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In the mesosphere, the vibrationally excited hydroxyl layer is sensitive to changes in incoming solar flux. An
enhanced photodissociation of molecular oxygen will lead to more atomic oxygen production, thus we expect
the OH layer emission rate to be positively with the Lyman-a flux and the emission height to be negatively
correlated. The Optical Spectrograph and InfraRed Imager System (OSIRIS) has recorded the Meinel band

centred at 1.53 pm from 2001 to 2015. In this study, we show how the 11-year solar cycle signature manifests
itself in this data set, in terms of OH zenith emission rate and emission height. As expected, the emission
height is negatively correlated with the Lyman-a flux at all latitudes. The zenith emission rate is positively
correlated with the Lyman-« flux at most latitudes except near the equator. By the means of a time dependent
photochemical model, we show that the changing local time sampling of the Odin satellite was the cause of
the observed distortion of the solar cycle signature near the equator.

1. Introduction

The mesosphere and lower thermosphere (MLT) is particularly sen-
sitive to changes in solar flux since photolysis processes play an impor-
tant role in the chemistry of this atmospheric region. The vibrationally
excited hydroxyl OH, concentrated near the mesopause, is one of
the species strongly influenced by photochemistry. While its removal
relies on quenching processes, its production primary relies on the
recombination of hydrogen atom and ozone.

H+ 03 > OH x + O,. (RD)

Since mesospheric O3 exhibits a prominent diurnal cycle, OH.! fol-
lows accordingly — its concentration increasing sharply around the
sunset (Allen et al., 1984).

Furthermore, if one considers that ozone is in photochemical equi-
librium, the production rate of OH., given by

P = ky 40, [HI[O3], (€H)
k [O][0,]1M]
with [0;] = %, 2)
H+0;

is controlled by temperature and the concentration of atomic oxy-
gen (e.g. Marsh et al., 2006; Grygalashvyly, 2015), which is mainly
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produced by the photodissociation of molecular oxygen. Thus, the
long-term behaviour of OH. depends on changes in incoming solar
flux. Grygalashvyly et al. (2014) and Sonnemann et al. (2015) have
performed modelling studies to investigate the long-term trend in the
OH. layer. They showed that the 11-year solar cycle in Lyman-a flux
variation was imprinted in the model results for both the layer height
and the number density. Several independent studies based on ground-
based monitoring of the OH- airglow also showed that an 11-year cycle
signature was present in their data sets (e.g. Fukuyama, 1977; Pertsev
and Perminov M. Obukhov, 2008; Clemesha et al., 2005).

Satellite observations offer a much better geographical coverage and
yield information on the layer height. Liu and Shepherd (2006a), von
Savigny (2015), Teiser and von Savigny (2017), Garcia-Comas et al.
(2017) and Gao et al. (2016) have used various techniques to study the
correlation between the OH. emission rate and/or emission height and
the solar flux. However, using space-borne observations to investigate
long-term changes is not easy since the lifespan of most missions is not
long enough. Liu and Shepherd (2006a) found a negative correlation
between the emission height of the OH (8-3) band and the F10.7 cm
flux based on WINDII?> data from November 1991 to August 1997.
However, von Savigny (2015) found little evidence for this negative
correlation based on the SCTAMACHY? OH(3-1) data from 2003 to 2011
at all latitudes, which contradicts the previous finding. A follow-up
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study by Teiser and von Savigny (2017) used a multivariate regression
method to quantify the 11-year solar cycle signature in OH (3-1) and
OH(6-2). They found some evidence for an 11-year solar cycle signature
in the SCIAMACHY OH(3-1) and OH(6-2) bands but only limited to
the low latitude bins in specific transitional bands and are likely
insignificant averaged over all latitude bins. Gao et al. (2016) studied
the responses of several nightglow emissions including OH. measured
by SABER" to the solar radiation over a 13-year-period. This is, so far,
the only spaceborne instrument that provides OH. data covering more
than 11 years. They showed that the peak emission rate and column
emission rate were highly correlated with solar radiation, while the
responses of the peak height to the solar radiation was not obvious.

The Optical Spectrograph and InfraRed Imager Systems (OSIRIS)
has been continuously measuring the OH 3-1 transition of the Meinel
band centred at 1.53 pm from 2001 to 2015 (Li et al., 2021). The time-
spam covers the second half of solar cycle 23 and the first half of cycle
24 which makes this unique OH. data set suitable to study the 11-year
solar cycle influence. However, the satellite’s sun-synchronous orbit
has drifted in local time oscillating approximately one hour back and
forth during the mission and, unfortunately, this occurred at a similar
pace to the 11-year cycle. The issue of changing sampling conditions
in local solar time (LST) needs to be addressed. Indeed, the OH. layer
exhibits a nocturnal variation (Marsh et al., 2006; Ward, 1999; Zhang
et al.,, 2001; Lopez-Gonzalez et al., 2005), so the slow variation in
the recorded signal may originate from the combination of changes in
solar radiation and changes in local time sampling. In this study, we
address this issue by using a photochemical model. We provide basic
information about the observational characteristics of Odin-OSIRIS in
Section 2. In Section 3.1, we present how the solar cycle signature
is manifested in the data set. We then, in Section 3.2, use the model
to analyse and discuss the distorted signature. Finally, conclusions are
given in Section 4.

2. The IRI measurements

The InfraRed Imager (IRI) is part of the OSIRIS instrument aboard
the Odin satellite (Murtagh et al., 2002; Llewellyn et al., 2004). IRI
includes three separate co-aligned imagers. One of them (channel 1)
has the optical filter centred around 1.53 pm. The two other ones
(channels 2 and 3) are centred around 1.27 pm. Channel 1 measures the
OH (3-1) Meinel band airglow emission as well as Rayleigh scattering
from the molecular air density during daytime. Each exposure (ca.
1 s) obtains a vertical profile of the airglow layer from the limb
with a 1 km vertical resolution. In the study by Li et al. (2021), the
limb radiance profiles were inverted to volume emission rate (VER,
photons cm~3 s71) profiles assuming optically thin atmospheric layers.
VER profiles were then fitted with a Gaussian function to estimate
the layer height, thickness, peak emission rate and the zenith verti-
cally integrated volume emission rate, or zenith emission rate (ZER,
photons cm~2 column~! s~!). All data can be downloaded at https:
//doi.org/10.5281/zenod0.4746506 (Li et al., 2021b).

The Odin satellite has been orbiting the Earth approximately 15
times a day since the launch in 2001. However, after 2016 OSIRIS has
operated for only a limited portion of the orbits, mainly within the
sunlit part due to a power supply unit problem. Thus, we have a little
more than 15 years of the Meinel band nightglow observation. Since the
emission rate during daytime is too weak to be detectable, it is not used
in this study. As the satellite is on a sun-synchronous, near-terminator,
near-polar orbit, the nighttime observations correspond to data in the
winter hemisphere, concentrated at high latitudes. Measurements made
near the equator are close to the sunset and sunrise conditions at all
times. The local time ascending node (LTAN) at the equator was at 18 h
at the beginning of the mission and slowly drifted to 19 h around the
year 2009, then back to 18 h around the year 2017.

In this study, we limit our analysis to the measurements made in
the night (i.e. solar zenith angle (SZA) larger than 96°, Li et al. (2021))
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Fig. 1. Observational characteristics of IRI nighttime measurements in the ascending
part of the orbit. (a) Number of nightglow profiles per year. (b) Yearly averaged local
solar time (LST) at location of tangent point in 9 latitude bins. (¢) Same as (b) but
solar zenith angle (SZA). (d) Monthly averaged SZA in latitude-time series. White areas
represent missing OSIRIS OH data.

and to the ascending part of the orbits, because the measurements
made in the descending part of the orbits which satisfy the condi-
tion of SZA>96° are limited to only high latitudes. Fig. 1 shows the
observational characteristics of the IRI data considered in this study.
There are significantly more of nightglow profiles measured per year
between 2007 and 2012 than during the rest of the mission (Fig. 1a)
due to changes in Odin-OSIRIS operational mode. The LST has drifted
by roughly 1 h and back over the course of 15 years (Fig. 1b), with
the exception of the first 3-4 years at northern high latitudes, due
to the change in pointing strategy. The drifting effect can also be
seen in the yearly SZA (Fig. 1c) which has changed by a maximum
6.2° at the equator and 8.4° at high northern latitudes. The seasonal
variation in SZA (Fig. 1d) is the largest near the poles and smallest
at the equator. The latitude-time coverage of the data is also depicted
in the monthly averaged SZA plot (Fig. 1d). A similar plot but for
the general observational characteristics of OSIRIS, including daytime
measurements, can be found in McLinden et al. (2012) Fig. 4.

In the next section, we analyse how the signature of the 11-year
solar cycle manifested in different latitude bands, based on this global
OH (3-1) nightglow data set, as well as discuss how the signature is
possibly affected by the satellite drifting in LST.

3. Correlation and variability

As one of the advantages of the IRI OH (3-1) data set, the high
latitude coverage with more than 15 years of observation offers us
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Fig. 2. Time series of the annually averaged OH (3-1) nightglow volume emission rate (VER, photons cm~ s~') (see titles on top of each panels for the latitude ranges) and the
annually averaged composite Lyman-« flux (red line, last panel). Note that only a limited number of months of each year are available at mid- to high latitudes (see Fig. 1d for

the spatio-temporal coverage of the nightglow data).

an excellent opportunity to investigate the solar influence near the
mesopause region. However, it should be noted that although the
nightglow layer has a high local time dependency, the Odin measure-
ments are relatively constant in LST in a fixed latitude due to the
sun-synchronous orbit. Thus, the analysis in this paper applies to the
measurements made around a certain LST (see Fig. 1). We first present
the long term variability recorded by OSIRIS and its apparent signature
related to the 11-year solar cycle in Section 3.1. In Section 3.2, we
address the effect of the slight drifting in the observational conditions
over the course of 15 years.

Firstly, we make daily averages of VER, emission height and ZER
following the screening recommendations in Li et al. (2021). In this
way, we prevent days with higher sampling density from dominating
the annual averages. The data are binned in 20° latitude bins thus
9 bins in total. Only the data corresponding to a SZA larger than
96° and taken during the ascending part of the orbit are considered
in this study. In addition, we use the composite Lyman-a time series
from Machol et al. (2019)° to analyse the correlation with the OH
nightglow characteristics. The Lyman-« flux time series is also provided
in a daily average format.

5 The composite Lyman-a data have been downloaded from https://lasp.
colorado.edu/lisird/data/composite_lyman_alpha/. Last access: Jan 2021.

Thereafter, we re-sample the daily averaged time series of nightglow
and Lyman-a into inter-annual anomalies normalised as follows.

2015

Xopean(doy) = E Z X(y,doy), 3)
y=2001
X(y,doy) — X yeqn(doy)
X porm(¥; doy) = X< d’;’y) x 100%, )
mean
nod(y)
XPn(y) = —— 3 X,pm(y.doy), 5)
norm nod(y) et
nod(y)
Xoorn ) = \| 2od ) > Xy doy) = Xmean(y))2 6)
doy=1

where y, doy and nod(y) denote year, day of the year and number
of measurement days in that year, respectively. X can be any of
the OH. parameters or the Lyman-a flux. X,,,,(doy) represents the
daily mean value averaged over the 15 years of observation, that is
mostly dominated by the seasonal variation. X,,,,,,(v, doy) represents the
normalised anomalies. X*?"(y) and X ;“frm are the mean and standard
deviation of the normalised inter-annual anomalies. All quantities in
the following analyses are in % unless otherwise stated.

3.1. 11-year solar cycle signature manifested in IRI OH data

Fig. 2 shows the annually averaged time series of the nightglow
profiles in 9 latitude bins (with a 20° range) from 2001 to 2015. Note
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Fig. 3. Normalised inter-annual anomalies of the zenith emission rate (ZER) of the OH (3-1) nightglow layer based on IRI measurements versus the composite Lyman-a (Ly-a)
flux. The latitude range is indicated in the title on top of each panel. The mean and standard deviation of normalised inter-annual anomalies are represented by the blue dots and
error bars, respectively. The red line is the linear regression based on the values for each latitude bin. The slope, s, and its uncertainty based on the linear fit are indicated in the

legend of each plot (in units of %/%).

that the summer seasons are not included at mid- to high latitudes
(see Fig. 1d). The annually averaged composite Lyman-«a flux is also
plotted at the bottom right of Fig. 2 as a reference to the 11-year
solar cycle. At latitudes between 30 and 70° in both hemispheres, the
VER inter-annual variations clearly mirror the solar cycle — with a
minimum nightglow emission rate in the years when Lyman-« flux was
at minimum, and vice versa. In the polar regions (70-90 ° S and N),
the same signature is present but less clear in comparison with the mid
latitudes. However, at latitudes lower than 30° the same signature is
unclear or even reversed in the equatorial region (10 ° S - 10 ° N) —
with a maximum emission rate at solar minimum, and vice versa. It is
also worth to point out that the large variations seen at the north pole
is caused by the 4 major sudden stratospheric warming (SSW) events
in, namely, 2004, 2006, 2009 and 2013, but this will not be the focus
of this study.

For a more quantitative measure of the correlation between the
nightglow layer and the solar cycle, we look at the scatter plots of the
normalised inter-annual anomalies of OH (3-1) ZER versus the Lyman-
«a flux in each latitude range. Note that ZER here is the zenith integral
of the fitted Gaussian VER profile as described in Li et al. (2021) and
included in the data set (Li et al., 2021b). The correlation is shown

in Fig. 3. The dots represent the mean and the error bars represent
the inter-annual standard deviation such as the variability caused by
the major SSW events at the north pole. We use the annual means
to perform a simple linear regression to calculate the slope value,
s, in the unit of %/%, which is indicated in each panel. Similar to
the study done by von Savigny (2015), Fig. 8, the uncertainty of the
slope is also computed based on the linear regression. In most latitude
ranges in the southern hemisphere, the slope uncertainty is smaller
than 20%, except at the mid to low latitude (10-30 S) since the slope
itself is extremely small. The slope uncertainty is larger in the northern
hemisphere due to higher variability of atmospheric dynamics. The
slopes are all positive at latitudes higher than 30°, with higher values
in the southern hemisphere. However, the slope flips to negative at the
equator (10° S - 10° N) as the negative correlation is also visible in
Fig. 2 to the unaided eye, and at the mid-low latitudes (10-30° N and
S). Moreover, at latitudes lower than 30°, the scatter plots present a
binary structure, where the slope corresponding to the first half of the
solar cycle is different from the one corresponding to the second half
of the cycle. In the next section, we analyse and discuss the possible
reasons for the reversal of the positive correlation at low latitudes.

As might be expected from the previously demonstrated anti-
correlation between the emission height and emission rate
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Fig. 4. Same as Fig. 3 but for OH (3-1) emission height.

(Grygalashvyly, 2015; Liu and Shepherd, 2006a; von Savigny, 2015),
Fig. 4 shows that the emission height has a negative response with
respect to the Lyman-a flux at all latitudes. Note that the emission
height is estimated from a Gaussian fit approach and it is included in
the data set (Li et al.,, 2021b). The uncertainty in the slopes is lower
than 32% everywhere, except in the northern polar latitudes, where the
variability is significantly more important due to several years affected
by major SSWs. However, since the slope direction of the emission rate
flips around the equator (Fig. 3), this points to an inconsistency with
the anti-correlation between OH emission rate and layer height found
in previous studies. Since the OSIRIS observations at low latitudes seem
to be at odds with the empirical relationship, we suspect that something
is affecting the data.

3.2. Analysis and discussion

The positive correlation of the airglow emission rate with the
Lyman-a flux is expected. As discussed in Sonnemann et al. (2015),
atomic oxygen and temperature are the basic influences on the OH.
layer emission rate. In the years of solar maximum, a stronger pho-
todissociation of molecular oxygen into atomic oxygen results in an
enhanced production of OH.. The positively correlated solar cycle
signature is clearly imprinted in their numerical experiment data
(shown in their Fig. 4). Observational evidence can also be found

in von Savigny (2015) Fig. 8 (left column for the zenith emission
rates), although their main conclusion, based on the emission height
(right column), is that there is no obvious correlation in comparison
to the earlier study by Liu and Shepherd (2006a). Other observational
studies which also show the airglow emission rate positively correlated
with the solar cycle include (Wiens and Weill, 1973; Fukuyama, 1977;
Pertsev and Perminov M. Obukhov, 2008; Clemesha et al., 2005). These
studies are mainly based on ground-based observations since long
term monitoring is relatively easier to achieve compared to space-born
instruments.

The negative correlation of the airglow emission height with the
Lyman-a flux is also expected. As discussed in Grygalashvyly et al.
(2014) (see Fig. 12), an enhanced photodissociation of molecular oxy-
gen results in a downward shift of constant isosurfaces of ozone and
atomic hydrogen, thus a downward shift in OH: production. Their
model results show that the emission height variation of OH. with the
11-year solar cycle amounts to 200-700 m depending on the season
and latitude, which slightly lower than our observational data in Fig. 4
corresponding to a 500-1500 m variation.

The main question - regarding the OH(3-1) emission rate observed
by OSIRIS (Fig. 3) — is: why is the positive correlation with the solar
radiation reversed at low latitudes? The answer may lie in the Odin
observational drift over the years, in combination with the large local
time dependence of the OH. layer, especially around the equator.
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Among others, Zhang and Shepherd (1999), Liu and Shepherd (2006b),
Marsh et al. (2006) demonstrated the large local time dependence of
the OH. nightglow based on the observations from SABER and WINDII.
As discussed in Section 2, Odin observations are relatively fixed in local
time for a given latitude, but have been drifting away by approximately
one hour into the night and back. The equatorial crossing time was
around 18:00 in 2001, drifted to 19:00 in 2009 and then drifted back
to 18:00 in 2015. Unfortunately, this drift is synchronised with the solar
cycle. It is difficult to separate the influence of the changing solar flux
and of the sampling conditions without a sophisticated model.

The modelling efforts by using TIME (Zhang et al.,, 2001) and
ROSE (Marsh et al., 2006) attribute the local time variations mainly to
the tidal influence. However, according to Marsh et al. (2006) Fig. 11
and 12, one can argue that, around the sunset hours, the photochemical
effect dominates the nocturnal variation before being overrun by the
tidal influence. Therefore, we use a time dependent photochemical
model to investigate the relative change in OH. density due to the
sampling shift of Odin. The photochemical model is derived from Allen
et al. (1984), and includes the most important processes of the Oy
(0+03) and HOx (H+OH+HO,) families in the mesosphere to predict
the diurnal variations of H and O3 between 75 and 95 km in 12 months
and 9 latitudes (with 20° apart).

Then, we use a simplified OH. model to approximate the [OH:]
profile,

k40, [HI[O;]

komem(IN2] + [0,] + [O])’
where [X] denotes the concentration of species X, ky +05 is the rate
constant of the reaction H+O3; — OH.+0, and kg, is the quenching
rate of OH. following the “sudden death” model in McDade and
Llewellyn (1987). Finally, the zenith vertically integrated [OH.] profile
is normalised to obtain a proxy for the diurnal variation of the OH.
ZER. The result is shown in Fig. 5.

The modelled column density of OH. in different months and lati-
tudes allows us to quantify the change in observed OH. ZER resulting
purely from the Odin observational drift in LST. We sample the mod-
elled results based on the Odin observational pattern in LST, latitude

[OH ] = )

and month to obtain a time series of daily averaged OH.. Thereafter, we
followed the same procedure described in Eq. (3)-(6) (as in Fig. 3) to
plotted it against the composite Lyman-a flux (Fig. 6). The equatorial
region indeed shows a strong negative slope which disappears in the
polar regions. Moreover, the separation between the first and second
half of the solar cycle seen in Fig. 3 at equatorial latitudes appears
also here in Fig. 6, in the corresponding panel. Note that the model
includes only the photochemical processes. If dynamical processes such
as diurnal tides were included, the negative slopes at low latitudes
would be expected to be even larger according to Marsh et al. (2006)
Fig. 11.

Fig. 7 summarises all slope values indicated in Fig. 3, Fig. 4 and
Fig. 6. We attempt to correct the slopes corresponding to the ob-
served ZER by subtracting the modelled effect of the drift in Odin LST
sampling. The resulting slope is around 0.3-0.4 at southern mid to
high latitudes and around 0.2 at northern high latitudes. The inter-
hemispherical differences agrees with the SABER results shown in Gao
et al. (2016). At the equator and northern low latitude the slope remain
negative but the magnitude has been reduced. This is possibly due to a
limitation of the model which includes photochemical processes only.
Contrary to Gao et al. (2016), we observe a consistent negative response
in the emission height to the solar radiation, with a larger magnitude
at mid to low latitudes than at high latitudes.

Regarding the observed OH(3-1) emission height (in Fig. 4) and the
fact that the slope does not reverse near the equator as observed in the
ZER (Fig. 3), photochemical processes alone do not alter the OH* peak
altitude over the course of a day. Thus, the change in LST sampling
does not affect the observed altitude correlation with the Lyman-« flux.
Furthermore the absence of “abnormal” separation near the equator,
as seen in the ZER plot in Fig. 3, between the first and second half
of the solar cycle supports this assertion. However, the underlying
assumption above is that the photochemical effect dominates the local
time variation of OH. at least for the relevant observation times. Yee
et al. (1997) and Ward (1999) have shown that the nocturnal variation
in emission height largely results from tides. The degree to which
the tidal effect contributes to our observed solar cycle trend around
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the sunset hours is still an open question, and a more sophisticated
dynamical model would be needed to address the issue.

4. Conclusions

In this study, we use the OH data set which covers 15 years of
OSIRIS observations (Li et al., 2021) to investigate the 11-year solar
cycle influence on the OH nightglow. In general, we observe a clear 11-
year solar cycle signature in the OSIRIS OH(3-1) emission and altitude.
The data show a positive correlation with the Lyman-a flux in zenith
emission rate at most latitudes, and a negative correlation for the
emission height at all latitudes. This is consistent with previous studies
of the 11-year solar cycle influence on the OH* layer. The theoretical
basis is that an enhanced oxygen photolysis results in an increased
atomic oxygen production, as well as a downward shift in constant
isosurfaces of ozone and atomic hydrogen (Grygalashvyly et al., 2014;
Sonnemann et al., 2015).

Unfortunately, the local time sampling of the Odin satellite has
drifted by approximately one hour back and forth in a manner which
is synchronised with the 11-year solar cycle. In addition, the OH* layer
has a large nocturnal variation due to photochemistry and dynamics.
Consequently, the solar cycle trend observed by OSIRIS is distorted
especially near the equator where the OH* layer is expected to have
the largest variation during nighttime.
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To address this issue of changing sampling conditions, we have
used a simple time dependent photochemistry model to simulate the
OH* layer, sampling the model data under the same local solar time
conditions for each latitude, during the mission operational time. Then
we have associated the modelled column density of OH* with the
Lyman-a flux throughout the time series and have performed a cor-
relation analysis. The results show a prominent negative trend near
the equator, which explains why the OSIRIS observed trend in terms
of zenith emission rate is distorted and differs from middle and high
latitudes. Extra credence to this hypothesis is given by the dichotomy
in the relationship for the two phases of the solar cycle in both the
observations and the model.

The same kind of distortion in the observed emission height is
not expected nor observed. Because the OH* layer height has lit-
tle nocturnal variation as a result of the chemistry alone. However,
the above analysis is based on the assumption that dynamical effects
are negligible at the local time when Odin was passing. A more de-
tailed quantification would require a sophisticated OH* model with the
inclusion of, e.g., tidal effects.
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