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ARTICLE INFO ABSTRACT

Dataset link: http://odin.rss.chalmers.se/level2 The Sub-Millimetre Radiometer (SMR) on board the Odin satellite provides almost 20 years of nitric oxide
(NO) measurements in the mesosphere and lower thermosphere (MLT) at equatorial crossing local solar times
(LSTs) of 6 AM and 6 PM. In this study, we use Odin/SMR observations to estimate how lower thermospheric
NO mixing ratios at low latitudes are affected by solar nonmigrating tides. Most of the previous studies based
on satellite data have focused on the signatures of diurnal tides in the MLT and above, while we concentrate
here on nonmigrating semidiurnal tides. To study the contribution of these tides to NO mixing ratio variations,
we average pairs of NO measurements along ascending and descending orbital tracks at 107 km altitude
over latitudes between —40° and +40°. We consider monthly climatologies of these pair-averages and analyse
residuals with respect to their zonal mean. In this way, it is possible to study the effect of nonmigrating
even-numbered tidal components, albeit there is a non-tidal component arising largely from quasi-stationary
planetary waves. Spectral wave amplitudes are extracted using a Fourier transform as function of (apparent)
zonal wavenumber with a focus around —30°, —20° and 30° latitudes. From our analysis, it appears that the
semidiurnal (apparent) zonal wavenumber 4 arising from the SW6 and SE2 tides is dominant close to the
equator (e.g., at —20°), except during some boreal summer months (June, July, August). On the other hand,
wave-1 plays a more prominent role at subtropical latitudes, especially in the southern hemisphere, where it
surpasses wave-4 during 7 months (March and May-to-October) at —30°. There is little observational evidence
to date documenting the presence of the semidiurnal nonmigrating tides in NO in the low-latitude MLT. Our
results hence provide one of the first evidences of the climatological signature of these tides in NO, in an
altitude range that remains poorly observed.
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1. Introduction troposphere are the key forcings of nonmigrating tides (Lieberman,
1991; Oberheide et al., 2002; Hagan and Forbes, 2003; Liu et al.,

Solar atmospheric tides are planetary-scale inertia-gravity wave 2018). The zonally asymmetric latent heating pattern is imparted by

oscillations with periods corresponding to the 24-hour solar forcing
and its sub-harmonics. They manifest in dynamical quantities like
temperature, horizontal or vertical winds, density, as well as in various
trace constituents. These tides can either be migrating — i.e. moving
westward following the apparent motion of the Sun — or nonmigrating
— i.e., propagating eastward, or westwards but not synchronously with
the Sun, or even non-propagating as standing zonally symmetric time
oscillations. The source of migrating solar tides is primarily the absorp-
tion of solar radiation by water vapour in the troposphere, by ozone in
the stratosphere, and by atomic and molecular oxygen or nitrogen in
the thermosphere (for a review Oberheide et al. (2015), Sakazaki et al.
(2015)). Zonal asymmetries in ozone and water vapour and in large-
scale latent heat release in convective cloud systems in the tropical

the continent geography constraining large-scale convection at low
latitudes. Nonlinear interactions between tides or between migrating
tides and quasi-stationary or travelling planetary waves (PW) also
contribute to the generation of nonmigrating tides (Pancheva et al.,
2002; Truskowski et al., 2014; He et al., 2017; Zhang et al., 2021,
and references therein). Tides also interact with gravity waves (McLan-
dress and Ward, 1994), modulating their vertical propagation. In turn,
the latter modulate tidal amplitudes, contributing to their day-to-day
variability.

While of relatively minor importance in the lower atmosphere, solar
tides strongly contribute to the variability of the mesosphere and lower
thermosphere (MLT) and the ionosphere-thermosphere (I-T) from daily

* Corresponding author at: The Climate and Environmental Research Institute (NILU), Kjeller, Norway.

E-mail address: yor@nilu.no (Y. Orsolini).

https://doi.org/10.1016/j.jastp.2023.106147

Received 22 February 2023; Received in revised form 21 August 2023; Accepted 30 September 2023

Available online 7 October 2023

1364-6826/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://www.elsevier.com/locate/jastp
http://www.elsevier.com/locate/jastp
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
http://odin.rss.chalmers.se/level2
mailto:yor@nilu.no
https://doi.org/10.1016/j.jastp.2023.106147
https://doi.org/10.1016/j.jastp.2023.106147
http://creativecommons.org/licenses/by/4.0/

F. Grieco et al.

to seasonal timescales (Oberheide et al., 2011; Liu et al., 2018). As
such, atmospheric tides have been shown to play an essential role in
the coupling between the tropospheric weather and space weather in
the MLT region and further above in the I-T.

In standard tidal nomenclature, tides are identified by a series of
letters and numbers indicating their period, propagating direction and
zonal wave number. For example, DW2 indicates a diurnal (D) tide
propagating westward (W) and with a zonal wave number of 2, whereas
SE1 indicates a semidiurnal (S) tide propagating eastward (E) and with
a zonal wave number of 1. The main migrating tides are DW1, SW2 and
TW3, T standing for terdiurnal. While some tides remain trapped near
their source region, some can propagate upward and, due to the de-
crease of density with altitude and the conservation of energy, increase
in amplitude until they reach the thermosphere where they dissipate
due to molecular and eddy diffusion or radiative damping, releasing
heat and momentum. Vertical propagation and dissipation depend on
the vertical wavelength, with tides of shorter wavelength undergoing
more dissipation and tides of very long wavelength having their ver-
tical propagation hindered by the “mesospheric barrier” (Truskowski
et al., 2014). The filtering by the background thermal structure, by
mean winds and by the wave-wave interactions play important roles
in modulating tidal amplitudes. Migrating tides tend to provide the
dominant signature, but nonmigrating tides (especially, if combined)
can become as large as migrating tides at certain times of year and in
some altitude ranges (Oberheide et al., 2002; Lieberman, 1991). Note
that not all tides in the MLT do propagate from below, as they can
also be generated in-situ in the thermosphere due to the absorption of
far-ultraviolet solar radiation and geomagnetic effects.

Of particular interest for the thermosphere are the tidal impacts
on nitric oxide (NO), which affects the thermospheric infrared cooling
rate and energy budget (Bermejo-Pantale6n et al., 2011; Ren et al.,
2020). Some satellite observations allow retrieving NO abundance:
for example, the Student Nitric Oxide Explorer (SNOE) instrument
measured NO abundance at a single local solar time (LST) in daylight
between March 1998 and September 2000. Based on these observa-
tions, Oberheide and Forbes (2008) found waves-3 and —4 signatures
in lower thermospheric NO, which they showed to be -to a large
extent- manifestations of the DE2, DE3 and SE1 nonmigrating tides.
Diurnal variations of NO at low latitudes due to migrating tides have
also been studied using observations from the SNOE and from the
Solar Occultation For Ice Experiment (SOFIE) instrument e.g., Marsh
and Russell III, 2000; Siskind et al., 2019. Other instruments like the
Sounding of the Atmosphere using Broadband Emission Radiometry
(SABER) measured NO volume emission. The tidal fluctuation in NO
is the result of several drivers (temperature, density and advection).
Hence, the tidal impact on NO volume emission or NO cooling rate
is more complex and convolves the effects of the tidal fluctuations in
temperature, density, as well as tidal advection of the mixing ratio of
NO, and to a lesser extent, of other species like atomic and molecular
oxygen (Ren et al., 2020). This is due to the fact that NO can vary
through the tidal temperature fluctuation (as the NO chemical pro-
duction and loss are temperature-dependent), or density fluctuation,
but also through tidal vertical advection (since NO has a large vertical
gradient in the MLT). Based on SABER data analysis and photochemical
modelling, Nischal et al. (2019) demonstrated that the DE2 and DE3
also impact the NO cooling rate, which peaks near 130-140 km. These
two tides, originating in the troposphere, attain large amplitudes in the
I-T at low latitudes, with DE3 being the largest and exceeding even
the amplitude of migrating tides (Liu et al., 2018). Observational and
model studies from Ren et al. (2020) and Nischal et al. (2019) suggested
that the principal influence of DE3 and DE2 on the NO cooling rate
at low latitudes arises through temperature up to 110 km, before the
density fluctuations start contributing.

Constraining the amplitude of diurnal NO variations, whether tidal
or chemical, is fundamental to study chemical and dynamical processes
occurring at these altitudes and to allow comparisons of measurements
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made by different satellite instruments taken at different LSTs. The
Sub-Millimetre Radiometer (SMR) aboard the Odin satellite observes
the middle atmosphere along about 14 orbits each day with equatorial
crossing times of 6 am and 6 pm LST along its descending and as-
cending tracks, respectively. As of today, these LSTs are different from
all other satellite instruments observing NO in the MLT, allowing to
further constraint the amplitude of NO diurnal variations. Moreover, it
provides one of the most extended MLT NO data sets, covering almost
20 years of measurements. The aim of this study is to use NO retrieved
by Odin/SMR to estimate how and to what degree the variations
in NO mixing ratios in the lower thermosphere at low latitudes are
affected by nonmigrating semidiurnal tides. While it is recognized that
tidal amplitudes can vary on a day-to-day timescale, with their daily
variability as high as half of their total variability (Kumari, 2021), we
only consider their climatological signature on NO in this study. With a
focus on low latitudes, we also neglect day-to-day NO fluctuations due
to geomagnetic activity, which tend to occur mostly at high latitudes,
albeit soft X-rays variations during geomagnetic storms may impact low
latitudes. While many of the aforementioned studies have highlighted
the important signatures of the nonmigrating diurnal tides (like DE2
and DE3), less attention has been devoted to the impact of nonmigrat-
ing semidiurnal tides. Nevertheless, these semidiurnal nonmigrating
tides were previously observed aloft in the thermospheric densities ob-
served by satellite at 144 and 332 km, along with the diurnal tides DE2
and DE3 by Bruinsma and Forbes (2010). More recently, Forbes et al.
(2022) observed a variety of semidiurnal nonmigrating tides in the ther-
mospheric wind observations made between 100 and 280 km during
the year 2020 by the MIGHTI (Michelson Interferometer for Global
High-resolution Thermospheric Imaging) instrument. They highlighted
the need to understand their generation and propagation through the
thermosphere. Concerning NO more specifically, Oberheide and Forbes
(2008) pointed out that, at the equator, semidiurnal nonmigrating tides
appear prominently in NO during the boreal winter. The aim of this
paper is to present a climatology of nonmigrating semidiurnal tides
as seen in 20 years of NO observations by the Odin/SMR instrument.
The instrument and the method used in this study are presented in
Section 2. In Section 3, we present our estimates on the contribution of
the various semidiurnal nonmigrating tidal components on NO mixing
ratio diurnal variation. In Section 4, we discuss the results and compare
them with other studies.

2. Odin/SMR data set and analysis

The Odin satellite was launched on 20 February 2001 into a 600 km
sun-synchronous orbit with an inclination of 97.77° and a 6 PM as-
cending node. The Sub-Millimetre Radiometer (SMR) on board the
satellite performs limb sounding of the middle atmosphere through its
four sub-millimetre receivers which cover frequencies between 486-
504 GHz and 541-581 GHz, and a millimetre receiver measuring
around 118 GHz. The observed bands allow to detect radiation from
rotational transitions of different chemical species, among which is
nitric oxide (NO) with its two thermal emission lines at 551.48 and
552.05 GHz (Eriksson, 1999; Frisk et al., 2003). The instrument ob-
servational time was shared between astronomical and atmospheric
observations until 2007. Atmospheric NO measurements were then
carried out one day per month. After that, the instrument has been
entirely employed for atmospheric observations and so is still today,
with NO being measured 4-5 days per month. The number of NO
measurement days per month has been occasionally increased during
dedicated observational campaigns (Pérot and Orsolini, 2021). SMR NO
measurements cover latitudes between —82.5° and 82.5° and altitudes
between 45-50 km and 110-115 km, with a vertical resolution of
7 km. Version 3.0 of SMR level 2 NO data, resulting from a recent
reprocessing of the data set, are used in this study. No proper validation
study has yet been performed for this data set. However, agreement
with other instruments such as SOFIE, SCTAMACHY (SCanning Imaging
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Absorption spectroMeter for Atmospheric CHartographY), ACE-FTS (At-
mospheric Chemistry Experiment-Fourier Transform Spectrometer) and
MIPAS (Michelson Interferometer for Passive Atmospheric Sounding)
was found by carrying out a comparison regarding variability in MLT
NO concentration, using simulations from an empirical model based
on SMR v3.0 measurements (Kiviranta et al., 2018). This showed the
reliability of the data set.

Sun-synchronous satellite take observations at fixed local times and,
in this fixed local time reference frame, tides of zonal wavenumber
k (k =0, k > 0 and k < O correspond to standing, westward prop-
agating and eastward propagating oscillations, respectively) manifest
at an apparent wavenumber |k-n|, where n is an integer denoting the
subharmonics of the planetary rotation period (e.g. n = 1 for diurnal,
n = 2 for semidiurnal). For example, it is well established that the DE3
tide (n = 1 and k =-3) largely contributes to the apparent wave-4 struc-
ture seen in sun-synchronous satellite observations in the MLT during
certain months (Oberheide and Forbes, 2008; Liu et al., 2018). In this
frame, migrating tides also appear to be longitude-independent. Several
studies (Lieberman, 1991; Oberheide et al., 2013; Liu et al., 2018;
Garcia-Comas et al., 2016) combined pairs of observations, taken 12 h
apart in local time along ascending and descending orbital tracks: their
difference cancels out even-number (semidiurnal and quarterdiurnal)
tides preserving the odd-number (diurnal and terdiurnal) tides (Garcia-
Comas et al.,, 2016). On the other hand, their average cancels out
the latter but preserves the contribution of the former, together with
the contribution of a non-tidal signal. The latter notably comprises
quasistationary PWs (QSPWs) which contribute to the spectrum at their
actual wavenumber (k), a contribution which would cancel out if taking
the orbital tracks difference.

A spectral analysis of the observed longitudinal structure then al-
lows to extract the tidal amplitudes for each apparent zonal wavenum-
ber. Note that several tidal components are contributing to the same
apparent wavenumber. For example, when taking orbital track average,
several even-number nonmigrating tides (either westward or eastward-
propagating) are contributing to the same apparent wavenumber:
Table 1 summarizes all the major semidiurnal nonmigrating tidal
components as well as the QSPWs contributing to each apparent zonal
wavenumber. Quarterdiurnal tides are not included because they are
generally of small amplitudes at low latitudes (Smith et al., 2004),
appearing mostly during special occurrences at mid and high latitudes
such as during stratospheric sudden warmings when tide-tide nonlinear
interaction might be important. See Garcia-Comas et al. (2016) for
a corresponding table for odd-number tides when taking the orbital
tracks difference. The wavenumber 0 contains the contribution of the
migrating tide as well as a longitude-independent background, while
higher wavenumber contributions represent nonmigrating tides.

In this study, monthly climatologies obtained by averaging pairs of
ascending (LST ~ 6 PM) and descending (LST ~ 6 AM) measurements
are calculated based on the whole Odin satellite observation period.
One ascending and one descending measurements constitute a pair
if they occur in the same bin within 24 h. We base our study on
107 km altitude data because this altitude corresponds to a region
of the atmosphere where the NO mixing ratios are close to their
maximum (Siskind et al., 1998) and where the effects of tides are
known to be important (Siskind et al., 2019). The data corresponding to
107 km altitude are averaged over bins which are 24° wide in longitude
and 15° in latitude, over a domain spanning around 40° latitude on
each side of the equator. The size of the bins in longitude has been
chosen so that one full day of observations (e.g. along 14 orbits) would
populate each bin with one pair of observations. Moreover, we focus on
bins from —20° to +30° latitude to be able to study a greater number of
measurements than in the equatorial region, since only a small amount
of level-2 SMR NO data is available in the °0 — +10° latitude area, due
to failures in the retrieval process.

Our focus is on the monthly climatology of the averages of each
pair of measurements (that is (AM + PM)/2, hereafter referred to as
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Table 1

Main nonmigrating tides and QSPWs contributing to the various
spectral components extracted from pair-average NO mixing
ratio oscillations. Quarterdiurnal tides are not included because
of their small amplitudes.

Apparent wavenumber Components

[k-n|

1 SW1 + SW3 + QSPW1
2 SW4 + SO + QSPW2
3 SW5 + SE1 + QSPW3
4 SW6 + SE2 + QSPW4
5 SW7 + SE3 + QSPW5
6 SW8 + SE4 + QSPW6

pair-average), which is calculated as follows for each month: given a
latitude-longitude bin, we calculate the all pair-averages in the bin
over the years, and then calculate the total median; after doing this
for each longitude bin, we express this quantity in form of a residual
by subtracting and dividing by the zonal mean. This way we obtain,
for each longitude bin, the deviation in percentage of pair-average NO
mixing ratio from the zonal mean. Since the solar migrating tides are
longitude-invariant, considering the residual (that is, subtracting the
zonal mean) allows us to study zonal variability in NO mixing ratios
which is only due to nonmigrating tides and the non-tidal component.
Finally, by applying a fast Fourier’s transform (FFT), we can estimate
the amplitudes of the waves which contribute to the zonal variation in
the NO abundance at 107 km and at several latitudes, as a function of
the apparent zonal wavenumber (with |k—n| # 0, since O represents the
zonal mean). Given the irregular sampling of the SMR NO observations,
limited to a few non-consecutive days per month, we focus on their
climatological amplitudes.

An overview of the number of pairs of measurements at 107 km
altitude and —20° latitude used in this study, for each year and month,
is presented in Fig. 1a. Similar numbers of pairs pertain to —30° and 30°
latitudes (not shown). The values shown consist of the means over all
longitude bins. The values roughly represent the number of complete
observation days over the months and years, since complete orbital
coverage on a given day populates each bin with one pair. Note that
the SMR NO observations are not carried out uniformly throughout
the years, as mentioned above, and that there are no measurements
performed during northern summers from 2013 onwards because the
instrument was put in standby mode when the sun is eclipsed by the
earth, disabling solar panels while the aged batteries are not sufficient
to power the instrument. For this reason, tidal amplitudes extracted
during these months are almost entirely obtained from measurements
taken during years 2007 and 2012. Also note that when the AM and
PM measurements are not taken exactly 12 h apart, due to orbit
precession for example, there is a cross-contamination of the odd and
even tidal components. Fig. 1b shows that the vast majority of the time
separations between all the pairs in the latitude band —30° and 30°, is
indeed 12 h and that all departures are within an half-hour. For such
small time separations, the relative cross-contamination from diurnal
tides involve factors like cos(r - %), and remains with 1 or 2 percent.

For semidiurnal tides, the corresponding factor is cos(2x - %) and the
relative cross-contamination could increase to 4 percent. We note that
the departure from 12 h is more pronounced during the boreal summer.

In order to support the results about semidiurnal tidal signatures
in NO, the monthly pair-averaging analysis was repeated on SMR
mesospheric temperature measurements (version 3.0) ranging from 50
to 95 km, over the same years and with the same temporal distribution

of measurements as for NO, at least after 2007.

3. Results

Figs. 2a, 2b and 2c present the monthly climatologies of the non-
migrating semidiurnal tidal amplitudes as a function of the appar-
ent zonal wavemuber, extracted through Fourier’s transform of pair-
average monthly medians at 107 km altitude. These are shown for
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Fig. 1. (a) Number of ascending/descending pairs of SMR NO measurements, in each latitude-longitude bin at 107 km altitude and —20° latitude, for each year and month,
averaged over all longitude bins. (b) Time separation of all ascending/descending pairs at latitudes —30°, —20° and +30°. The colours represent the number of occurrences of
each value. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

—30°, —20° and 30° latitudes respectively. Wave components with
an apparent wavenumber higher than 6 are not shown because they
are of negligible amplitude. Each monthly amplitude is presented as
a percentage residual with respect to the relative zonal mean. The
monthly evolution in Fig. 2b shows that the semidiurnal wave-4 com-
ponent is dominant except around boreal summer months at —20°.
Its amplitude reaches a maximum of 19% during November and a
minimum of 4% during June. On the other hand, it appears that the
wave-1 component is dominant during boreal summer months with
its amplitude maximum in June when it reaches a value of 19%, and
minimum in January with a value of less than 5%. In Fig. 2a, at
—30°, the wave-1 component is dominant during a more extended
period, including not only the summer months but also March, May,
September and October. The wave-4 even weakly surpasses the wave-1
in February. In Fig. 2c, at 30°, wave-4 is again dominant, except in
August, September and October.

It also appears that other apparent wavenumbers also occasionally
contribute significantly during given months, such as the wave-2 and
—3 components in June when their amplitudes are around 10% and
7%, respectively, at —20° (see Fig. 2b).

The zonal mean value, corresponding to the |k-n|=0 component,
depends on various contributions among which are the migrating tide
SW2 and the background NO mixing ratio value (around which os-
cillations due to migrating tides occur). Its monthly climatology is
represented in Fig. 3 for —20° latitude. The zonal mean monthly
climatologies for —30° and 30° latitudes are not shown because they
are similar to the one shown in Fig. 3. The seasonal amplitude is
characterized by a maximum in August-September, a minimum in
March, and a secondary maximum in boreal winter. The peak in August
and the minimum in March at —20° latitude is consistent with SABER
observations of the temperature SW2 tide (Truskowski et al., 2014).
Peak values in August and in boreal winter are consistent with the
model results of Salinas et al. (2023) for the SW2 tide in temperature
at low latitudes near 110 km.

A monthly climatological view of the pair-average residuals span-
ning the —40°—+ 40° latitude region, is shown at 107 km altitude in
Fig. 4. Confirming the conclusions drawn from Fig. 2, it appears that
the wave-4 component is dominant closer to the equator except in the
boreal summer, when the wave-1 predominates, and that the latter
is more prominent at subtropical latitudes, especially in the southern
hemisphere. In the northern hemisphere subtropics, there is a relative
paucity of measurements, as mentioned in Section 2.

4. Discussion and conclusions

There are very few other satellite instruments measuring NO to
allow a comparison with our results. Comparing with the SABER-
derived NO volume emission or cooling rate is not as straightforward
for the reasons discussed in the Introduction. Some correspondence
with tidal signature in SNOE-based NO densities should be expected.
Unfortunately, the study of Oberheide and Forbes (2008) was limited
to the equator where the SMR coverage is limited.

The climatologies of the main nonmigrating semidiurnal tides and
of QSPWs near 110 km across low latitudes, as derived from SABER
temperature observations over the period 2002-2010 in Truskowski
et al. (2014) demonstrate that the QSPWs have a weak signature within
20 degrees of the equator, except for the wave-2 in the southern
hemisphere subtropics in March-April. However, a QSPW4 has been
reported previously in wind observations in the low-latitude ther-
mosphere (Oberheide et al., 2011; Forbes et al., 2022). With these
exceptions in mind, QSPWs can therefore be neglected in the following
analysis.

Our first main result concerns the dominant nonmigrating semidiur-
nal wave-4 signature except during some boreal summer months (June,
July, August, September) at —20°. The apparent wave-4 might arise
from the SW6 and SE2 tides (see Table 1). On the other hand, wave-
1 plays a more prominent role at subtropical latitudes, especially in
the southern hemisphere, where its surpasses wave-4 during 7 out of
12 months (March and May to October) at —30°. Even in winter, the
contribution from wave-4 is only slightly greater than the contribution
from wave-1 at that latitude. At 30°, wave-1 surpasses wave-4 from
August to October, and remains comparable or smaller by a factor 2
during the other months. This dominance of wave-4 in boreal winter
is roughly consistent with Nischal et al. (2019) who calculated the
nonmigrating semidiurnal tide signature in NO cooling rate over the
—40°—+ 40° latitude band for December 2013 at 125 km, and revealed
the importance of SW6 and SE2. The detailed seasonal evolution for
the solar minimum year 2008 in Nischal (2019) also revealed that this
SW6 tide maximized in relative amplitudes at between 7 and 12% in
January-February near 107 km at —30°, making it comparable to our
climatological relative amplitudes (see Fig. 2a).

Both SW6 and SE2 could be generated in the troposphere by the
semidiurnal modulation of latent heating combined with the zonal
wavenumber 4 imparted by the continent geography. This is suggested
by the linear modelling in Truskowski et al. (2014), Hagan and Forbes
(2003), Zhang et al. (2006), who showed that these two tides in



F. Grieco et al.

AM+PM/2 FFT NO Residual lat=-30° 107km

354
k=1 a)
304 — k=2
= — k=3
& — k=4
9257 -
2 — k=5
3 20 k=6
€
<C
T 15
£
3
B 104
£
&
5 |
04
2 a 6 8 10 12
Month
AM+PM/2 FFT NO Residual lat=-20° 107km
35
b) k=1
— k=2
_ 304 — k=3
% 25 1 k=
b= — k=5
5 20 sl
€
<
T 15 A
3
N
(7]
2]
5 -
0 1 T T T T T T
2 4 6 8 10 12
Month
AM+PM/2 FFT NO Residual lat=30° 107km
35
C) k=1
— k=2
_ 301 —— k=3
%25— — k=t
G — k=5
2 k=6
3 90 4
220
<C
T 15 4
3
=
£ 10 - \/\/\/\/\
(7] , / &
(2]
5 ,%\
w/\ﬁm
O 1 T T 7 T L T T
2 4 6 8 10 12
Month

Fig. 2. Residual semidiurnal tidal amplitudes as a function of apparent zonal wavenum-
ber extracted from monthly climatologies of SMR pair-average NO mixing ratio at
107 km altitude and —30° (a), —20° (b) and 30° (c) latitude. Percentage values are
referred to the corresponding monthly zonal means, as presented in Fig. 3 for the
latitude of —20° for example. The components with an apparent wavenumber higher
than 6 have a negligible amplitude and are therefore are not shown.

temperature in the MLT were forced by both latent and radiative heat-
ing. The shorter vertical wavelength of SW6 compared to SE2 (46 vs
77 km (Truskowski et al., 2014)) makes it more susceptible to dissipa-
tion before it reaches the MLT. Another possibility is in-situ generation
in the MLT through non-linear tide-tide interaction involving the DE3
and DW1 tides, thereby generating QSPW4 and SE2. Subsequently, the
non-linear interaction of QSPW4 with the background SW2 would be
generating SW6 and SE2 (Nischal, 2019; Oberheide et al., 2011). Note
that all the “child products” of these non-linear interactions (QSPW4,
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Fig. 3. Zonal mean (|k —n| = 0 component) extracted from monthly climatologies of
SMR pair-average NO mixing ratio oscillations at 107 km altitude and —20° latitude.

SE2 and SW6) correspond to an apparent wave-4 (see Table 1) and
would be indistinguishable in our analysis.

Further analysis of the semidiurnal nonmigrating tides in SMR
mesospheric temperatures (from 50 to 95 km; Fig. 5) reveals a promi-
nent apparent wave-4 in December, January, and February above
85 km but not below, supporting the tidal signature seen aloft in NO,
but also indicating that a lack of propagation through the stratosphere.
This argues for an in-situ origin of the apparent wave-4 semidiurnal sig-
nature. However, the precise mechanism remains unknown, since the
generation process outlined above would be expected to operate during
boreal summer, as it starts with a strong DE3 presence. Investigations
of the possible mechanism likely require supporting model studies.

The second finding concerns the apparent wave-1 which dominates
in boreal summer at —20°, and during other months as well at subtropi-
cal latitudes. The apparent wave-1 might arise from the westward tides
SW3 and SW1 (see Table 1). This is also roughly consistent with Nischal
et al. (2019) and Nischal (2019) who illustrated the nonmigrating
semidiurnal tide signature in NO cooling rate over the latitude band
+40° for September 2013 at 125 km. Albeit the detailed propagation
pathway remains unclear, SW1 and SW3 have been previously thought
to arise from in-situ non-linear interaction of SW2 with QSPW1, the
latter presumably generated in the mid-latitude stratosphere during
austral winter and spring. An alternative mechanism is generation
by the semidiurnal modulation of latent heating combined with the
wavenumber 1 imparted by the surface geography, followed by upward
propagation from the troposphere.

In summary, our study suggests that (i) the combined nonmigrating
tides SW6 and SE2 provide an important semidiurnal modulation of
the lower thermospheric NO abundance (slightly larger than the mi-
grating tide contribution) at low latitudes, except the boreal summer.
It is inducing a semidiurnal (apparent) longitudinal wave-4 in the
sun-synchronous Odin/SMR NO observations during the boreal winter
and spring, of similar relative magnitude as the well-studied wave-4
associated to the nonmigrating diurnal tide DE3 prevailing in the boreal
summer. (ii) Further analysis of mesospheric temperatures between
50 and 95 km during the boreal winter by SMR does not reveal a
corresponding wave-4 below 85 km, suggesting that the nonmigrating
semidiurnal wave-4 tide may be generated in-situ in the MLT rather
than propagating up from the troposphere. (iii) At subtropical lati-
tudes, the apparent wave-1 is the more important contributor during
many months especially in the southern hemisphere (e.g. March and
May-to-October at —30°).

We iterate the caveat that June-July measurements are limited to
6 years (see Section 2). The limited climatology and the distribution of
pair time-separation departing from 12 h does not allow to support firm
conclusions concerning an apparent wave-1 during the two months.

Finally, we have here derived the 20-year climatology of semidi-
urnal tides in NO, based on SMR observations. It is well-established
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Fig. 4. Monthly climatologies of pair-average SMR NO residuals between —40°—+ 40° latitude at 107 km altitude.

that there is considerable interannual variability in tidal amplitudes, in-
duced by tropospheric climate patterns modulating water vapour abun-
dance such the El Nino/Southern Oscillation, internal stratospheric
variability such as the Quasi-Biannual Oscillation, or external forcings
such as the 11-year solar cycle (Kumari, 2021; Nischal et al., 2019;
Nischal, 2019). The latter influences the temperature and abundance
of atomic oxygen, hence the abundance of NO, and the amplitude
of tides propagating from below, as the dissipation is lessened in a
colder atmosphere (e.g. in solar minima). Not all these factors might

manifest in NO tides however. The limited, irregular sampling by SMR
(e.g., Fig. 1a) does not allow us to examine such interannual variations.
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