averaged data sets as a function
of altitude using the regression analysis as described in Section 4.3. The
red and blue dots in this panel correspond to the O sensitivity values
with respect to the F10.7-cm radio flux (see Section 4.3) calculated
from the sensitivity with respect to Lyman-a (blue dots) and MgII
index (red dots).

The most obvious feature of the upper panel of Fig. 9 is the increase
in sensitivity with increasing altitude, with values of about 10% near
90 km and about 20—-30% near 100 km. This result is as expected and
is consistent with the analysis recently presented by Zhu et al. (2015).
We also note that the [O] sensitivity values based on the MgII index
and Lyman-a are very consistent and agree well within uncertainties.

In several earlier studies (Schmidt et al., 2006; Marsh et al., 2007)
the O response to the 11-year solar variation is presented as the relative
difference in O abundance between the solar maximum and minimum.
In order to allow for an easy comparison with these results, we
determined the same quantity based on the sensitivity values derived
in our study in the following way: the sensitivity values were multiplied
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Fig. 9. Upper panel: sensitivity values estimated according to the regression analysis of
the annually averaged entire data sets. Lower panel: sensitivity values estimated
according to the multiple-linear regression analysis (harmonic fit) of the monthly
averaged entire data sets. Right ordinates in the upper and lower panels show relative
percentage changes of atomic oxygen for solar maximum conditions relative to the solar
minimum. Left ordinates in the panels show the originally calculated sensitivities that
were used to estimate the relative percentage changes at the right ordinates, see the first
and the last line in the Table 1. See Sections 3.2 and 4.4 for further details. (For
interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

by the difference between the maximum and minimum F10.7 cm flux
values to yield relative differences in atomic oxygen concentration
between the solar maximum and minimum. These relative atomic
oxygen differences are also shown in the upper panel of Fig. 9 (see right
ordinate).

The red horizontal line represents the sensitivity with respect to the
F10.7 cm flux determined using the MgII index — the blue line similarly
shows the sensitivity based on the Lyman-a analysis — if the [O?] time
series is averaged over the 90 — 100 km altitude range. The dashed red
horizontal lines represent the 68% confidence level of the sensitivity
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based on the MgII index. The dash-dotted blue horizontal lines
represent the 68% confidence level of the sensitivity based on
Lyman-a.

The lower panel of Fig. 9 shows the ratio of the fitted amplitude of
MglI index component (MgII*™) and Lyman-a (LyAf‘"’p) to ([O™]), i.e.,
to the monthly averaged [O™] for the years 2003 — 2011 and averaged
over 5 altitude ranges (88 — 90 km, 91 — 93 km, 94 — 96 km, 97 -
99 km and 100 — 102 km).

The right ordinate of the lower panel of Fig. 9 shows the relative
differences in atomic oxygen between the solar maximum and
minimum obtained by the multiple-linear regression and based on
both the MgII index and Lyman-a.

The red horizontal line represents the sensitivity with respect to the
MglII*™ and the blue horizontal line — the sensitivity with respect to the
LyAf"‘P, where the [0?] time series was averaged in the 90 — 100 km
altitude range. The dashed red horizontal lines represent the 68%
confidence level of the sensitivity with respect to MgII®™. The dash-
dotted blue horizontal lines represent the 68% confidence level of the
sensitivity with respect to LyA™.

The sensitivity values obtained through the multiple-linear regres-
sion analysis (see the lower panel of Fig. 9 and Table 3) are
approximately equal to the sensitivity values obtained by the initial
regression analysis (see the upper panel of Fig. 9 and Table 1 discussed
in Section 4.3) at the 11-year time scale. However, the uncertainties of
the sensitivity values based on the multiple-linear regression analysis
are higher than those ones obtained from the latter method.

In terms of the other fit components of the multiple-linear regres-
sion analysis, we find.

(a) the linear trends to be very small and not statistically significant.
For the 90-100 km altitude range the relative trends are 0.09 ( +
0.30) %/year using the MgII index as a solar proxy. If Lyman-a is
used the relative trends correspond to 0.36 (+ 0.34) %/year.
semi-annual and annual components with amplitudes on the order
of 12% and 7% (i.e., peak to peak changes of about 25% and 15%),
respectively.

(c) QBO signatures to be very small and statistically insignificant.

(b)

The decrease in values of several proxies of solar activity (MgIl
index, Lyman-a flux and solar F10.7 cm flux) estimated over the 22nd,
23rd and 24th solar cycles (not shown) implies a decline in solar
forcing in the recent decades. This long-term trend is valid during the
SCIAMACHY operation time as well. However, it is remarkable that the
linear trend in [O] values estimated with help of the multiple-linear
regression for the years 2003 — 2011 is positive, and not significant.
The strong semi-annual oscillations found in the current study are
consistent with the tidal influence, for which the semi-annual variation
in meridional wind amplitude was described by McLandress et al.
(1996).

Table 5
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We note that the sensitivities of [O] to solar forcing based on O
retrievals with the extended cubic equation (see Table 2) are slightly
larger than for the well-known cubic equation (see Table 1), but the
values agree within their uncertainties. Tables 5, 6 present all the
multiple-linear fit results as a function of altitude and for both the well-
known cubic (Table 5) and the extended cubic equation (Table 6). The
multiple-linear fit results for the well-known cubic and the extended
cubic solution differ somewhat, but are in good overall agreement (cf.
Tables 5 and 6).

4.5. Comparison to earlier results

We now compare the main results of the current study with
published experimental and modeling results and start with 11-year
solar cycle variations in MLT atomic oxygen. Schmidt et al. (2006)
presented model simulations with the HAMMONIA model showing a
relative variation in atomic oxygen in the 90 — 100 km altitude range of
about 15 — 20% between the solar maximum and minimum at the low
latitudes studied here (their Fig. 12). Marsh et al. (2007) presented
WACCM results corresponding to a relative variation in MLT atomic
oxygen between 20% and 30% for these altitude and latitude ranges.
Our relative variations in MLT atomic oxygen between the solar
maximum and minimum are shown in Fig. 9 and correspond to values
between 10% and 25%, increasing with altitude. Thus, we find reason-
able overall agreement between our results and the model results
presented by Schmidt et al. (2006) and Marsh et al., 2007. The altitude
dependence seen in the SCTAMACHY data cannot be clearly identified
in these studies. This altitude dependence, however, is present in an
independent MLT atomic oxygen data set also retrieved from
SCIAMACHY nightglow observations of the oxygen green line (Zhu
et al., 2015).

In terms of solar 27-day signatures in MLT atomic oxygen we are
not aware of any previous experimental studies, but a comparison of
our results is possible with the HAMMONIA simulations analyzed by
Gruzdev et al. (2009). Gruzdev et al. (2009) reported on sensitivities
and time lags of atomic oxygen (amongst other species) to solar forcing
at the 27-d scale. According to Fig. 10 in Gruzdev et al. (2009), the
modeled sensitivity of atomic oxygen at low latitudes and altitudes
between 90 and 100 km falls between 0.3% and 1% /(% change in
205 nm irradiance). During solar maximum conditions, the solar 27-
day cycle in solar irradiance at 205 nm has an amplitude of about 2%
(see Fig. 1 in Gruzdev et al. (2009)). This implies that for solar
maximum conditions the HAMMONIA simulations produce an atomic
oxygen variation with an amplitude of about 0.6 — 2%. The amplitudes
determined in the present study are about 1.5% for the descending-
phase data set (descending phase of solar cycle 23) and about 0.5% for
the entire data set (our Fig. 6). In other words, we find good agreement
in terms of the amplitude of the solar 27-day signature in MLT atomic
oxygen with the HAMMONIA simulations presented by Gruzdev et al.

Results of the multiple-linear regression based on the [O] profile retrievals according to the well-known cubic equation. The initial [O] time series with monthly resolution ([O™]) for the
years 2003 — 2011 was additionally averaged in the altitude ranges shown in the table header. The results are shown separately for fits performed with both the MgII index and the
Lyman-a flux as solar proxies. The values of the periodic components correspond to the peak-to-peak values, i.e. two times the corresponding amplitude. See Section 4.4 for further

details.

Component / Altitude range (km) 88 — 90 91 - 93 94 — 96 97 — 99 100 — 102 90 — 100
Linear trend (%/year), use MgII 0.24+£0.31 0.29 £ 0.34 0.07 £ 0.34 0.17+0.31 0.06 +0.45 0.09 +0.30
Linear trend (%/year), use LyA 0.36 + 0.54 0.46 +0.46 0.31+0.38 0.16+0.51 0.17 +0.44 0.36 +0.34
Annual oscillation (%), MgII 17.52 + 0.50 22.19+0.54 19.48 +0.51 10.40 + 0.42 7.38 +£0.47 15.33 +0.43
Annual oscillation (%), LyA 17.15+3.14 22.49 +£10.14 19.75 +18.71 12.82 +3.89 6.01+2.91 15.61 +2.35
Semi-annual osc. (%), use MgII 26.97 +£0.76 26.20 £ 0.65 22.60 +0.59 22.02+0.89 23.90+1.51 23.33 £0.66
Semi-annual osc. (%), use LyA 26.60 + 4.86 26.10+11.75 22.51+21.34 21.28+6.48 2416 +11.71 23.42 +3.52
Long-periodical QBO (%), MgII 1.70 £2.98 1.54+3.87 0.06 +3.26 0.17 +2.66 2.52+3.54 0.37+3.03
Long-periodical QBO (%), LyA 1.85+2.99 1.26 +4.10 0.01 +3.26 0.44+£2.90 1.39+2.81 2.60+12.55
Short-periodical QBO (%), MgII 1.95+3.42 0.19+0.48 0.06 +15.01 1.13+17.27 3.22+4.51 1.52 +4.69
Short-periodical QBO (%), LyA 1.75+2.82 0.31+1.00 0.01+3.26 1.61 +10.66 3.01+6.14 1.03 +4.97
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Table 6
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Similar to Table 5, but for atomic oxygen profile retrievals based on the extended cubic equation.

Component / Altitude range (km) 88 — 90 91 - 93 94 — 96 97 — 99 100 — 102 90 - 100
Linear trend (%/year), use MgII 0.32+0.39 0.32+0.40 0.09 +0.39 0.12+0.37 0.04£1.11 0.06 +0.34
Linear trend (%/year), use LyA 0.44 £ 0.44 0.55 +0.46 0.40 £ 0.43 0.23 £0.37 0.34+0.05 0.41+0.36
Annual oscillation (%), MgII 21.59 +4.99 26.22+4.16 21.98+19.83 10.60 + 5.70 40.31+5.15 17.63 + 3.89
Annual oscillation (%), LyA 20.90 + 0.60 26.79 +2.15 22.50 +0.58 10.41 £ 1.05 11.27 £ 0.47 17.79 £ 0.49
Semi-annual osc. (%), use MgII 32.43+7.46 31.48 +4.99 26.82 +24.18 25.41 +14.39 25.76 + 3.30 27.49 + 6.07
Semi-annual osc. (%), use LyA 32.17+0.92 31.08 +2.49 26.97 +£0.70 24,97 +2.52 25.92 +1.09 27.43+0.75
Long-periodical QBO (%), MgII 1.64 £3.52 3.19+4.82 0.41+3.77 1.47 £3.53 0.09 £10.16 4.11+3.37
Long-periodical QBO (%), LyA 1.73 £3.49 3.19+4.85 0.60 + 3.68 0.78 +3.13 1.16 £ 19.50 6.30 +13.49
Short-periodical QBO (%), MgII 3.15+6.76 0.10+0.14 3.00 £27.49 2.35+5.64 0.13+15.24 0.21+0.17
Short-periodical QBO (%), LyA 2.91+5.85 0.05+0.07 3.19+19.83 1.87 £7.47 2.54 +42.93 1.82£3.92

(2009).

We now briefly discuss the model and experimental results on the
time lag between solar forcing and the response in atomic oxygen at the
27-day scale. As shown in Fig. 6, the time lag between solar forcing and
the response in atomic oxygen in our study is 12 — 14 days, depending
on whether the descending-phase or long time series is considered.
Gruzdev et al. (2009) report on a time lag of about a quarter 27-day
cycle, i.e., about 4.5 — 7 days in the MLT. Thus, the time lag found in
our study is about a quarter cycle longer than the model result by
Gruzdev et al. (2009).

Regarding the time lag between 27-day solar forcing and the
atmospheric response it is also interesting to compare SCIAMACHY
OH(3-1) rotational temperature observations (analyzed by von Savigny
et al. (2012) for the latitude range 0° — 20 °N) with the HAMMONIA
temperature results discussed by Gruzdev et al. (2009). SCTAMACHY
limb emission spectra at about 85 km tangent height were used to
retrieve OH* volume emission rate profiles (von Savigny et al., 2012).
The calculated SCTAMACHY rotational temperatures present averages
over a certain altitude range, weighted by the vertical variation of the
OH* volume emission rate (von Savigny et al., 2004). The effective
emission altitude is about 87 km for the OH* temperature retrievals.
The SCIAMACHY analysis of temperature shows a statistically highly
significant 27-day signature that is in phase with solar forcing with the
time lag of 1-day at most, while Gruzdev et al. (2009) report a time lag
of about 4 — 6 days (i.e., 4.2 — 5.9 days in the altitude range 80 — 92 km
and 2.5 — 4.2 days in the altitude range 92 — 100 km for the latitude
range 0° — 20°N). This might imply that radiative damping considered
in the HAMMONIA simulations is relatively slow, but not negligible.
Gruzdev et al. (2009) mentioned that atomic oxygen is generated
mainly by the photolysis of molecular oxygen in the mesosphere and
found the response of HAMMONIA [O] above 85 km to be roughly in
opposite phase with the response of molecular oxygen.

4.6. Discussion of possible mechanisms

Solar 27-day signatures have been identified in several experimen-
tal MLT data sets, including NLCs (Robert et al., 2010; von Savigny
et al., 2013), ozone (Hood, 1986), temperature (Hood, 1986; von
Savigny et al., 2012; Thomas et al., 2015), water (Thomas et al., 2015),
OH * emission rate and emission altitude (Teiser and von Savigny,
2016). However, the underlying physico-chemical mechanisms driving
these atmospheric responses to the 27-day solar forcing deserve further
studies. Increased solar irradiance will lead to increased diabatic
heating if other chemical or dynamical responses are neglected. Any
photochemical response — e.g., altered production of ozone — may
affect diabatic heating and/or radiative cooling. Moreover, chemical
changes may lead to altered chemical heating due to exothermic
chemical reactions that play an important role in the MLT energy
budget. In addition, the solar forcing may affect atmospheric dynamics
and lead to changes in upwelling, i.e., adiabatic heating/cooling.

In terms of the solar 27-day signatures in NLCs, there is increasing
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evidence for a dynamical mechanism: (a) the sensitivity of temperature
to solar forcing at the 27-day temporal scale reaches its maximum in
the polar summer mesopause, where gravity-wave driven adiabatic
cooling also reaches its maximum (see Fig. 20.6 in von Savigny et al.,
2013); (b) 27-day signatures in polar summer mesopause temperature
and H,0 are almost exactly out-of-phase, whereas the latter is 180°
shifted with respect to solar forcing (Thomas et al., 2015). Due to the
long lifetime of H,O at mesopause altitude, this time lag is not
consistent with pure photodissociation of H»0.

Concerning the 27-day signature identified in atomic oxygen, we
follow Thomas et al. (2015) and distinguish between two different
interpretations. The first interpretation supposes that the observed 27-
day signature in atomic oxygen is caused only by photochemistry and/
or radiative effects. The photochemical processes are mainly associated
with the production of atomic oxygen at higher altitudes. The second
interpretation involves dynamical effects, particularly, changes in
vertical winds that lead to redistribution of atomic oxygen.
Additionally, turbulence (eddy diffusion) and the large-scale meso-
spheric meridional circulation play a key role — the latter mainly at high
latitudes. The dynamical processes are also associated with the vertical
advection of atomic oxygen by eddy diffusion and the above mentioned
large-scale circulation. The [O]/[O] ratio increases with altitude in the
MLT region and is affected by the strength of eddy diffusion (Colegrove
et al., 1965). Vertical advection associated with tides and the large-
scale circulation plays a major role in the seasonal variations according
to the study of Liu et al. (2008), which is based on zonally averaged
WINDII data analyzed in the latitude range 40 °S — 40°N. Liu et al.
(2008) concluded that the vertical advection associated with the tides
plays a relatively more important role than eddy diffusion. Liu et al.
(2008) observed the dominant influence of the diurnal tide (at the
equator) and a clearly semidiurnal pattern (at midlatitudes).
Particularly, the diurnal tide enhances the green line emission from
the early evening till about 23:00 LT at the equator. Note that
SCIAMACHY performed observations from a sun-synchronous orbit
at 22:00 LT when the dynamical influence of the meridional compo-
nent of the diurnal migrating tide reaches its maximum (Ward, 1999).
The influence of the diurnal tide on the greenline nightglow emission is
tremendous at the equator (e.g., Burrage et al., 1996; Angelats i Coll
and Forbes, 1998; Ward, 1999).

As for the results on the 27-day signature in atomic oxygen:

First, as the starting point, we can accept that the photochemical
interpretation based on HAMMONIA (Gruzdev et al., 2009) implies the
[O] time lag of 4.5 — 7 days with respect to 27-day solar forcing,
whereas the analysis of SCCAMACHY data gives a time lag of half of the
27-day cycle, about 13 days. Thus, in the case of [O] there is a
difference of about a quarter of cycle between the time lag found by
Gruzdev et al. (2009) and the time lag determined from SCIAMACHY,
see Section 4.5. Note that the temperature response to solar forcing
(Gruzdev et al., 2009) is characterized by the time lag of about 4 — 6
days, whereas SCTAMACHY analysis of temperature (von Savigny et al.,
2012) shows the time lag of one day at most, see Section 4.5. The
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reason for the differences in the time lags is currently not known.
Second, dynamical interpretation would imply that the 27-day
signature in atomic oxygen is caused by 27-day modulations of vertical
winds. In this case, one would expect the temperature and atomic
oxygen signatures to be in-phase because, e.g., enhanced upwelling
leads to increased adiabatic cooling and a reduction of atomic oxygen.
Both mesopause rotational temperature discussed by von Savigny et al.
(2012) and [O] observations discussed in this paper were taken on the
night-side of the SCIAMACHY orbit. Upon the assumption that
temperature and [O] observations were affected by the diurnal tide,
one could expect them also to be in-phase. However, the 27-day
signatures in mesopause temperature and atomic oxygen are almost
exactly out-of-phase (cf. Fig. 6 in this article and Fig. 3 in von Savigny
et al., 2012). We averaged [O] time series in different altitude ranges
(i.e., 88 — 90 km, 91 - 93 km, 94 — 96 km, 97 — 99 km and 100 —
102 km) to analyze the time lag between [O] and MgII time series with
help of the cross-correlation technique. Provided that the vertical
wavelength of the diurnal tide is about 25 km, it is hard to argue in
favor of tidal influence because of little changes in values of the time lag
corresponding to the altitude ranges between 91 and 102 km.
Nevertheless, the resulting figure presenting the averaged time lags
(not shown) exhibits a negative value of the [O] time lag corresponding
to the altitude range 88 — 90 km. Note that the time lag of the
mesopause rotational temperatures at a bit lower altitude is about zero
(von Savigny et al., 2012). Taking this into account could presumably
credit in favor of dynamical interpretation, provided that certain
processes, which are responsible for the presence of such observations,
would be known. In terms of lunar effects on O('S — 'D) and OH*
airglow emissions, [O] and temperature, the recent study by von
Savigny et al. (2015) demonstrates that the phase relationship of the
lunar semidiurnal tidal signatures in these quantities is consistent with
the following sequence of processes: enhanced upwelling leads to
cooling, a reduction in [O] and, consequently, a reduction in airglow
emissions. In the case of the lunar tides, a relationship between
temperature and [O] found by von Savigny et al. (2015) is consistent
with vertical advection and adiabatic cooling. However, the tempera-
ture and [O] 27-day signatures presented in this paper seem not to be
in-phase, and a dynamical interpretation might fail. So far, we have to
admit that our results on the 27-day signature in MLT atomic oxygen
concerning the time lag of [O] response to solar forcing are not directly
in favor of either photochemical or dynamical interpretation. A
quantitative analysis of the linearized continuity equation of [O] by
accounting for the fact that the dynamical contributions are aliased by
the tide because of SCTAMACHY's sun-synchronous sampling should
be performed in order to identify the right mechanism. Additionally,
dedicated model simulations considering all relevant processes are
required — which are far beyond the scope of the present study. The
studies mentioned below are supposed to be helpful to work out the
frames and context of such model simulations. Possible sources for the
27-day variations in vertical advection are discussed by Pancheva et al.
(2003) who investigated semidiurnal tide modulations (at about
53.5 °N latitude) that were positively correlated with the 27-day solar
activity. Additionally, Pancheva et al. (2003) reasoned that the
modulations of the semidiurnal tide probably could be produced by
local nonlinear interaction if the time lag were significantly longer than
a few days. Note that the semidiurnal amplitude modulations and
similar variations in total ozone were found (Pancheva et al., 2003)
with periods of 25 — 28 days (and other ones). It is interesting to note
that the GLS spectrum of the [09] anomaly (see Section 4.2.1) shows
peaks with close periods. Eckermann et al. (1997) analyzed intersea-
sonal (10 — 100 days) oscillations in the equatorial MLT based on five
years of velocity data acquired by a radar system at Christmas Island
(2 °N). They identified strong peaks in zonal winds at periods of about
22 — 25 days (and other ones) as well as strong variations in diurnal
tidal amplitudes with periods of about 25 days (and other ones).
Pancheva (2001) observed tidal modulations in radar data (measured
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at about 53.5 °N, 42.5 °N and 67.9 °N) exhibiting 25-27 day periodicities
and other ones. Luo et al. (2001) suggested that a 25-29 day (23-32
day) oscillations could be produced by a nonlinear interaction between
annual (semiannual) and 27-day variations. As we concluded in Section
4.2.1, the impact of oscillations should have been canceled out in cross-
correlation and superposed epoch analyses if the time series were
sufficiently long.

As for the sensitivity of [O] response to solar forcing:

The values of [O] sensitivity to solar forcing at the 27-day time scale
during the descending phase of solar cycle 23 (see Tables 1 and 2, third
line) and those ones at the 11-year time scale (see Tables 1 and 2, first
and second lines, two last columns) are in good agreement. The
similarity in [O] sensitivity indicates presence of similar driving
processes in the MLT both at the 27-day and the 11-year time scales.
Particularly, Solar Mesosphere Explorer and SBUV data sets show
similarity of the approximate percentage values of the incoming solar
irradiance variation in the far-ultraviolet region both at the 27-day and
at the 11-year time scales (Rottman, 1988). Tables 1 and 2, last row,
show that the [O] sensitivity at the 27-day time scale was significantly
lower during the last solar minimum phase. A possible explanation of
such a result could be based on the fact that the thermosphere was
lower in density (and, therefore, cooler) during the last solar minimum
phase (than it had ever been since the beginning of the space age
(Solomon et al., 2010)).

5. Conclusions

The effects of solar irradiance variations on atomic oxygen in the
MLT region were studied at the 11-year and the 27-day time scales.
The analyses were performed on the atomic oxygen concentration time
series retrieved on the base of oxygen green line nightglow observations
at 557.7 nm wavelength at low latitudes, which were provided by
SCIAMACHY onboard Envisat from 01/2003 to 12/2011.

The sensitivity of atomic oxygen to solar forcing was determined for
the solar 11-year and 27-day cycles with use of different solar proxies,
i.e., the MglIlI index, Lyman-a irradiance and the F10.7 cm radio flux.

The results on sensitivity of annually averaged atomic oxygen
concentration time series to solar forcing are consistent with known
experimental and model studies, and exhibit relative variations in
oxygen of about 20% in the 90 — 100 km altitude range over the time
interval from the end of the solar maximum phase to the end of the
solar minimum phase. Two more of our results concerning [O]
sensitivity, which deserve further studies, are: (a) good agreement of
[O] sensitivities to solar forcing at the 11-year and the 27-day time
scales, (b) lower [O] sensitivity values at the 27-day time scale during
the last solar minimum phase.

Using cross-correlation and the superposed epoch analysis techni-
ques, a statistically significant solar 27-day signature for the first time
has been identified on the base of [O] data sets provided by
SCIAMACHY. The time lag between solar forcing and the response of
atomic oxygen can reach about 13 days that is about a quarter of the
27-day cycle longer in comparison to the known model results
(Gruzdev et al., 2009). The reason of this difference is currently not
known, but such a reason is supposed to be found in further studies,
provided that both photochemistry and dynamical variability would be
taken into account.

The SCIAMACHY [O] response to solar forcing was successfully
modeled on the base of the standard multiple-linear regression
approach at the 11-year time scale. The components of the used
regression equation take into account seasonal, solar and QBO varia-
tions as well as a long-term trend. The sensitivity of atomic oxygen to
solar forcing quantified with use of this model is in good agreement
with the results obtained on the base of the annually averaged values,
see Section 4.3.

The sensitivity of atomic oxygen at the 11-year time scale is found
to be strongly dependent on altitude, which determines relative 11-year
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solar cycle variations of about 5% at about 90 km and about 25% at
about 100 km in agreement with known results.

Note that atomic oxygen was retrieved from SCIAMACHY oxygen
green line nightglow observations with use of two different photo-
chemical schemes: the well-known cubic equation (McDade et al.,
1986) with coefficients as discussed by Lednyts'kyy et al. (2015), and
an extended cubic equation (Gobbi et al., 1992; Semenov, 1997) with
corresponding coefficients (Lednyts'kyy et al., 2015) to include pro-
cesses of O('S) quenching by other chemical species in the MLT.
Although there is a difference (about 30%) between the retrieval results
of these two photochemical schemes, the sensitivities of atomic oxygen
to solar forcing for both photochemical schemes are in good agreement.
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