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Abstract. Atmospheric tides play a key role in coupling the
lower, middle, and upper atmosphere/ionosphere. The tides
reach large amplitudes in the mesosphere and lower thermo-
sphere (MLT), where they can have significant fluxes of en-
ergy and momentum, and so strongly influence the coupling
and dynamics. The tides must therefore be accurately rep-
resented in general circulation models (GCMs) that seek to
model the coupling of atmospheric layers and impacts on
the ionosphere. The tides consist of both migrating (sun-
following) and non-migrating (not sun-following) compo-
nents, both of which have important influences on the at-
mosphere. The Extended Unified Model (ExUM) is a re-
cently developed version of the Met Office’s GCM (the Uni-
fied Model) which has been extended to include the MLT.
Here, we present the first in-depth analysis of migrating and
non-migrating components in the ExUM. We show that the
ExUM produces both non-migrating and migrating tides in
the MLT of significant amplitude across a rich spectrum
of spatial and temporal components. The dominant non-
migrating components in the MLT are found to be DE3,
DW2, and DW3 in the diurnal tide and S0, SW1, and SW3
in the semidiurnal tide. These components in the model can
have monthly mean amplitudes at a height of 95 km as large
as 35 ms−1/10 K. All the non-migrating components exhibit
a strong seasonal variability in amplitude, and a significant
short-term variability is evident. Both the migrating and non-
migrating components exhibit notable variation with latitude.
For example, the temperature and wind diurnal tides max-
imise at low latitudes and the semidiurnal tides include max-
ima at high latitudes. A comparison against published satel-

lite and ground-based observations shows generally good
agreement in latitudinal tidal structure, with more differences
in seasonal tidal structure. Our results demonstrate the ca-
pability of the ExUM for modelling atmospheric migrating
and non-migrating tides, and this lays the foundation for its
future development into a whole atmosphere model. To this
end, we make specific recommendations on further develop-
ments which would improve the capability of the model.

1 Introduction

Atmospheric solar thermal tides are global-scale oscillations
with a period exactly equal to 1 d or an integer fraction of
1 d. The solar thermal tides (hereafter, simply “tides”) are
excited primarily by the diurnal cycle in the solar heating of
water vapour and ozone in the troposphere and stratosphere
and the release of latent heat in deep tropospheric convection.

As the tides propagate upwards from their source regions,
their amplitudes increase because of the decreasing atmo-
spheric gas density. In the mesosphere and lower thermo-
sphere region (MLT) at heights of 80–100 km, the tides cause
large fluctuations in winds, temperature, density, and many
other atmospheric parameters, including airglow emissions,
ice particle concentrations, and trace-species densities. Tidal
amplitudes in the MLT can exceed several tens of metres per
second, and they are often the largest amplitude fluctuations
of the MLT’s field of waves.
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Observations have revealed that the largest amplitude tides
in the MLT are the 24 h diurnal and 12 h semidiurnal tides.
Generally, the semidiurnal tide is observed to reach maxi-
mum amplitudes at high latitudes near about 60◦ N/60◦ S,
but has small amplitudes at low latitudes, whereas the di-
urnal tide reaches maximum amplitudes at low latitudes but
has much smaller amplitudes at middle and high latitudes
(Mitchell et al., 2002; Davis et al., 2013; Mukhtarov et al.,
2009; Pancheva et al., 2010).

The importance of tides lies in the key role they play
in coupling the lower, middle, and upper atmosphere/iono-
sphere (see reviews by Immel et al., 2006; Smith, 2012; Yiğit
and Medvedev, 2015; Liu, 2016; Yiğit et al., 2016). For in-
stance, the tidal winds modulate the fluxes of gravity waves
(GWs) and so influence the wave forcing of the general cir-
culation (e.g. Fritts and Alexander, 2003). The energy and
momentum deposited by tides can cause a substantial warm-
ing of the MLT and a downward displacement of, and re-
duction in, the gravity wave momentum transfer (wave drag)
in the upper mesosphere (Becker, 2017). Tidal temperature
fluctuations can cause variability in the occurrence of polar
mesospheric clouds (Fiedler et al., 2005). The tides prop-
agate upwards from the MLT into the thermosphere where
they can modulate the ionospheric wind dynamo (e.g. Ober-
heide et al., 2009; Yiğit and Medvedev, 2015; Liu, 2016).
The tides may also mediate the ionospheric response to sud-
den stratospheric warmings (e.g. Goncharenko et al., 2010).

An important distinction is between the migrating
(sun-synchronous) tides and the non-migrating (not-sun-
synchronous) tides. Here we will use the standard notation
to identify the different tidal components. In this, a compo-
nent is identified as either D or S to denote that it has a di-
urnal or semidiurnal period, E or W to denote an eastward
or westward propagation, and s = 0, 1, 2, 3. . . to denote its
zonal wavenumber. A DW1 tide is thus a diurnal, westward-
propagating tide of wavenumber 1, an SE2 tide is a semidi-
urnal, eastward-propagating tide of wavenumber 2, and a D0
or S0 is a standing diurnal or semidiurnal oscillation, respec-
tively, with no zonal propagation or variation in phase (also
known as a “breathing” component).

The migrating diurnal and semidiurnal components are
thus the DW1 and SW2 components, respectively, that prop-
agate westwards at sun-synchronous phase speeds and have
zonal wavenumbers equal to the number of cycles of the
tide per day. These tides are directly excited by the heating
of the atmosphere by solar radiation. In contrast, the non-
migrating tides are thought to be excited primarily by either
(i) longitudinal (land/sea) differences in the release of latent
heat from deep tropospheric convection at tropical latitudes
or (ii) non-linear interactions between stationary planetary
waves of zonal wavenumber 1 and the migrating tides. The
latent heat forcing is believed to primarily excite the diurnal
components DE1, DE2, DE3, DW2, DW5, and D0 and the
semidiurnal components SW1, SE2, SW3, and SW6 (Forbes
et al., 2003, 2007, 2008; Oberheide et al., 2006; Hagan and

Forbes, 2002, 2003; Ekanayake et al., 1997; Oberheide et al.,
2006). The non-linear interactions are thought to excite pri-
marily the diurnal D0 and DW2 components and the SW1
and SW3 components (Hagan and Roble, 2001; Angelats i
Coll and Forbes, 2002; Forbes and Wu, 2006; Murphy et al.,
2009).

Tides propagating from the MLT into the thermosphere
may drive significant modulation of F-region ionospheric
density (see the review by England, 2012). In general, al-
though the migrating tides may produce strong day/night
ionospheric variations, it is the non-migrating tides that can
produce longitudinal variations in the ionosphere. These lat-
ter tides can modulate F-region ionospheric density through
mechanisms including (i) electrodynamic coupling to the
E-region dynamo, (ii) plasma advection along geomagnetic
field lines, and (iii) the modulation of photochemical equilib-
rium. Of particular note is that the conspicuous wavenumber
four structures observed in low-latitude total electron con-
tent are in part driven by a modulation of F-region density by
a spectrum of non-migrating tidal components (particularly
DE3; Hagan et al., 2007; Forbes et al., 2008).

The important role of the tides in atmospheric coupling
means that they must be represented accurately in mod-
els intending to span the lower, middle, and upper atmo-
sphere/ionosphere. However, it is recognised that there are
major aspects of tides that remain challenging to model and
that the causes of tidal variability remain uncertain (e.g.
Smith et al., 2007; Baldwin et al., 2019). In particular, model
biases remain in both the seasonal variability of tides and
their short-term variability at timescales of less than a month
(e.g. Dempsey et al., 2021; Chang et al., 2012; Hagan and
Forbes, 2002; Oberheide et al., 2011; Ortland and Alexan-
der, 2006).

Understanding the sources, propagation, variability, and
impacts of non-migrating tides is therefore crucial in at-
tempts to investigate and model the coupling of atmospheric
layers and the ionosphere. However, observational studies
of non-migrating tides are limited by inherent difficulties
in resolving the various migrating and non-migrating tidal
components. For instance, there have been extensive ground-
based observations made of tides in the MLT, in many cases
made by meteor or MF (medium-frequency) radars (e.g.
Murphy et al., 2007; Davis et al., 2013; Hibbins et al., 2019;
Liu et al., 2020; Pancheva et al., 2021; Dempsey et al., 2021;
Griffith et al., 2021). These radar observations usually offer
excellent height and time resolution and are well suited to
studies of tidal variability on timescales ranging from day-
to-day to decadal – but observations made from a single site
yield only the amplitudes, phases, and vertical wavelengths
of the superposition of migrating and non-migrating tides and
cannot resolve the observed tidal oscillations into individual
components.

In contrast, satellite instruments can make global obser-
vations but are often limited by the need for the satellite
to precess through local time in order to resolve the vari-
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ous non-migrating components. This limits the time resolu-
tion of the measurements such that, for instance, in many
studies of non-migrating tides, Thermosphere, Ionosphere,
Mesosphere Energetics and Dynamics (TIMED)/Sounding
of the Atmosphere using Broadband Emission Radiometry
(SABER) measurements have an effective time resolution of
about 60 d (e.g. Forbes et al., 2008), and the Upper Atmo-
sphere Research Satellite (UARS)/High Resolution Doppler
Imager (HRDI) and UARS/Microwave Limb Sounder (MLS)
have time resolutions of about 30 d (e.g. Forbes et al., 2003;
Forbes and Wu, 2006).

These limitations in the ability of ground-based and satel-
lite observations to resolve non-migrating tides mean that
models must play an important role in an effort to understand
their nature and variability.

“High-top” general circulation models (GCMs), which
cover height ranges from the ground to the upper atmosphere,
have considerable utility in the study of vertical coupling
processes (e.g. Yiğit et al., 2016; Pogoreltsev et al., 2007;
Akmaev, 2011). Such models play an important part in at-
tempts to capture the variability in the thermosphere and
ionosphere for space weather forecasting and in producing
whole-atmosphere models (e.g. Jackson et al., 2019; Liu,
2016; Akmaev, 2011; Fritts et al., 2008).

A summary of several of the recent key non-mechanistic
high-top GCMs is given in Griffith et al. (2021). Here, we
simply note that a number of such models exist including
the following: (i) the Whole Atmosphere Model (WAM;
Akmaev et al., 2008; Fuller-Rowell et al., 2008), (ii) the
Whole Atmosphere Community Climate Model with ther-
mosphere and ionosphere extension (WACCM-X; Liu et al.,
2010, 2018), (iii) the extended Canadian Middle Atmosphere
Model (eCMAM; Beagley et al., 2000), (iv) the Ground-
to-topside model of the Atmosphere and Ionosphere for
Aeronomy (GAIA; Fujiwara and Miyoshi, 2010; Jin et al.,
2012, and references therein), (v) the Hamburg Model of the
Neutral and Ionized Atmosphere (HAMMONIA; Schmidt
et al., 2006; Meraner and Schmidt, 2016), (vi) the upper-
atmosphere extension of ICON (Borchert et al., 2019),
(vii) the Entire Atmosphere GLobal model (EAGLE; Kli-
menko et al., 2019), (viii) the HIgh Altitude Mechanistic
general Circulation Model (HIAMCM; Becker and Vadas,
2020), (ix) the Coupled Middle Atmosphere–Thermosphere-
2 (CMAT-2; Yiğit et al., 2009), (x) the University of Leipzig
Middle and Upper Atmosphere Model (MUAM; Pogorelt-
sev, 2007; Pogoreltsev et al., 2007; Suvorova and Pogorelt-
sev, 2011), and (xi) the whole-atmosphere Kyushu GCM
(Miyoshi and Fujiwara, 2008; Miyoshi and Yiğit, 2019).

Several other models are also relevant in studies of tides
and coupling. These include (i) the NCAR Thermosphere
Ionosphere Mesosphere Electrodynamics General Circula-
tion Model (TIME-GCM; Roble and Ridley, 1994; Hagan
and Roble, 2001; Yamashita et al., 2010), (ii) the linear mech-
anistic global-scale wave model (GSWM; Hagan et al., 1999;

Hagan and Forbes, 2002), and (iii) the Climatological Tidal
Model of the Thermosphere (CTMT; Oberheide et al., 2011).

In the context of these various high-top models, the new
Extended Unified Model (ExUM; Griffith et al., 2020, 2021)
extends the standard UM (Unified Model; Walters et al.,
2019) to the lower thermosphere. The model itself and its de-
velopment for the lower thermosphere is described further in
Sect. 2.1, but we highlight here that the ExUM does not make
the hydrostatic assumption and uses the deep-atmosphere
equations of motion, making it a good candidate for mod-
elling atmospheric tides.

Griffith et al. (2021) investigated the ability of the ExUM
to reproduce the observed winds and diurnal and semidiur-
nal tides of the MLT and compared them with meteor–radar
observations at characteristic equatorial and polar locations
(Ascension Island (8◦ S, 14◦W) and Rothera (68◦ S, 68◦W),
respectively). The study demonstrated that, although there
are biases in the model tidal fields, they nevertheless cap-
ture many essential features of the observed tides. However,
Griffith et al. (2021) did not decompose the model tidal fields
into migrating and non-migrating components, nor did they
examine the latitudinal structure of the tides beyond the two
locations considered.

It is also worth introducing here the importance of the
deposition of momentum by sub-grid scale non-orographic
GWs, which must be accurately captured in parameterisa-
tion schemes because of their important impact on tides
in the MLT (e.g. Yiğit and Medvedev, 2017; Yiğit et al.,
2009; Miyahara and Forbes, 1991). For example, Yiğit and
Medvedev (2017) provide an extensive discussion into the
influence of parameterised small-scale GWs on the migrat-
ing diurnal tide. The gravity wave scheme used in the ExUM
is detailed in Sect. 2.

Here we present the first use of the new ExUM to investi-
gate the variability in and latitudinal structure of tides in the
MLT – the region where tidal amplitudes become large. We
seek to answer the following scientific questions: (i) what
are the characteristics of the combined migrating and non-
migrating tidal components in the MLT of the new ExUM?
(ii) What is the contribution of individual migrating and non-
migrating components at the high and low latitudes where
the semidiurnal and diurnal components, respectively, are be-
lieved dominant? (iii) How do the various tidal components
in the ExUM compare with those observed? (iv) What im-
provements could be made in the ExUM to increase its abil-
ity to model tides in the MLT?

In Sect. 2, we describe the development of the ExUM ver-
sion used. In Sect. 3, we present details of the principal non-
migrating diurnal and semidiurnal tidal amplitudes and in-
vestigate the latitudinal and short-term variability in both the
migrating and non-migrating tides1. As with Griffith et al.
(2021), we use the characteristic equatorial and polar lati-

1Note that the tidal phases are also an important consideration.
However, these will not be presented here to keep the paper at a

https://doi.org/10.5194/angeo-40-327-2022 Ann. Geophys., 40, 327–358, 2022



330 M. J. Griffith and N. J. Mitchell: Analysis of migrating and non-migrating tides of the ExUM in the MLT

tudes of Ascension Island (8◦ S) and Rothera (68◦ S). Finally,
in Sects. 4 and 5, we place our results in the context of other
tidal studies and consider how our results can guide future
development of the ExUM.

2 Model development

2.1 The Extended Unified Model

The general circulation model (GCM) employed by the UK
Met Office is the Unified Model (UM), which models both
climate and weather forecast timescales with a unified ap-
proach. The model consists of two main parts – atmospheric
dynamics and atmospheric physics. The former involves
solving the Euler equations of motion governing atmospheric
flow and contains the dynamical core of the model; the lat-
ter attempts to make up for atmospheric physics not captured
or resolved by the model dynamics, such as solar radiation
and sub-grid scale GWs through physical parameterisations
– see Walters et al. (2019) for more information on the com-
plete formulation of the UM and Wood et al. (2014) for more
information on the model dynamics.

The horizontal resolution is fixed at 1.25◦ N×1.875◦ E,
and the vertical resolution is extended above the 85-level,
85 km standard UM configuration to a 100-level, 120 km
configuration detailed below. Given the lack of modelled
ionospheric effects, such as ion drag, in this model, we only
consider fields up to around 110 km. This yields the pre-
viously mentioned Extended Unified Model, which extends
the working height of the standard UM into the lower ther-
mosphere. The initial work to perform this extension is dis-
cussed in Griffith et al. (2020). Following this research, the
radiation scheme was extended to include non-LTE (local
thermodynamic equilibrium) effects, and the model temper-
ature now contains the appropriate realistic forcing up to
around 90 km. This work is detailed by Jackson et al. (2020)
and discussed further in Griffith et al. (2021).

Latent heat release in the model is captured primarily
through the UM convection schemes and associated large-
scale cloud and cloud fraction schemes (see Sects. 2.5, 3.6.2,
and 3.7 of Walters et al., 2019, for a more detailed description
of the parameterisations used).

Other tidal dissipation processes such as eddy and molecu-
lar diffusion are not included in the MLT in this version of the
ExUM2. Furthermore, the specific heats are not height vary-

reasonable length. This is an interesting topic that will be addressed
in future studies of the ExUM.

2Griffin and Thuburn (2018) suggest that molecular diffusion
does not become dominant until around 150 km; however, eddy dif-
fusion is important in this region (e.g. Forbes and Hagan, 1988). In
this initial stage of development of the model, these missing dissipa-
tive processes are primarily accounted for by increasing the vertical
damping coefficient in the model (see Griffith et al., 2021, for more
details), which is a proxy for these dissipative processes.

ing, which is a reasonable assumption up to the turbopause
which is the primary region of interest in this study.

The ExUM uses the non-orographic Ultra Simple Spectral
Parameterization (USSP) of Warner and McIntyre (2001).
The USSP scheme treats non-orographic GWs with non-zero
phase speeds which are unable to be resolved by the model.
The approach used is that of Warner and McIntyre (2001),
with further modifications (Scaife et al., 2002) to launch an
unsaturated spectrum from a level close to the surface and to
impose a homogeneous (location invariant) total vertical flux
of horizontal wave pseudo-momentum. The spectrum uses a
characteristic vertical wavelength peak of 4.3 km and param-
eterises vertical wavelengths up to a maximum of 20 km. The
amplitude of the spectrum is chosen to give momentum de-
position and, hence, a Quasi-Biennial Oscillation (QBO) in
the model that is realistic. For comparison with other param-
eterisations, a typical value of the total launch flux in all four
directions is 6.6×10−3 kg m−1 s−1.

The inclusion of thermal effects is also important in
the MLT (e.g. Yiğit and Medvedev, 2009; Medvedev and
Klaassen, 2003; Hickey et al., 2011), and the USSP includes
frictional heating due to gravity wave dissipation and the
consequent loss of kinetic energy (see Walters et al., 2019,
for more details) but does not include ionospheric heating ef-
fects such as ion drag. The aptitude of the USSP for use in the
MLT and steps for its future development will be discussed
in light of the results of this study.

Above around 90 km, the lack of appropriate high-
atmosphere chemistry and consequent heating via exother-
mic reactions means that the model temperature values can-
not be assumed to be accurate. Given this lack of appropriate
chemistry, a relaxation or nudging scheme to a climatologi-
cal temperature field is used above 90 km (this scheme was
first developed in Griffith et al., 2020, and more details can
be found therein). Previously, as in Griffith et al. (2021), the
temperature profile used in the nudging scheme was glob-
ally uniform, and so latitudinal variation in the MLT was
only very weak, e.g. the summertime polar mesopause min-
imum was observed but not captured in a realistic manner.
Thus, following this research, it was deemed that a more
realistic temperature profile would be beneficial for the ac-
curacy of the model in the MLT. To this end, the globally
uniform temperature profile is replaced in this study with a
temperature profile which varies by month and season and
with a varying mesopause height. This analytic tempera-
ture profile was calculated using a least squares curve-fitting
algorithm, fitting to temperatures from the Committee on
Space Research (COSPAR) International Reference Atmo-
sphere (CIRA; Fleming et al., 1990). While this is an old
data set, it gives a good climatological representation of at-
mospheric temperature up to 120 km. In addition, the tem-
perature profile produced for the nudging scheme only needs
to provide an approximate representation of the atmospheric
state.
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To produce the analytic temperature profile Tnudge(t,φ,z)

– a function of month (t), latitude (φ), and height (z) – we
first fit a function Tmin of month (t) and latitude (φ) to the
minimum temperature value in the CIRA data found at the
mesopause. The fit is of the following form:

Tmin(t,φ)= aT + bT cos
(

2π
12
|t − 6|

)
cos

(
π

2
+

2π
360

φ

)
.

We then fit a function zmin of month (t) and latitude (φ)
to the height (height above sea level in metres) at which
this mesopause temperature minimum occurs in the CIRA
data. This results in an analytic profile for the height of the
mesopause. The fit is of the following form:

zmin(t,φ)= az+ bz cos
(

2π
12
|t − 6|

)
cos

(
π

2
+

2π
360

φ

)
.

In summary, we now have an analytic expression for both
the temperature at the mesopause and the height of the
mesopause as a function of month and latitude. Fitting the pa-
rameters to the CIRA data yields aT = 178.45, bT = 25.73,
az = 94065.91, and bz = 4561.23. We compare the use of
these analytic profiles with the CIRA data in Figs. 1 and 2.

It can be seen that the analytic function gives a reason-
able fit to the measured temperatures for the purposes of the
nudging scheme – the analytic expression remains relatively
simple, and we avoid overfitting.

From this, the height dependence can be created. The tem-
perature lapses linearly to the mesopause temperature mini-
mum from below, and then a power law fit is used above the
mesopause up to the current model lid at 120 km. Namely,
at a height z above the mesopause, we fit a function of the
following form:

Tnudge(t,φ,z)= Tmin(t,φ)+0thermo(z− zmin(t,φ))
k.

This fit yields parameters 0thermo = 4.03× 10−9 and k =

2.41. The zonal and monthly mean variation in height above
the mesopause can be seen in Fig. 3. We observe a very good
fit, and the necessity of the power law fit is clearly demon-
strated.

To summarise, this results in an ExUM which differs from
the standard general atmosphere (GA) 7.0 configuration of
the UM (as described in Walters et al., 2019) in the following
ways:

1. The model chemistry scheme is entirely switched off –
the development of a chemistry scheme appropriate for
the MLT is currently a work in progress.

2. Atmospheric aerosols are switched off, and ozone back-
ground files are switched on.

3. The model upper boundary is raised from the standard
85 km to a height of 120 km.

4. The forcing from the radiation scheme now includes
non-LTE effects, which means it is physically realistic
up to 90 km.

5. The temperature field above 90 km is nudged towards
the prescribed monthly and latitudinally varying clima-
tological temperature profile – this accounts for the lack
of the chemistry scheme.

There will naturally be some variation in the modelled
tidal fields when this background temperature profile is var-
ied (e.g. Jones et al., 2018). However, the main focus of
this work is to provide a closer look at the migrating and
non-migrating components of atmospheric tides present in
the newly extended model and to show that they are of rea-
sonable order of magnitude and compare reasonably with
other models and with observations. A detailed analysis of
the sensitivity of the tidal fields to the background tempera-
ture profile is beyond the scope of this work – we note that
the goal in the future development of the ExUM is to replace
this background temperature profile with appropriate radia-
tion and chemistry schemes for the MLT. In addition, the pri-
mary diagnostics used are zonal and monthly mean fields for
climatological variations, which will be less sensitive to such
variations in the background temperature profile. Neverthe-
less, it is worth bearing this in mind when considering the
results presented here.

We now describe the vertical level set used. The imple-
mentation builds on that used in Griffith et al. (2020) and
Griffith et al. (2021). We move away from the fixed verti-
cal level depth above the mesopause used previously and in-
stead use the atmospheric-scale height to construct the verti-
cal level set. This allows physically important vertical wave
scales to be captured appropriately while relieving the nu-
merical instabilities which can come from a fine vertical level
set (e.g. Griffin and Thuburn, 2018; Griffith et al., 2020).

The implementation is as follows. The atmospheric scale
height H = RT/g is calculated for summer/winter condi-
tions at both solar maximum and solar minimum using
WACCM-X temperature values (e.g. Liu et al., 2010, 2018).
This gives a reasonable baseline from which to calculate
the vertical level set (see Fig. 4). Naturally, the WACCM-
X temperature profile and the CIRA climatological temper-
atures used for the background temperature profile will ex-
hibit some differences, but both provide a reasonable initial
implementation which can be tuned in future versions of the
model.

From this analysis, we decide to use zonal mean solar min-
imum conditions to create the vertical level set. This yields a
vertical resolution which can capture wave scales appropri-
ately throughout the solar cycle without the stringent condi-
tion imposed by using zonal minimum temperatures. With an
upper boundary at 120 km, the effects of using the solar min-
imum temperature do not have much impact on the value of
the scale height used, but with this condition in place, the ver-
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Figure 1. Variation in the fitted mesopause temperature profile Tmin for (a) several latitudes as a function of month and (b) all months as a
function of latitude. The fitted function gives a reasonable fit for the purposes of the nudging scheme.

Figure 2. Variation in the fitted mesopause height profile zmin for (a) several latitudes as a function of month and (b) all months as a function
of latitude. The fitted function gives a reasonable fit for the purposes of the nudging scheme.

tical level set can remain consistent when the upper boundary
of the model is extended further into the thermosphere.

The vertical level depth remains the same as in the stan-
dard UM (namely increasing exponentially with increasing
height from the lower boundary of the model), until the ver-
tical depth reaches the value determined by the minimum
value of H/2 found at the mesopause – we use H/2 to give
a vertical 2 grid points per scale height structure. At this
point, we fix the vertical level depth at this value until the
mesopause is reached.

Above the mesopause, the vertical level depth increases
again with increasing height, and we use the value of H/2 to

define each level depth. Namely, we add on a vertical level
of depth H/2, read off the value of H/2 at the new atmo-
spheric height reached, and then add on a vertical level with
this depth and so on. Thus, the vertical level depths gradually
become larger and larger as the model reaches higher into the
thermosphere. The levels and vertical level depths produced
by this method can be seen in Fig. 5.

This completes the specification of the model. The model
runs are then all initialised using the same operational anal-
ysis from 1 September 2000 at 00:00 UTC. This allows the
model to settle after the initialisation – known as the spin-
up period of the model. Following this, climatological data
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Figure 3. Variation in the zonal and monthly mean fitted nudging
profile with height.

Figure 4. Atmospheric scale heights calculated using WACCM-X
temperatures to give a baseline.

are used to force background fields such as atmospheric
ozone. Thus, we primarily examine climatological fields in
this study – the main focus of this work is to provide a closer
look at the migrating and non-migrating components of at-
mospheric tides present in the model.

An example of the climatological temperatures, zonal (u)
winds, and meridional (v) winds are provided for equinox
and solstice conditions in Fig. 6. The variation in the height
of the mesopause can be clearly seen in the modelled temper-
ature field. There are also still biases that exist in the model,
such a summer wind reversal at middle latitudes, which is
at a lower altitude than expected, and seasonal wind biases,
as discussed in Griffith et al. (2021). However, the goal of
this paper is to provide initial insight into the migrating and
non-migrating tides present in the model and to educate on
improvements which can be made to correct these biases for
future versions of the model.

The output attained from the model consists of hourly
sampled time profiles for temperature and both zonal and
meridional wind fields for the whole of the model year con-

sidered – this high cadence is used so that diurnal and semid-
iurnal frequencies can be accurately resolved. For simplic-
ity, we only show results for a single simulation, but multi-
ple simulations were performed with exactly the same set-
up to ensure the robustness of the results, with no difference
in model results observed between simulations. From these
model fields, we compute several diagnostics to examine the
properties of the tides produced by the model. We first extract
the tidal perturbations by removing the mean from the model
fields. We then decompose these tidal perturbations into di-
urnal and semidiurnal components in time and several com-
ponents in space. More precisely, we decompose the tidal
perturbations by fitting a function of the following form:

F(t,λ)= A0+

2∑
i=1

6∑
j=−6

Aij cos
(
it

2π
24
+ jλ

2π
360
−φij

)
,

for a given model field F varying in time (hours) and lon-
gitude (degrees). The amplitude of each component is then
given by Aij , with φij as the corresponding phase.

The temporal averaging of the tidal fitting is as follows.
Where a figure shows tidal fields for a given month (e.g.
Fig. 12), then the tidal fitting uses the values for the given
month. Where a figure shows tidal fields for multiple months
simultaneously (e.g. Fig. 9), then the tidal fitting uses a slid-
ing 30 d window. The short-term variation (Fig. 14) uses tidal
fitting on a 1 d sliding window.

3 Results

In this section, we present the ExUM migrating and non-
migrating tides. We first look at instantaneous tidal pertur-
bations as a function of latitude and height for the first day
of January3. Here, we look at the total migrating and non-
migrating components, without decomposition into separate
spatial components. This provides some initial insight into
the tidal properties of the modelled temperature and zonal
and meridional wind fields as a superposition of all spatial
components.

Following this, we restrict our attention to two latitudes,
namely an equatorial latitude at 8◦ S and a polar latitude at
68◦ S. We choose these latitudes to examine two key regimes,
namely the equatorial regime, where the migrating diurnal
tide is dominant, and the polar regime, where the migrat-
ing semidiurnal tide is dominant. Numerous observational
studies have been performed at these latitudes (e.g. the stud-
ies performed using meteor radar at Ascension Island and
Rothera by Davis et al., 2013 and Dempsey et al., 2021) and
the previous ExUM study by Griffith et al. (2021). For both

3This is chosen solely for illustrative purposes, to give an ini-
tial insight into the tidal components present in the model, before
showing more detailed tidal decompositions which are given for all
months.
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Figure 5. (a) Vertical level set and (b) corresponding level depths produced using the new implementation. The vertical level depth can be
seen to be capped up to the mesopause and then increase with the increase in temperature when going up through the thermosphere.

these regimes, we first examine their variation with height us-
ing instantaneous tidal amplitudes as a function of longitude
and height. Following this, we decompose the non-migrating
portion of the tidal perturbations into its various spatial com-
ponents using the fit described above on a 30 d sliding win-
dow. The plots for both the diurnal and semidiurnal temporal
frequency and for the three model variables considered then
highlights the variation in amplitude of each spatial compo-
nent over the course of the year.

Having studied tidal properties at two latitudes, we then
wish to examine the latitudinal properties of the modelled
tides to observe how amplitudes vary as a function of lati-
tude. Again we decompose the tidal perturbations into their
various spatial components and analyse how these vary as
a function of latitude for both the diurnal and semidiurnal
temporal frequencies and for the three model variables con-
sidered.

Finally, we return our attention to the equatorial and po-
lar latitudes investigated previously to look at the short-term
variation in the tidal amplitudes of some of the dominant mi-
grating and non-migrating components over the course of the
year. We investigate this short-term variability by calculating
the amplitudes with a 24 h sliding window and compare it to
the standard 30 d sliding window used previously. This is to
gain an insight into the “tidal weather” present in the model,
which has been a recent topic of interest in the analysis of the
MLT (e.g. Vitharana et al., 2019).

We begin with an initial exploration of the model fields
examined in this study – namely temperature, zonal (u)
winds, and meridional (v) winds. We fix a height of 95 km
and plot instantaneous tidal perturbations from the modelled
fields along with their decomposition into migrating and non-
migrating components at 00:00 UT on 1 January. These can
be seen in Fig. 7.

Of note is the size of the instantaneous tidal perturbations,
which reach nearly 50 K in the modelled temperature field
and around 140 ms−1 in the modelled winds.

The decomposition of these fields into migrating and non-
migrating components reveals a migrating component that
has a clear dominance in the DW1 component at equatorial
latitudes, with a transition to a dominant SW2 component
apparent on moving to polar latitudes. Namely, at equatorial
latitudes, one blue and one red region can be seen per latitude
band, with a transition to two blue and two red regions at po-
lar latitudes. The non-migrating component is of significant
magnitude – up to nearly 50 K in temperature and 140 ms−1

in wind – and it is clear that it makes up a large portion of
the tidal perturbation. The irregular nature of these fields in-
dicate a superposition of several zonal wavenumbers and a
need for further investigation – particularly given their large
magnitude.

To this end, we examine the zonal wavenumber structure
of the non-migrating tide in both an equatorial and polar
regime in the following sections.

3.1 Equatorial regime

First, we examine the height structure of the instantaneous
tidal perturbations and corresponding migrating and non-
migrating components of the model fields in the equatorial
regime. Again we consider 00:00 UT on 1 January. These can
be seen in Fig. 8.

Once more the amplitudes of the non-migrating compo-
nent can be seen to contribute significantly to the overall tidal
field – with magnitudes of up to 60 K in the temperature field
and 170 ms−1 in the wind fields. Amplitudes of the tides can
be seen to increase with increasing height, which is consis-
tent with the decrease in atmospheric density.

The migrating component of the temperature field appears
to be dominated by the SW2 component above 60 km. In the
wind fields, the migrating component is clearly dominated
by the DW1 component at all heights. In all fields, the slope
of the phase fronts is shallow, indicative of a short vertical
wavelength.
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Figure 6. Latitude–height plot showing zonal and monthly mean fields for equinox (March) conditions for (a) temperature, (c) zonal (u)
winds, and (e) meridional (v) winds and for solstice (June) conditions also for (b) temperature, (d) zonal (u) winds, and (f) meridional (v)
winds.

The non-migrating component is once more irregular, but
some structure can be seen, in particular a zonal wavenum-
ber 3 structure around 90 km. In general the slope of the
phase fronts appears to be steeper, indicative of longer verti-
cal wavelengths than those seen in the migrating component.

We now once more focus on a height of 95 km and decom-
pose the non-migrating tidal field into its zonal wavenum-
ber components using the method described in Sect. 2.1.
With this, we will be able to see which zonal wavenumbers
are the dominant contributors to the non-migrating tide. We
plot both diurnal and semidiurnal temporal frequencies in the
equatorial regime for each zonal wavenumber across the year

in Fig. 9. We use a 30 d sliding average window centred on a
given day.

The first feature of note is that the maximal amplitude of
the diurnal tide is always larger than that of the semidiurnal
tide in this equatorial regime. This is consistent with what
is expected at an equatorial latitude where the diurnal tide
should dominate. The magnitude of the semidiurnal tide in
temperature is around 60 % of that seen for the diurnal tide,
which has a maximal amplitude of 5.5 K. In the zonal wind,
the magnitude of the semidiurnal tide is around a third of that
seen in the diurnal tide – which has a maximal amplitude of
22 ms−1 – and in the meridional wind the semidiurnal tide
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Figure 7. Longitude–latitude snapshot at 00:00 UT on the first day of January of tidal perturbations at 95 km for (a) temperature, (b) zonal
(u) winds, and (c) meridional (v) winds. The equatorial DW1 tide and polar SW2 tide can be seen as the primary components of the migrating
tide, with a superposition of several zonal wavenumbers apparent in the non-migrating components.

is roughly a quarter of the observed diurnal tide, which has a
maximal amplitude of 36 ms−1.

We now focus on the modelled temperature field. In the di-
urnal component, we observe the largest non-migrating tidal
amplitudes in the DW2 component, with a maximal peak of
5.5 K in December, with amplitudes of 4–5 K also seen in
January. Other non-migrating diurnal tidal amplitudes of note
are DW3, which has maximal amplitudes of 4–5 K in Jan-
uary and September, DE2, which has maximal amplitudes
of 4–5 K in January/February, and DE3, which has maximal
amplitudes of 4–5 K in January and August. In the semidi-
urnal component, magnitudes are generally small, but peaks
are seen in the SW3 and SW4 tides, which have maximal
amplitudes of around 3 K in March.

Moving to the modelled zonal winds, in the diurnal
component, the largest non-migrating tidal amplitudes are
once more in the DW2 component. We observe a maximal
peak of around 22 ms−1 occurring in November/December.
Other non-migrating diurnal components of notable magni-
tude are DW3, which peaks at around 15 ms−1, and DE3,
which peaks in January and August with a value of around
15 ms−1. In the semidiurnal component, again magnitudes
are small, but we observe maximal amplitudes in the SW4

tidal component of around 7 ms−1 in February/March and
November/December. The SW5 component is also present,
with maximal values of around 6 ms−1 in March/April and
September.

Finally, we examine the modelled meridional winds. In the
diurnal component, maximal amplitudes of around 36 ms−1

are seen in the DW2 component, occurring in November/De-
cember. Other tidal components of note are the breathing
D0 component, which maximises with an amplitude of 25–
30 ms−1 in December, and the DW3 component, where we
see a peak value of around 25 ms−1 in September. In the
semidiurnal component – which is of relatively small mag-
nitude – we observe maximal amplitudes of around 8 ms−1

spread across a number of components, i.e. SW3, which
peaks in September/October, S0, which peaks in August,
SE1, which sustains larger values from April through to Au-
gust, and SE3, which peaks in June.

In summary, the tidal properties in the equatorial tidal
regime for (i) modelled temperature, (ii) modelled zonal
wind, and (iii) modelled meridional wind are as follows:

– The instantaneous fields show maximal perturbation
magnitudes at high altitudes of (i) 60 K, (ii) 140, and
(iii) 170 ms−1.
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Figure 8. Longitude–height snapshot at 00:00 UT on the first day of January at the equatorial latitude of Ascension Island (8◦ S) of tidal
perturbations for (a) temperature, (b) zonal (u) winds, and (c) meridional (v) winds. The equatorial DW1 tide can be seen as the primary
component of the migrating tide, with some presence of the SW2 tide in temperature. A superposition of several zonal wavenumbers is
apparent in the non-migrating components.

– The maximal amplitude of the diurnal non-migrating
tidal components is always larger than that of the semid-
iurnal tide.

– The DW2 component is the dominant diurnal non-
migrating component across all fields, with maximal

amplitudes of (i) 5.5 K and (ii) 22 and (iii) 36 ms−1. The
DE3, DE2, and DW3 components are other components
with notable magnitudes.

– The semidiurnal non-migrating components are small
across the board, but, relatively speaking, we see the
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Figure 9. Diurnal and semidiurnal tidal amplitudes as a function
of month and zonal wavenumber at the equatorial latitude of As-
cension Island (8◦ S) for (a) temperature, (b) zonal (u) winds, and
(c) meridional (v) winds. The dominant migrating tidal component
is removed in each case for clarity.

largest magnitudes in (i) SW3 and SW4, (ii) SW4 and
SW5, and (iii) SE3, SE1, S0, and SW3.

We perform a brief comparison with observations to place
these results in the context of measured values. SABER
values represent satellite measurements of temperature and
TIMED Doppler Interferometer (TIDI) and UARS values
represent satellite measurements of wind (see Sect. 4 for
more details). The magnitude of the migrating component
is similar to the observed values with some differences. Val-
ues of up to 22 m s−1 are reported by Forbes et al. (2008)

in SABER equatorial temperatures at 100 km, compared to
ExUM values of around 15 ms−1. In terms of wind, values
of up to 40 and 70 ms−1 are reported by Wu et al. (2008a) in
TIDI equatorial zonal and meridional winds (respectively) at
95 km, compared to ExUM values of around 30 and 70 ms−1.
A notable equatorial DW2 with smaller DE2 and DE3 com-
ponents is also observed in the TIDI equatorial zonal and
meridional winds in Oberheide et al. (2006); however, they
only observe maximal values of around 12 and 18 ms−1 at
95 km compared to ExUM values of 22 and 36 ms−1 for
the zonal and meridional wind respectively. Finally, notable
meridional equatorial SW4 zonal and SW3 meridional tidal
components are also reported by Oberheide et al. (2007) in
TIDI equatorial zonal and meridional winds at 95 km; how-
ever, they also observe a notable SW1 meridional compo-
nent which is not clear in the ExUM values. A notable SW3
meridional component is also reported by Angelats i Coll and
Forbes (2002) in UARS equatorial meridional winds.

Having examined the tidal spectrum in the equatorial
regime, we now move on to the polar regime, where we ex-
pect the semidiurnal tide to dominate.

3.2 Polar regime

We now perform the same analysis in the polar regime. We
again first examine the height structure of the instantaneous
tidal perturbations and corresponding migrating and non-
migrating components of the model fields in this regime. We
consider 00:00 UT on 1 January. These can be seen in Fig. 10.

The magnitude of the tidal perturbations is smaller in the
polar regime than in the equatorial regime. It remains clear
that the non-migrating component makes up a significant
portion of the tidal field – up to almost 20 K in the tempera-
ture field and up to 120 ms−1 in the wind fields. Again, the
amplitudes of the tides increase with increasing height as the
density decreases.

The migrating component of the temperature field is small,
particularly when compared to the equatorial regime. It ap-
pears to be dominated by the DW1 component and less
clearly so towards the top of the model, where it is clear
that several components are superposed. In the instantaneous
wind fields, there is a transition from a dominant DW1 com-
ponent to a dominant SW2 component around 90 to 100 km.
The slope of the phase fronts is steeper when compared with
the equatorial regime, indicative of longer vertical wave-
lengths at this polar latitude.

The non-migrating component is again a superposition of
many wavenumbers, but several finer wave structures can
be seen. In particular, this occurs around 90–95 km, where
we observe what appear to be zonal wavenumber 4 and 5
structures. There appear to be phase fronts indicating both
westward and eastward propagation, as expected in non-
migrating tides. The plots of the non-migrating component
again highlight the need to decompose the field into its zonal
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Figure 10. Longitude–height snapshot at 00:00 UT on the first day of January at the polar latitude of Rothera (68◦ S) of tidal perturbations
for (a) temperature, (b) zonal (u) winds, and (c) meridional (v) winds. The equatorial DW1 tide can be seen as the primary component of
the migrating tide at lower altitudes, with a switch to a dominant SW2 component occurring around 95–100 km in the wind fields and the
temperature field becoming irregular. A superposition of several zonal wavenumbers is apparent in the non-migrating components.
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Figure 11. Diurnal and semidiurnal tidal amplitudes as a function
of month and zonal wavenumber at the polar latitude of Rothera
(68◦ S) for (a) temperature, (b) zonal (u) winds, and (c) meridional
(v) winds. The dominant migrating tidal component is removed in
each case for clarity.

wavenumber structure to provide a better picture on the zonal
wavenumbers present in the model fields.

We now once more focus on a height of 95 km and decom-
pose the non-migrating tidal field into its zonal wavenum-
ber components using the method described in Sect. 2.1. We
plot both diurnal and semidiurnal temporal frequencies in the
equatorial regime for each zonal wavenumber across the year
in Fig. 9. We use a 30 d sliding average window centred on a
given day.

We observe that, as expected, the maximal amplitude of
the semidiurnal tide is always larger than that of the diur-

nal tide in this polar regime. The magnitude of the diurnal
tide in temperature is around 40 % of that seen in the semid-
iurnal tide – it is worth noting that both have small magni-
tude; however, there is a maximal amplitude of around 1.6 K
in the semidiurnal component. The zonal wind has a diurnal
component which is around 20 % of the observed semidiur-
nal tidal amplitude, which maximises at around 14 ms−1. Fi-
nally, the meridional wind has a diurnal component which
is roughly 10 % of the observed semidiurnal tidal amplitude,
which maximises at around 13 ms−1.

We comment first on the modelled temperature field. The
magnitudes are small across both components, and therefore,
we will not place too much weight on observations made
here. We see maximal amplitudes of around 1.6 K in the
breathing S0 component in April/May and of around 0.6 K
in the breathing D0 component in October.

The wind fields have larger magnitude. In the modelled
zonal winds, we observe the largest non-migrating tidal am-
plitudes in the SW1 component, with a maximal value of
around 14 ms−1 occurring in August/September and with
larger values of around 10 ms−1 also seen in May/June.
Other notable non-migrating semidiurnal amplitudes are the
breathing S0 component, which peaks at around 8 ms−1 in
May and October. The diurnal component has small magni-
tude, and the largest values of around 2.5 ms−1 are seen in
the breathing D0 component in February and October.

Finally, we focus on the modelled meridional winds. The
largest non-migrating tidal amplitude of around 13 ms−1 is
seen in the SW1 component in August/September, with large
values of around 10 ms−1 seen in June. There are once more
some larger values also observed in the breathing S0 com-
ponent, with maximal values of around 8 ms−1 occurring in
May and October. Again, the diurnal component has small
magnitudes, with maximal amplitudes of around 1.4 ms−1

observed in the breathing D0 component in November.
In summary, the tidal properties in the polar tidal regime

for (i) modelled temperature, (ii) modelled zonal wind, and
(iii) modelled meridional wind are as follows:

– The instantaneous fields show maximal perturbation
magnitudes at high altitudes of (i) 20 K, (ii) 120, and
(iii) 90 ms−1.

– The maximal amplitude of the semidiurnal non-
migrating tidal components is always larger than that
of the diurnal tide.

– The SW1 component is the dominant semidiurnal non-
migrating component across the wind fields, with the
values in the temperature field being generally small.
We observe maximal amplitudes of (i) 1.0 K, (ii) 14, and
(iii) 10 ms−1. The breathing S0 component also has no-
table magnitudes across all fields.

– The diurnal non-migrating components are small across
the board, but, relatively speaking, we see the largest
magnitudes in the D0 component in all fields.
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We perform a brief comparison with observations to place
these results in the context of measured values. The magni-
tude of the migrating component is similar to observed val-
ues. Values of 30–40 ms−1 are reported by Angelats i Coll
and Forbes (2002) in UARS polar meridional winds at 95 km,
compared to ExUM values here of around 30 ms−1. A no-
table SW1 polar meridional tidal component is also reported
by Angelats i Coll and Forbes (2002) in UARS winds. How-
ever, the values observed at 95 km are closer to 4 ms−1, and
values closer to 10 ms−1 (as seen in the ExUM at 95 km) are
only observed at 105–110 km. However, the polar SW1 com-
ponent of TIDI polar zonal and meridional winds reported in
Wu et al. (2011) at 95 km are up to 12 ms−1 in both the zonal
and meridional components, in keeping with the values seen
in the ExUM. Finally, the non-migrating components of the
TIDI polar zonal winds reported in Wu et al. (2008b) show
notable DE3, DE2, DE1, D0, and DW2 magnitudes (around
12 ms−1) which we do not observe in the ExUM at polar
latitudes. The reason for this difference is unknown at this
stage.

We now have a good grasp of the dominant non-migrating
tidal components in two key regimes at an equatorial and po-
lar latitude. We now wish to have a better understanding of
how the components of the tide vary with latitude, and so we
examine this in the following section.

3.3 Latitudinal dependence

Here, we extract the latitudinal dependence of the tides by
examining the amplitudes of the spatial components as a
function of latitude for each month of the year. We include
the migrating component in this analysis and remove zonal
wavenumbers 5 and 6 – which are generally small – to help
with visualisation. In Fig. 12, we plot the diurnal tidal ampli-
tudes for the spatial components considered for each month.
In Fig. 13, we repeat the analysis but for the semidiurnal tidal
amplitudes. Finally, note that when referring to the Equa-
tor henceforth, we are referring to the Earth’s Equator rather
than, e.g., the magnetic equator.

We first turn our attention to the modelled temperature
field. We observe maximal tidal amplitudes of around 16 K.
Looking at the migrating (DW1) component, we see a clear
three-peak structure, with the largest peak observed at the
Equator and the two smaller peaks at latitudes of approxi-
mately 30◦ S and 30◦ N. We observe maximal amplitudes in
June and November, with a pronounced minimum in August.
Looking at the non-migrating components, we observe that
the DW2 component is by far the largest, with amplitudes
of up to around 11 K at the Equator in December, where
it is nearly as large as the diurnal migrating component. It
also has large amplitudes in November of 7–8 K and in May
and September when it reaches around 5 K at the Equator.
We also observe that it has a similar three-peak structure.
Other large components of note are DE3, DE2, and DW3.
DE3 generally has a one-peak structure in a 20◦ S to 20◦ N

band around the Equator, which reaches a maximal ampli-
tude of around 5 K in January and August. DE2 generally has
a two-peak structure, with these peaks occurring at the min-
ima of the DW1 component at around 25◦ S and 25◦ N, and
with maximum amplitudes of around 5 K in February and
June. Finally, the DW3 component generally has a three-peak
structure in line with the structure observed in the migrating
component. We see maximal amplitudes of this component
of around 5 K in January and September.

We focus now on the modelled zonal winds, where we ob-
serve maximal tidal amplitudes of around 40 ms−1. In the
migrating (DW1) component, we see a clear two-peak struc-
ture, with large peaks at approximately 20–30◦ S and 25–
30◦ N, with a minimum at the Equator. Some increase to-
wards the South Pole is evident in the austral spring/summer
period (October, November, December, January, and Febru-
ary). Maximal amplitudes occur in February, June, and Octo-
ber/November, while minimal amplitudes occur in April and
August. Turning our attention to the non-migrating compo-
nents, we once more observe a dominant DW2 component
with amplitudes up to around 20 ms−1 in December match-
ing that of the diurnal migrating tide. In general, it also has
the same two-peak structure as the migrating component.
DW2 is large in November, also reaching around 20 ms−1,
and in May and September, where it reaches 10–15 ms−1.
Many other non-migrating components also have large am-
plitudes in different months of the year. DE4 maximises at
12 ms−1 at around 15◦ N in March/April and October. DE3
maximises at around 17 ms−1 in the region of 15◦ S to 15◦ N
in January and November. DE2 reaches values of around
15 ms−1 at 15◦ N for a large part of the year. DE1 maximises
at around 12 ms−1 at 30◦ S in April and at 30◦ N in January.
The breathing D0 component reaches a value of 15 ms−1 at
around 30◦ S in February, May, and December. Finally, the
DW3 component maximises at around 15 ms−1 at around
15◦ S in September.

Finally, we look at the modelled meridional winds. These
have the largest maximal amplitudes seen so far of around
60 ms−1. The migrating (DW1) component shows a similar
two-peak structure to that observed in the zonal wind, with
the peaks similarly located around 20◦ S and 20◦ N with a
pronounced minimum at the Equator. Again, some increase
is seen towards the South Pole in the austral spring/summer
period, but it is relatively less pronounced when compared
to the zonal wind. The maximal amplitudes also follow the
same monthly pattern as the zonal winds; we see maxima in
February, June, and October and minima in April/May and
August. Looking at the non-migrating components, DW2 is
again dominant, follows a two-peak structure, and has max-
imal amplitude in December of around 40 ms−1, compara-
ble with the amplitude of the diurnal migrating component.
DW2 is also large in November, with a maximal amplitude
around 30 ms−1, and through much of the rest of the year,
with amplitudes near 20 ms−1 (it is at its smallest in April
with amplitudes below 10 ms−1). Many other non-migrating
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Figure 12. Latitude–amplitude plot of diurnal tidal amplitudes across the year for (a) temperature, (b) zonal (u) winds, and (c) meridional
(v) winds.
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components are also large, as was observed with the zonal
winds. DE3 generally has a one-peak structure maximis-
ing at the Equator, with values around 15 ms−1 in January.
DE2 has a similar one-peak structure with maximal values
of 15 ms−1 at the Equator in January, February, March, and
November. DE1 reaches values of 16 ms−1 at 15◦ S in April
and 20 ms−1 at 15◦ N in February. The breathing D0 compo-
nent maximises at 15◦ S, with a value of 19 ms−1 in Febru-
ary and with a value of 22 ms−1 in December. Finally, DW3
generally has a two-peak structure maximising around 20◦ S
and 20◦ N with values of 15 ms−1 in January and August and
18 ms−1 in September.

Having performed an in-depth analysis of the diurnal tidal
components, we now look at the variation in the semidiurnal
tidal components with latitude, presented in Fig. 13.

We first focus on the modelled temperature field, where
we see maximal tidal amplitudes of around 11 K, which are
less than those seen in the diurnal migrating component.
In the migrating (SW2) component, we generally observe a
three-peak structure – occasionally one of the peaks breaks
down, leaving a two-peak structure remaining. The central
peak generally occurs between 10◦ S and 10◦ N, with the
left and right peaks occurring approximately 30 ◦ north or
south of the central peak. We observe maximal amplitudes in
May/June/July and minimal amplitudes in October/Novem-
ber/December. Turning our attention to the non-migrating
semidiurnal tidal components, there is no clear largest com-
ponent. The SE2, SW1, SW3, and SW4 components rep-
resent the largest of the non-migrating semidiurnal compo-
nents. SE2 has maximal amplitudes of 3–4 K around 40◦ N
for most of the first half of the year. Peak amplitudes of
around 3–4 K are also seen for the SW1 component at 40◦ S
in August and for the SW3 component at 20◦ S in March. Fi-
nally, the SW4 component reaches values of 4 K at 40◦ S in
February and at around 30◦ S in October.

We now look at the modelled zonal winds. We observe
maximal tidal amplitudes of around 40 ms−1, which are sim-
ilar to those seen in the diurnal migrating component. Look-
ing at the migrating (SW2) component, we generally see a
two-peak structure, but a third smaller peak often occurs be-
tween these peaks. Generally, the two largest peaks occur at
approximately 50◦ S and 50◦ N, and there is often a third
peak between these occurring anywhere between 30◦ S and
30◦ N. Maximal amplitudes are seen in May/June, with mini-
mal amplitudes in November/December. In general, the peak
amplitude at 50◦ S is greater than or equal to the peak am-
plitude observed at 50◦ N. Now looking at the non-migrating
components, again there is no outright largest non-migrating
tide. As in the temperature field, SE2, SW1, SW3, and SW4
have the largest amplitudes. SE2 tends to have a two-peak
structure with maximal values at 40◦ S and 40◦ N. It max-
imises with values of 10 ms−1 at these latitudes in Jan-
uary/February. The SW1 component tends to peak towards
the South Pole. It has maximal amplitudes at 60◦ S, with a
value of 10 ms−1 in March and 15 ms−1 in August. SW3

reaches a peak value of around 10 ms−1 at around 40◦ S in
March. Finally, the SW4 component maximises with a value
of 10 ms−1 at 50◦ S in February and at 40◦ S in October.

Finally, we analyse the modelled meridional winds. We
observe maximal tidal amplitudes similar to those seen in
the zonal winds of around 40 ms−1, making them smaller
than those seen in the diurnal migrating component. The mi-
grating (SW2) component generally has a four-peak struc-
ture, with the two outer peaks centred around approximately
50◦ S and 50◦ N, and the two central peaks moving to the
north and south of the Equator about 25 degrees apart. The
tide has maximal amplitudes around May/June and has mini-
mal amplitudes in November/December. Looking at the non-
migrating components, again there is no clear dominant com-
ponent, and SE2, SW1, SW3, and SW4 all have notable mag-
nitudes. SE2 component maximises at 30◦ N in June with a
value of 10 ms−1. Similar to the zonal wind SW1 compo-
nent, the SW1 component here also has its largest amplitudes
towards the South Pole. We observe maximal amplitudes of
18 ms−1 at around 55◦ S in August. The SW3 component
peaks at 13 ms−1 in March at 40◦ S. Finally, the SW4 com-
ponent has a maximal amplitude of 13 ms−1, seen in Febru-
ary at 50◦ S, and values of 10 ms−1, seen at 50◦ S in May and
at 45◦ S in October.

In summary, the tidal properties as a function of latitude
for (i) modelled temperature, (ii) modelled zonal wind, and
(iii) modelled meridional wind are as follows:

– Maximal diurnal tidal amplitudes are (i) 16 K, (ii) 40,
and (iii) 60 ms−1, which are produced by the migrating
(DW1) component.

– The diurnal migrating component has a (i) three-peak
and (ii and iii) two-peak structure.

– The dominant diurnal non-migrating component is the
DW2 component across all fields, with maximal ampli-
tudes of (i) 11 K, (ii) 20, and (iii) 40 ms−1. Other com-
ponents of notable magnitude are the (i) DE3, DE2, and
DW3, (ii) and (iii) DE3, DE2, DE1, D0, and DW3.

– Maximal semidiurnal tidal amplitudes are (i) 11 K and
(ii) 40 and (iii) 40 ms−1, which are produced by the mi-
grating (SW2) component.

– In general, the semidiurnal migrating component has a
(i) three-peak, (ii) two-peak, and (iii) four-peak struc-
ture.

– The dominant non-migrating semidiurnal components
are the SE2, SW1, SW3, and SW4 components across
all fields, with maximal amplitudes of (i) 4 K and (ii) 15
and (iii) 18 ms−1.

We have now detailed the variation in diurnal and semid-
iurnal tidal amplitudes with latitude for the various spatial
components considered. It is now worthwhile to consider
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Figure 13. Latitude–amplitude plot of semidiurnal tidal amplitudes across the year for (a) temperature, (b) zonal (u) winds, and (c) meridional
(v) winds.
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variation on a finer timescale – namely short-term variabil-
ity – which we focus on for the final section of our analysis.

3.4 Short-term variability

Here we perform an analysis of the short-term variability
present in the amplitude of the tidal components. This is pri-
marily to investigate the magnitude of such perturbations. To
do this, we apply the analysis to a 30 d sliding window and
contrast it with that from a 1 d sliding window. In Fig. 14,
we present the variability in the migrating components and
some of the larger non-migrating tidal components across the
course of the year within the two regimes we considered pre-
viously – namely an equatorial and a polar latitude. The bold
line represents the value from the 30 d sliding window, and
the faded line represents the value obtained using the 1 d slid-
ing window.

Note that when we discuss the short-term variations below,
these are given relative to the value for the 30 d sliding win-
dow. Namely, we discuss the percentage difference between
the faded line and the solid line in Fig. 14.

We first analyse the modelled temperature field. Looking
at the migrating components (DW1 and SW2) in the equa-
torial regime, we see maximal amplitudes of around 15 K.
We observe a peak in DW1 amplitudes in January/Febru-
ary of around 8 K, with a short-term variation of up to
4 K throughout the year (i.e. at least a 50 % variation). The
SW2 component here peaks at a maximal value of around
12 K in May/June, with a short-term variation of up to 3 K
throughout the year (i.e. at least a 25 % variation). In gen-
eral, SW2 has larger amplitudes in April to September (equa-
torial spring/summer) with smaller amplitudes in October
to March (equatorial autumn/winter). The migrating compo-
nents in the polar regime are relatively small throughout the
year for both components with little short-term variation. We
focus on a subset of the non-migrating components which
have larger magnitudes within each of the two regimes, with
peak values of around 12 K. In the equatorial regime, we
focus on the DE3, DW2, and DW3 tidal components. DE3
peaks in January and August with values around 4 K, with
short-term variation up to 5 K throughout the year (i.e. short-
term variation of 125 %). DW2 has maximal values in Jan-
uary and December of around 5 K, with short-term varia-
tion up to 5 K throughout the year (i.e. short-term variation
of around 100 %). Finally, DW3 peaks in January/February
and September with values around 5 K and with short-term
variation of up to 7 K – the largest short-term variation seen,
which is of 140 %. The non-migrating components in the po-
lar regime are also relatively small – perhaps the only point
of note is the short-term variation in the breathing S0 com-
ponent which varies by up to 1 K or around a 75 % variation.

We now turn our attention to the modelled zonal winds.
First, focusing on the migrating components (DW1 and
SW2) in the equatorial regime, we observe maximal ampli-
tudes of around 35 ms−1. Looking at the DW1 component,

we see peak amplitudes of around 30 ms−1 in March/April
and October/November, with a short-term variation of up to
12 ms−1 or a 40 % variation. The SW2 component peaks in
April/May with amplitudes of around 12 ms−1, with a short-
term variation of up to 5 ms−1 or around a 40 % variation.
In the polar regime, we observe larger amplitudes than those
seen in the temperature field. The dominant SW2 component
peaks in April/May with a value of 28 ms−1, with a short-
term variation of up to 10 ms−1 or around a 35 % variation.
It is notable that this large peak amplitude follows near-zero
amplitude values in the preceding month. The DW1 compo-
nent in the polar regime has maximal values of 12 ms−1 in
January and December, with a short-term variation of around
3 ms−1 or a 25 % variation. The amplitudes seem to expe-
rience a 6-month low in April through September, follow-
ing by a 6-month high from October through March, which
is also observed to a lesser extent in the temperature field.
Moving to the non-migrating components, we observe max-
imal amplitudes similar to those seen in the migrating com-
ponents of around 35 ms−1. We again focus on the DE3,
DW2, and DW3 components in the equatorial regime. DE3
peaks in January and August with values around 14 ms−1,
with a short-term variation of up to 12 ms−1 or around a
85 % variation. These peaks line up with the peaks in the
temperature field seen previously. DW2 has maximal values
of 20 ms−1 observed in November/December, with a large
short-term variation of up to 20 ms−1 or a 100 % variation.
Finally, DW3 peaks in January and September with values of
10 and 14 ms−1, respectively. The short-term variation seen
here is some of the largest seen in the zonal winds, with a
variation up to 18–19 ms−1 or around a 130 % variation. Fi-
nally, we look at the non-migrating component in the polar
regime and focus on the S0, SW1, and SW3 components.
The breathing S0 component peaks with values of 6 ms−1

in May, with a large short-term variation of up to 10 ms−1

or around 165 %. The SW1 component has maximal values
in August/September of around 12 ms−1, with a large short-
term variation of up to 15 ms−1 or 125 %. The SW3 com-
ponent peaks around February/March/April, with values of
around 5 ms−1, and again with a large short-term variation
of around 7–8 ms−1 or around 150 %.

Finally, we come to the modelled meridional winds. In
the migrating components (DW1 and SW2), we observe a
very similar pattern to the migrating components seen in
the zonal wind field, with similar amplitudes in the polar
regime, but with almost double the amplitude in the equato-
rial regime, giving maximal amplitudes of around 70 ms−1.
The DW1 component in the equatorial regime has the same
March/April and October/November peak seen in the zonal
winds, with amplitudes here of around 60 and 55 ms−1, re-
spectively. In the meridional winds, we also see larger values
in June of near 60 ms−1. The short-term variation seen is
up to 20 ms−1 or around 33 % of the base value. The SW2
component has more pronounced peaks in April/May and
September/October (the equinoxes) than the zonal winds,
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Figure 14. Tidal amplitudes as a function of time for the latitudes of 8 and 68◦ S, showing the short-term variability in the migrating compo-
nents and largest non-migrating tidal components over the course of the year for (a) temperature, (b) zonal (u) winds, and (c) meridional (v)
winds. The bold line represents the value from the 30 d sliding window, and the faded line represents the value obtained using the 1 d sliding
window.
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with values of 30 and 20 ms−1, respectively. Short-term vari-
ation occurs up to a value of 10 ms−1 or around a 33 %–
50 % variation. Moving on to the migrating components in
the polar regime, as noted previously, these have very sim-
ilar structure and magnitude to the migrating components
seen in the zonal winds, and so we refer the reader to this
analysis. The non-migrating components see maximal am-
plitudes of around 60 ms−1, which is similar to the maximal
amplitude seen in the migrating components. In the equa-
torial regime, we again focus on the DE3, DW2, and DW3
components. DE3 component has consistently smaller am-
plitudes than those seen in the corresponding component in
the zonal winds, with amplitudes always less than 10 ms−1.
The short-term variation is still pronounced; however, this is
with a magnitude of up to 10 ms−1 or over 100 % variation.
The DW2 component has a very similar structure to that seen
in the zonal winds but with almost double the magnitude,
peaking in November/December with a value of 38 ms−1.
We observe short-term variation of up to 22 ms−1 or a vari-
ation of nearly 60 %. Finally, coming to the DW3 compo-
nent, we see a similar structure to that seen in the zonal
wind, but with a larger peak in August/September of around
20 ms−1 and a slightly larger peak in January/February of
around 14 ms−1. Short-term variation seen here is at most
15–20 ms−1 or around 100 % variation in general. We now
approach the non-migrating tidal components in the polar
regime and again focus on the S0, SW1, and SW3 compo-
nents. As with the migrating components in the polar regime,
these have very similar structure and magnitude to that seen
in the zonal wind non-migrating components, and so we refer
the reader to this analysis.

In summary, the tidal properties considering short-term
variability for (i) modelled temperature, (ii) modelled zonal
wind, and (iii) modelled meridional wind are as follows:

– Maximal amplitudes of the migrating components in the
equatorial regime are, for DW1, (i) 8 K and (ii) 30 and
(iii) 60 ms−1, and for SW2, (i) 12 K and (ii) 12 and (iii)
30 ms−1.

– Maximal amplitudes of the migrating components in the
polar regime are, for DW1, (i)< 5 K and (ii) 12 and (iii)
12 ms−1, and for SW2, (i) < 5 K and (ii) 28 and (iii)
28 ms−1.

– Short-term variation or tidal weather in the migrating
components can lead to a percentage variation (relative
to the 30 d sliding window values) of up to (i) 50 %, (ii)
40 %, and (iii) 50 %.

– Maximal amplitudes of the non-migrating components
considered in the equatorial regime are (i) 5 K and (ii)
20 and (iii) 38 ms−1.

– Maximal amplitudes of the non-migrating components
considered in the polar regime are (i) < 5 K and (ii) 12
and (iii) 12 m s−1.

– Short-term variation or tidal weather in the diurnal non-
migrating components considered can lead to a percent-
age variation (relative to the 30 d sliding window values)
of up to (i) 140 %, (ii) 130 %, and (iii) 100 %.

– Short-term variation or tidal weather in the semidiur-
nal non-migrating components considered can lead to a
percentage variation (relative to the 30 d sliding window
values) of up to (i) 75 %, (ii) 165 %, and (iii) 165 %.

This completes our analysis of the migrating and non-
migrating tidal components observed in the modelled tem-
perature and zonal and meridional wind fields from the Ex-
tended Unified Model, and we proceed to put these results in
the context of other modelling and observational studies in
the discussion which follows.

4 Discussion

In the results presented above, we observe significant mag-
nitude and structure in the components of both the migrat-
ing and non-migrating components across the range of di-
agnostics considered. Here, we place these results in the
context of other modelling and observational studies of mi-
grating and non-migrating tides and discuss the similarities
and differences observed. Note that there are a large num-
ber of diagnostics which could be considered for such multi-
dimensional data. Thus, we must naturally restrict the dis-
cussion to a limited subsection of the data but one which
is representative of the phenomena observed in the ExUM.
For observational data, we use both meteor radar data and
satellite observations. The zonal and meridional wind mea-
surements used are from a High Resolution Doppler Im-
ager (HRDI) aboard the Upper Atmosphere Research Satel-
lite (UARS) and a Doppler Imager (TIDI) aboard the NASA
Thermosphere, Ionosphere, Mesosphere, Energetics and Dy-
namics (TIMED) explorer. Temperature measurements used
are from the Sounding of the Atmosphere using Broadband
Emission Radiometry (SABER) also aboard the TIMED ex-
plorer.

We consider the studies of Miyoshi et al. (2017), who
used an atmosphere–ionosphere coupled model to investigate
non-migrating atmospheric tides, Hagan and Forbes (2002),
who used the linear mechanistic Global Scale Wave Model
(GSWM) to investigate migrating and non-migrating tides
in the MLT, Oberheide et al. (2011), who presented results
from the Climatological Tidal Model of the Thermosphere
(CTMT) from 80–400 km, Hibbins et al. (2019), who made
observations using meteor radar wind data from the Super
Dual Auroral Radar Network (SuperDARN) in the North-
ern Hemisphere at around 60◦ N and at around 95 km, Chang
et al. (2012), who compared ground-based observations of
equinox diurnal tide wind fields from the first Climate and
Weather of the Sun–Earth System (CAWSES) Global Tidal
Campaign with results from five commonly used models,
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Pokhotelov et al. (2018), who compared meteor–radar ob-
servations made in Germany and Norway to the Kühlungs-
born Mechanistic Circulation Model (KMCM), Dempsey
et al. (2021), who compared meteor–radar observations at
Rothera to the Whole Atmosphere Community Climate
Model (WACCM) and the Extended Canadian Middle At-
mosphere Model (eCMAM), Ortland and Alexander (2006),
who compared observations of the diurnal tide from TIDI
and UARS winds and SABER temperatures against a linear
mechanistic tide model, Iimura et al. (2010), who provided
an assessment of non-migrating semidiurnal tides present in
TIDI wind measurements, Oberheide et al. (2006, 2007),
who also examined non-migrating diurnal and semidiurnal
tides in TIDI wind measurements, Wu et al. (2008a, b, 2011),
who examined migrating and non-migrating diurnal and
semidiurnal tides in TIDI wind measurements, Angelats i
Coll and Forbes (2002), who examined both migrating and
non-migrating semidiurnal tides in UARS meridional winds,
Huang and Reber (2004), who examined both migrating and
non-migrating diurnal and semidiurnal tides in UARS wind
measurements, Zhang et al. (2006) and Forbes et al. (2008),
who presented both migrating and non-migrating diurnal and
semidiurnal tides in SABER temperature measurements, Li
et al. (2015), who presented DE3 and SE2 tidal components
from SABER temperature measurements, and Dhadly et al.
(2018), who presented short-term DW1 and SW2 amplitudes
from TIDI, as well as from the Navy Global Environmental
Model–High Altitude version (NAVGEM-HA).

4.1 Non-migrating components

We focus first on the non-migrating components produced by
the ExUM and discuss these in the context of other studies of
non-migrating components in the MLT.

4.1.1 DE3

Given the importance of DE3 in producing the wavenum-
ber 4 structures observed in low-latitude total electron con-
tent in the ionosphere (Forbes et al., 2008), we first focus on
this non-migrating component. We shall summarise the re-
sults observed in previous modelling and observational stud-
ies and then compare with the results from the ExUM.

Miyoshi et al. (2017) considered the temperature field and
found that DE3 was the largest of all non-migrating tidal
components in the MLT (peaking around 17 K amplitude at
110 km at the Equator; however, at 80 km a maximal am-
plitude of 3 K is observed at 20◦ S and 20◦ N). Hagan and
Forbes (2002) obtained a DE3 component of 30 K amplitude
at 115 km compared to a 17 K observed amplitude. Ober-
heide et al. (2011) observed, in September at 100 km, a zonal
wind DE3 with maximal amplitude at the Equator of around
18–20 ms−1, no meridional wind DE3 component (DE3 is a
Kelvin (equatorially trapped) wave, and hence must have no
meridional wind component), and a temperature DE3 com-

ponent with a maximal amplitude around the Equator of
around 9 K. Finally, the zonal wind field was also investi-
gated at 90 km. The non-migrating components vanish on
moving down to 90 km, i.e. the DE3 component observed
previously disappears.

Considering the ExUM fields at 95 km, the DE3 compo-
nent has a maximal amplitude of around 5 K in the temper-
ature field, 17 ms−1 in the zonal wind field, and 15 ms−1 in
the meridional wind field. It would also be informative to
consider the DE3 component produced in the ExUM at dif-
ferent model heights. We therefore plot this in Fig. 15.

In the temperature field, we see a distinct increase in the
amplitude of the DE3 component with increasing height. We
see a peak value of around 10 K at 107 km and a value of
4–5 K in September at 100 km. While it is not inconceivable
that the DE3 component could have maximal amplitudes of
17 K at 115 km, this component appears to be slightly un-
derestimated in the modelled temperature field. In the zonal
wind field, we also observe a distinct increase in the DE3
amplitude with increasing height. It reaches amplitudes of
around 16 ms−1 at 100 km in September but has values up to
around 20 ms−1 in other months. These values are compara-
ble to those seen in CTMT. Unlike CTMT, however, the DE3
component is generally smaller at 90 km but certainly does
not disappear at this altitude. Finally, the meridional wind
field is, in contrast to CTMT, non-zero at 100 km. It does not
appear to greatly increase with increasing height and actually
peaks with amplitudes around 15 ms−1 in January at 95 km.

Finally, we focus on a more detailed comparison with ob-
servational results and how they compare with the ExUM
DE3 tidal fields produced.

In temperature, the satellite observations come from
SABER. Forbes et al. (2008) observed DE3 amplitudes at
95 km in August/September of 6–8 K at around 10◦ S and de-
caying either side of this latitude. Maximal values of 12 K are
observed at the same latitude at 105–110 km. There is a tran-
sition from a two-peak structure at lower altitudes (76 km)
to a single-peak structure at higher altitudes (116 km), with
this single-peak structure having maximal values in Au-
gust/September with near-zero values over equatorial winter.
Zhang et al. (2006) and Li et al. (2015) echo these results.
In comparison to the fields produced by the ExUM, the lat-
itudinal structure is well captured with a transition from a
two-peak to single-peak structure apparent with increasing
altitude. The peak magnitudes are also fairly similar for the
heights considered, although the ExUM perhaps slightly un-
derestimates the DE3 component at the upper heights of the
model. However, it is the seasonal dependence that is the ma-
jor discrepancy. A peak value is seen in August, but the peak
persists for months such as November and January, where
small or zero values are observed in the SABER measure-
ments.

The zonal wind is provided by satellite observations from
TIDI and UARS. Oberheide et al. (2006) observed DE3 am-
plitudes at 95 km with maximal amplitudes of 14 ms−1 in
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Figure 15. Latitude–amplitude plot of DE3 tidal amplitudes at various heights across the year for (a) temperature, (b) zonal (u) winds,
and (c) meridional (v) winds.

August/September at (or just south of) the Equator, growing
to 18 ms−1 at around 100–105 km. There is a pronounced
period of maximal amplitudes from July to September oc-
curring with a single peak structure, with minimal ampli-
tudes in December/January/February and May/June, often

with a two-peak structure. Wu et al. (2008b) echo these re-
sults but with slightly larger values of 16 ms−1 at 95 km
growing to around 25 ms−1 at around 105 km. Huang and
Reber (2004) also echo these results but with larger values
again of 20 ms−1 at 95 km. In comparison to the fields pro-
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duced by the ExUM, the peak values in August are more
in keeping with Huang and Reber (2004) but are generally
similar to the other studies considered. The increase in am-
plitude with increasing height and the latitudinal structure is
also reproduced, with a single-peak structure seen in months
with large amplitudes and a two-peak structure often seen
in months with smaller amplitudes. However, once more the
seasonal dependence is the major discrepancy. Larger values
are seen in August/September, with smaller values in May
and June, but large values are seen in January–March, where
much smaller values are observed in TIDI and UARS mea-
surements.

The meridional wind field is also provided by satellite ob-
servations from TIDI and UARS. Oberheide et al. (2006) ob-
served DE3 amplitudes at 95 km, with maximal amplitudes
of 10 ms−1 in January/February at the Equator, which do
not grow further with increasing height. Maximal amplitudes
are generally in November, December, and January to April,
with smaller amplitudes for the rest of the year and with
a year-round single peak structure. Wu et al. (2008b) and
Huang and Reber (2004) both echo these results. In com-
parison to the fields produced by the ExUM, we see that the
ExUM DE3 meridional component has amplitudes which are
slightly larger than those observed, peaking around 15 ms−1.
However, the latitudinal single-peak structure, the seasonal
structure, and lack of significant increase with increasing
height are all features which are also produced by the mod-
elled meridional wind.

Ultimately then, while some differences do exist between
the ExUM and other models and observational studies, it is
notable that the DE3 component is of significant magnitude
for all diagnostics considered and is in fact one of the larger
components of the motion field.

4.1.2 Other non-migrating components

We move our attention to other non-migrating components
found in the studies introduced above.

Miyoshi et al. (2017) found other components of note
in the diurnal non-migrating tides are DE2, DW2, and D0,
with amplitudes of around 7 K in the 90–100 km region. Ha-
gan and Forbes (2002) found that DE3 also generates DW5,
SW6, and SE2 via zonal wavenumber 4 interactions and
DW2, D0, SW3, and SW1 via zonal wavenumber 1 inter-
actions. DW2 was around 5 K, which was comparable with
observed values. The study of Oberheide et al. (2011), us-
ing the CTMT (introduced above) in September at 100 km,
observed some spread from DW1 to D0 and DW2 in the
zonal wind, with amplitudes around 10 ms−1. The merid-
ional wind also has D0 and DW2 components, with ampli-
tudes around 10 ms−1. Finally, the temperature field sees am-
plitudes spread from the DW1 to the DW2 component, with
amplitudes around 6–7 K.

Considering the ExUM temperature field at 95 km, DW2 is
the largest of all non-migrating components, peaking around

11 K at the Equator. DE2 and DW3 reach maximal ampli-
tudes around 5 K, while other components remain below 5 K.
The ExUM is consistent with the studies considered in that
it reproduces a large DW2 component, with magnitudes of
around 5 K in September at 95 km, consistent with values
observed in CTMT at 100 km. The DE2 magnitude is also
similar to that observed by Miyoshi et al. (2017), but we do
not see magnitudes above 5 K in the D0 or DW5 components.
In the wind fields at 95 km in September, DW2 peaks around
20 ms−1, larger than that observed in CTMT, whereas D0
has peak amplitudes around 5 ms−1, smaller than that seen
in CTMT.

Miyoshi et al. (2017) observed that SW3 was the largest
of all the semidiurnal non-migrating components in MLT
(around 8 K at 110 km). Other components of note are SE2
and SW1, with amplitudes of around 6 K at 110 km. Hi-
bbins et al. (2019) found that, in general, the semidiurnal
tide was dominated by the SW2 (migrating) component with
smaller contributions from SW1 and SW3, especially around
the equinoxes. They found that the semidiurnal components
maximised in the autumn equinox, with a secondary win-
tertime maximum. Iimura et al. (2010) demonstrated that a
non-migrating SW1 is clearly present in the MLT horizon-
tal winds in the Northern Hemisphere, maximising around
60◦ N in late spring/early summer. In addition, a SW3 and
weaker S0 component were also evident in the lower ther-
mosphere. The study of Oberheide et al. (2011), using the
CTMT (introduced above) in September at 100 km, observed
some spread of the SW2 component in the zonal wind
into the SW1 and SW3 components, with maximal ampli-
tudes around 10–14 ms−1. These components disappeared at
90 km. There are no notable non-migrating semidiurnal com-
ponents in the meridional wind or temperature fields.

Considering the ExUM temperature field at 95 km, SE2,
SW1, SW3, and SW4 all have similar magnitudes of around
3–4 K, with the peak SW3 values occurring at the equinoxes.
These values are not inconsistent with the values observed
by Miyoshi et al. (2017) at 110 km. In the zonal wind field at
95 km, SE2, SW1, SW3, and SW4 are again the larger com-
ponents, with values around 10 ms−1. These larger semidiur-
nal components are, in general, similar to the observations of
Hibbins et al. (2019) and Iimura et al. (2010). The seasonal
dependence is less obvious, but at around 60◦ N, the SW1
component appears to be at its largest in April. The SW1
and SW3 components in the ExUM are consistent with those
observed by Oberheide et al. (2011). However, we also ob-
serve significant semidiurnal non-migrating components in
the meridional wind, which are not seen in their study, with
values around 15 ms−1.

Finally, we focus on a more detailed comparison with
observational results and how they compare with the other
ExUM non-migrating tidal fields produced. We generally
look at DW2 and SW1 to limit the discussion.

Forbes et al. (2008) observed DW2 tidal amplitudes in
temperature at 96 km peaking at 7 K in a single peak at the
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Equator around November/December. The tide persists from
September to February and is near zero for the rest of the
year. In comparison, the ExUM has slightly larger peak am-
plitudes of 11 K at 95 km in December, and in general, a
three-peak structure centred on the Equator is evident (akin
to the migrating tide) rather than a single peak at the Equa-
tor. The seasonal dependence is generally well replicated but
with non-zero values persisting for much of the year.

Oberheide et al. (2006) observed DW2 tidal amplitudes
in zonal wind at 95 km, peaking at 12 ms−1 in September
at 25–30◦ S, generally occurring with a two-peak structure
either side of the Equator. Larger magnitudes are observed
from September to February, with smaller amplitudes for the
rest of the year. Wu et al. (2008b) includes higher latitudes
and observed larger peak amplitudes of up to 20 ms−1, which
occur in April/July at around 50◦ S with the smaller two-
peak structure replicated in some months. Huang and Reber
(2004) also observe larger peak amplitudes of 16 ms−1 oc-
curring in July/September at around 40◦ S. In comparison,
the ExUM DW2 tide peaks with amplitudes around 20 ms−1

at 95 km in November/December at 25–30◦ S and 25–30◦ N.
Thus the two-peak structure is replicated in latitude but with
larger amplitudes than those observed. In addition, the mod-
elled DW2 does not have larger amplitudes at higher lati-
tudes. The seasonal dependence is also not well replicated,
with small amplitudes in April and July. However, larger am-
plitudes through the latter part of the year are generally seen.
Looking at the SW1 zonal tide at 95 km, Wu et al. (2011)
observed maximal amplitudes around 18 ms−1 in Novem-
ber/December/January at 70–90◦ S. Values of around 9 ms−1

persist for much of the rest of the year at high southerly lat-
itudes. In comparison, the ExUM also has an SW2, which is
large at high southerly latitudes but with maximal values of
10–15 ms−1. The seasonal dependence is also not replicated
with the largest values occurring in March and August.

Oberheide et al. (2006) observed DW2 tidal amplitudes
in meridional wind at 95 km, peaking at 18 ms−1 in Febru-
ary and September at 20–25◦ S, occurring with a two-peak
structure either side of the Equator as in the zonal tide. The
meridional tide also has larger magnitudes from Septem-
ber to February, with smaller amplitudes for the rest of the
year. Huang and Reber (2004) echo these results, as do Wu
et al. (2008b), but with larger maximal amplitudes of around
25 ms−1 observed. In comparison, the ExUM DW2 tide has
a much larger peak amplitude of around 40 ms−1 in De-
cember. The seasonal dependence is reasonably well repli-
cated, with the biggest discrepancy being the large values
in May which are not seen to this extent in observations.
The two-peak latitudinal structure is well replicated. Look-
ing at the SW1 meridional tide at 95 km, Oberheide et al.
(2007) observe peak amplitudes of around 8 ms−1 in Jan-
uary/February at around 45◦ S. Huang and Reber (2004) ob-
served similarly large values in February at around 40◦ S. Wu
et al. (2011), and Angelats i Coll and Forbes (2002) include
higher latitudes. Wu et al. (2011) observe peak amplitudes of

15–18 ms−1 in December at 70–90◦ S. Generally, the largest
amplitudes are seen in October to January at high southern
latitudes, with amplitudes up to 9 ms−1 observed in Febru-
ary to September at high northern latitudes. Angelats i Coll
and Forbes (2002) observe a similar latitudinal and seasonal
structure but with smaller peak southern latitude amplitudes
of around 10 ms−1. In comparison, the ExUM has a simi-
lar peak magnitude of around 16 ms−1 at high southern lat-
itudes, but this is observed in August rather than December,
and thus the seasonal dependence is not well replicated. Am-
plitudes of around 9 ms−1 are seen at high northern latitudes
in April and May, which are consistent with observations.

The ExUM results here reinforce the conclusions of the
studies above, which is that there are significant amplitudes
present across several non-migrating components. Generally,
the latitudinal structure is well replicated, but it is the sea-
sonal structure which is the major discrepancy between the
modelled non-migrating tides and observations.

4.2 Migrating components

We now focus on the migrating tidal components produced
by the ExUM and discuss these results in the context of other
studies of migrating components in the MLT.

Chang et al. (2012) observed that the models resolved
the expected bimodal structure with tropical peaks asso-
ciated with the diurnal migrating tide. Zonal wind ampli-
tudes at 90 km ranged from around 50 ms−1 in GSWM
and eCMAM and around 25 ms−1 in WACCM3 to around
10 ms−1 in TIME-GCM. In meridional wind, amplitudes at
90 km ranged from 70–80 ms−1 in GSWM and eCMAM
and 30 ms−1 in WACCM3 to 15 ms−1 in TIME-GCM. Peak
amplitudes in WACCM3 were found to occur around 15◦ S
and 15◦ N, whereas, in GSWM and eCMAM, peaks oc-
curred around 25◦ S and 25◦ N. At 22◦ N, the 95 km zonal
wind diurnal amplitudes increased to 65 ms−1 in GSWM,
decreased to 40 ms−1 in eCMAM, and increased to 40 ms−1

in WACCM3. The 95 km meridional wind diurnal amplitudes
increased to 100 ms−1 in GSWM and remained roughly con-
stant in eCMAM and WACCM. Day-to-day variability or
tidal weather was not overly present in the models used, but
radar observations showed variations in zonal wind diurnal
amplitudes from around 5 ms−1 up to as much as 40 ms−1

over a 5 d period at latitudes around peak tidal amplitudes
and variations in meridional wind diurnal amplitudes from
around 15 ms−1 up to as much as 80 ms−1.

In comparison with these results, the ExUM also yields a
two-peaked structure in the equinox diurnal tide winds fields
with peaks in the tropics. The zonal wind component of this
tide at 95 km peaks at 30–35 ms−1 in equinox conditions,
whereas the meridional wind component has peak ampli-
tudes around 50–55 ms−1. In both cases, the peaks are ob-
served around 20–30◦ S and 20–30◦ N. This peak location
is therefore closer to GSWM and eCMAM than WACCM3.
Both wind components of the diurnal amplitudes observed
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in the ExUM fall between those observed in GSWM and eC-
MAM (which are larger) and those observed by WACCM3
and TIME-GCM (which are smaller), which suggests that the
tidal magnitudes produced by the ExUM are at least reason-
ably consistent with other high-top models. The ExUM am-
plitudes are taken at 95 km, whereas the others are taken at
90 km, so some caution must be taken in drawing too many
conclusions. However, it is worth noting that the values ob-
served at 22◦ N by Chang et al. (2012) at 95 km also lead to
the same conclusions when comparing with the ExUM am-
plitudes. Finally, the short-term variability in zonal wind di-
urnal amplitudes varies from around 15 ms−1 up to as much
as 35 ms−1 around the September equinox, with the merid-
ional wind varying from around 30 ms−1 up to as much
as 60 ms−1 around the September equinox. This amount of
variation was not observed in the models used, and it is
encouraging that the ExUM produces short-term variation
which is similar in magnitude to that seen in the radar ob-
servations presented in the study.

The short-term variability in meridional wind diurnal and
semidiurnal amplitudes can also be compared with the re-
sults of Dhadly et al. (2018). It should be taken into account
that the results presented therein use a different year and data
from heights between 80 and 95 km for the DW1 component
and from heights between 85 and 100 km for the SW2 com-
ponent. In terms of the DW1 component, the NAVGEM-HA
exhibits short-term variation up to around 40 ms−1 in Febru-
ary/March. The short-term variation in TIDI measurements
is seen to be much greater at around 70 ms−1 over the course
of March. In comparison, the ExUM exhibits short-term vari-
ation of around 35 ms−1 in February and June and of around
40 ms−1 in November – values which compare favourably
with those in NAVGEM-HA but differ from TIDI observa-
tions. In terms of the SW2 component, the NAVGEM-HA ex-
hibits a short-term variation of as much as 80 ms−1 in March
and September. The short-term variation in TIDI measure-
ments is seen to be much greater at around 120 ms−1 in many
months. In comparison, the ExUM exhibits a short-term vari-
ation which is much weaker, of at most 15 ms−1, in April and
September.

We now consider the migrating tides produced by CTMT
in the study of Oberheide et al. (2011, introduced above) in
September at 100 km. In terms of the diurnal migrating tides,
the zonal wind showed a two-peak DW1 structure at 30◦ S
and 30◦ N, with a maximal amplitude of 16–18 ms−1. The
meridional wind showed a two-peak DW1 structure at 20◦ S
and 20◦ N, with a maximal amplitude of 26 ms−1. The tem-
perature field showed a three-peak DW1 structure with the
largest peak at the Equator and two smaller peaks at 40◦ S
and 40◦ N. The equatorial peak has a maximal amplitude
of 15 K, while the smaller peaks have maximal amplitudes
around 6–7 K. Moving to the semidiurnal migrating tide, the
zonal wind showed a two-peak SW2 structure at 50–60◦ S
and 40◦ N (and some larger values observed between 20–
30◦ S) with a maximal amplitude of 28 ms−1. The meridional

wind has a four-peak structure, with two larger peaks at 50–
60◦ S and 40◦ N and smaller peaks at 20–30◦ S and 0–10◦ N.
The larger peaks have amplitude around 25–30 ms−1, while
the smaller peaks have amplitudes around 20 ms−1. Finally,
the temperature field showed a three-peak SW2 structure,
with the largest peak at 20◦ N with smaller peaks at 40 and
10◦ S. The largest peak at 20◦ N has 13 K amplitude, while
the smaller peaks have amplitudes around 7–10 K.

We again must be cautious in drawing too many conclu-
sions in the comparison with ExUM fields taken at 95 km,
but we can at least have some idea of the broad features of
the modelled tides. The location of each peak is very similar
in the zonal and meridional diurnal amplitudes, with max-
imal amplitudes around half that seen in the ExUM in both
cases. The three-peak temperature structure concurs with that
seen in the ExUM, with similar magnitudes observed for
each of the three peaks. The location of the peaks in tem-
perature is well replicated in ExUM compared to CTMT.
Looking at the semidiurnal migrating tides, the ExUM zonal
wind maximal amplitude is around 40 ms−1 in September,
which is around 10 ms−1 larger than that seen in CTMT. The
two-peak structure is replicated in the ExUM, with the third
smaller peak around 15◦ S being similar to the larger val-
ues seen in CTMT between 20–30◦ S. The ExUM meridional
wind maximal amplitude is around 20 ms−1 in September,
which is slightly less than that seen in CTMT. The four-peak
structure is also observed in the ExUM, with peaks at similar
locations. Finally, the three-peak structure is also observed
in the ExUM temperature field in September, with the peaks
in similar locations to those seen in CTMT but with smaller
magnitudes – the northernmost peak is at around 7 K, with
the two other peaks at around 5–6 K.

Ortland and Alexander (2006) placed a particular focus on
tuning the gravity wave (GW) forcing to best reflect the di-
urnal tide structure rather than to focus the tuning on match-
ing observed mean wind and temperature structure as is stan-
dard practice. They observed diurnal meridional wind ampli-
tudes at 95 km with a similar latitudinal structure to that ob-
served in the ExUM. The peak magnitudes are, on the whole,
slightly larger in TIDI and their tidal model, ranging from
60–80 ms−1, whereas we observe values around 50 ms−1

in the ExUM in March. The conclusions, when comparing
the diurnal temperature amplitude at 95 km, are similar. A
similar latitudinal structure is observed but with peak magni-
tudes being, on the whole, slightly larger in SABER and their
tidal model – around 20 K – than those observed in ExUM –
around 15 K – in March.

While the focus of our study is not on the development
of the GW parameterisation (the focus is rather to provide a
detailed decomposition of the migrating and non-migrating
components produced by the ExUM), it is nevertheless per-
tinent to discuss aspects of the GW parameterisation here to
aid future development, particularly in the context of studies
such as Ortland and Alexander (2006) and Yiğit et al. (2021).
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As noted in Sect. 2, the ExUM uses the non-orographic Ul-
tra Simple Spectral Parameterization (USSP) of Warner and
McIntyre (2001) and includes frictional heating due to grav-
ity wave dissipation and consequent loss of kinetic energy
(see Walters et al., 2019, for more details).

Ortland and Alexander (2006) found that the inclusion of
GW forcing tuned for tidal structure acted to narrow the peak
location by around 5◦. It was noted that the overall effects
of gravity wave momentum forcing is highly dependent on
the chosen gravity wave parameterisation and chosen source
spectrum. Yiğit et al. (2021) showed that implementing a lati-
tudinally varying GW source spectrum can have a significant
impact on middle atmosphere circulation, which can there-
fore have an important effect on the diurnal tides.

It has also been recently suggested that in situ GW gen-
eration above the troposphere and non-primary (e.g. sec-
ondary) GW parameterisation is necessary to obtain po-
lar winter eastward winds in the MLT (Becker and Vadas,
2018, 2020), which is missing from current high-top models
(e.g. Dempsey et al., 2021, in the context of WACCM and
eCMAM and Griffith et al., 2021, in the context of ExUM).

Therefore, to improve the capability of the ExUM in the
MLT, we recommend further studies to investigate (i) the im-
pact on the middle atmosphere mean flow structure of tun-
ing the parameters of the USSP to produce the correct tidal
structure in the MLT, (ii) the appropriate latitudinal and az-
imuthal variation in the source spectrum of the USSP for
gravity wave parameterisation in the MLT, (iii) the impact
of such a latitudinally and azimuthally varying source spec-
trum on the tidal structure in the MLT and on the mean wind
and temperatures in the middle atmosphere, (iv) the impact
of GW heating on tidal amplitudes in the MLT, and (v) the
impact of in situ and non-primary GW generation on mod-
elled winds and tides in the MLT.

Finally, we focus on a more detailed comparison with ob-
servational results and how they compare with the ExUM
migrating tidal fields produced.

The meteor–radar observations discussed in Pokhotelov
et al. (2018) show Northern Hemisphere semidiurnal zonal
and meridional wind tidal amplitudes with values larger than
40 ms−1, which we do not observe in the fields produced
by the ExUM. However, the meteor–radar observations dis-
cussed in Dempsey et al. (2021) show Southern Hemisphere
semidiurnal zonal and meridional wind amplitudes of 20–
40 ms−1, which is in keeping with the values seen in the
Southern Hemisphere in the ExUM. It should be noted that
interannual variability is currently not included in the mod-
elled values, which could account for some of the differences
observed with this study.

Satellite observations are primarily from SABER for tem-
perature and UARS and TIDI for winds, as introduced above.
Focusing first on temperature, the study of Forbes et al.
(2008) observes a DW1 at 100 km, with a strong three-peak
structure centred on the Equator, with the outer peaks around
30◦ S and 30◦ N in March to May, with amplitudes around

20 K. This becomes weaker in other parts of the year, with
values closer to 10–15 K, with a pronounced low around Jan-
uary. SW2 at 100 km has a less clear latitudinal structure, but
there tend to be maxima either side of the Equator in bands
from 10–30◦ N and 5–40◦ S, with the southerly peak in May
to July and the northerly peak around January to March, with
values around 15 K. The study of Zhang et al. (2006) shows
similar seasonal and latitudinal variation but with amplitudes
of 10–15 K for the diurnal migrating tide and 5–10 K for the
semidiurnal migrating tide at 95 km. In comparison to the
fields produced by the ExUM, we see a strikingly similar lat-
itudinal structure in DW1 tide and a reasonably similar struc-
ture in the SW2 tide. The peak magnitudes are also similar
with values of 10–15 K for the ExUM DW1 tide and 5–10 K
for the ExUM SW2 tide. In the SW2 tide, the seasonal varia-
tion is also similar; however, it is the seasonal structure in the
DW1 tide where there is the largest discrepancy. We observe
peak values in the ExUM occurring in June and November
with lows around August. It should be noted that the seasonal
variation is significantly less pronounced, with the equatorial
peak varying only between lows of 10 K and highs of 16 K.

Looking at observations of zonal winds, Wu et al. (2008a)
observed peak values in the DW1 tide from TIDI at 95 km
at around 30–40◦ S and 30–40◦ N, with values of 60 and
40 ms−1, respectively. These peak values tend to occur
around April but with larger values up to 40 ms−1 seen
throughout the year. Wu et al. (2011) observed peak values
in the SW2 tide from TIDI at 95 km at around 50–70◦ S and
50–70◦ N, with peak values around 30–40 ms−1. The South-
ern Hemisphere peaks occur around April and December,
whereas the Northern Hemisphere peaks occur around Jan-
uary and August. Huang and Reber (2004) observe peak val-
ues in the DW1 tide from UARS at 95 km, which are slightly
more equatorward, but with similar maximal amplitudes and
a pronounced peak in March/April, with much lower values
throughout the rest of the year. In comparison to the fields
produced by the ExUM, the latitudinal structure is well re-
produced, with similar, but often smaller, peak magnitudes
in both the DW1 and SW2 tide. The pronounced peak in
March/April is not seen in the ExUM DW1 tide, with lit-
tle variation over the course of the year. We see much more
variation in the SW2 tide, with the May peak in the South-
ern Hemisphere and January/August/September peak in the
Northern Hemisphere not being too dissimilar to observa-
tions. It is once more the seasonal structure of DW1 that rep-
resents the largest discrepancy.

For the meridional winds, Wu et al. (2008a) observed peak
values in the DW1 tide from TIDI at 95 km at around 20◦ S
and 20◦ N, with values around 60–70 ms−1 in March and
September/October. Wu et al. (2011) observed peak values
in the SW2 tide from TIDI at 95 km at around 50–70◦ S and
50–70◦ N, as in the zonal wind, with peak values around
40 ms−1 and with smaller peaks also apparent at lower lat-
itudes. We see peak values in the Southern Hemisphere in
June and in the Northern Hemisphere in August/December/-
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January. Angelats i Coll and Forbes (2002) observe a sim-
ilar latitudinal and seasonal structure in the SW2 tide from
UARS, with slightly larger magnitudes of up to 50 ms−1 at
95 km. Huang and Reber (2004) observe peak values in the
DW1 tide from UARS at 95 km, in keeping with those ob-
served by Wu et al. (2008a). In comparison to the fields pro-
duced by the ExUM, the latitudinal and seasonal structure
and maximal amplitudes are very similar to observations,
with no major discrepancies.

In summary, across all the tides considered, the ExUM re-
sults illustrate a strong amplitude variation with latitude and
month across the many components considered. There are
small discrepancies in the latitudinal peak location of the
modelled tides and small discrepancies where tidal magni-
tudes are over-/underestimated. However, the largest discrep-
ancy compared with observations appears to be the seasonal
structure, which is only occasionally reproduced and often
differs greatly from observed values. It is possible that a fac-
tor in this discrepancy in seasonal structure is the simplified
radiation and chemistry implementation used – namely that
the climatological temperature profile used only gives a sim-
ple approximation for monthly and latitudinal variation com-
pared to real values, with no interannual variation, and the
ozone background files used also only give a simple approxi-
mation for monthly and latitudinal variation compared to real
values, also with no interannual variation. This study there-
fore reinforces that the details of the gravity wave parameter-
isation and radiation/chemistry schemes are important in the
MLT, and this will be the focus of future model development.

5 Conclusions

In this study, we perform the first in-depth analysis of mi-
grating and non-migrating components present in the new
Extended Unified Model. We have improved on the imple-
mentation of the ExUM used in Griffith et al. (2021) by (i)
using a monthly and latitudinally varying temperature pro-
file above 90 km and (ii) using a vertical resolution based on
atmospheric-scale height so that physically important waves
are captured. We investigate the instantaneous tidal perturba-
tions and spatial wave number decomposition at two charac-
teristic latitudes – that of Ascension Island near the Equator,
where the diurnal wind tide dominates, and that of Rothera at
polar latitudes, where the semidiurnal wind tide dominates.
We characterise the latitudinal dependence of both the di-
urnal and semidiurnal tide and their variability on shorter
timescales at the equatorial and polar latitudes. The model
thus proves to be a useful tool for investigating migrating and
non-migrating components. This is particularly useful given
the difficulty in obtaining measurements of non-migrating
components.

Key results include the following:

1. The decomposition of the modelled temperature and
zonal and meridional wind fields into migrating and

non-migrating tides yields significant amplitudes across
a rich spectrum of temporal and spatial components.

2. The ExUM produces non-migrating components of sig-
nificant amplitude in the MLT. The DW2, DE3, and
DW3 components are dominant in the diurnal tide, and
the SW1, S0, and SW3 components are dominant in the
semidiurnal tide. These components include those pro-
posed as being key agents in thermosphere-ionosphere
coupling, e.g. those producing the wavenumber 4 struc-
ture in TEC (total electron content) in the ionosphere.

3. The migrating components are, in general, consistent
with those reported in other modelling and observa-
tional studies. The wind fields have a bimodal latitudinal
structure, with tropical peaks in amplitude in the case of
the diurnal tide and with an approximate bimodal struc-
ture with amplitude peaks at polar latitudes in the case
of the semidiurnal tide. The temperature field latitudi-
nal structure reveals a three-peak structure centred on
the Equator.

4. The ExUM suggests that there is significant short-term
variability in the migrating and non-migrating compo-
nents – this is particularly important given the great
difficulty of making experimental determinations of the
short-term variability in non-migrating tides.

5. There is distinct growth in the DE3 amplitude with in-
creasing height, from 90 km up to a height of around
105 km, where the model physics is still reasonably
complete. This is an important observation given the
suggested impact of DE3 in driving ionospheric vari-
ability.

6. We have proposed specific future developments of the
model to improve the accuracy and physical complete-
ness of the ExUM in the MLT, with a particular focus
on the parameterisation of gravity waves and the devel-
opment of radiation/chemistry schemes.

In summary, our results indicate the usefulness of
the ExUM in modelling atmospheric migrating and non-
migrating tides in the MLT and provide insight not only into
further developments required for the ExUM but also for de-
velopments within the broader context of whole-atmosphere
modelling.

Code availability. The Unified Model code is provided courtesy of
the UK Met Office and is subject to copyright.

Data availability. The model data are produced by the UK Met Of-
fice’s Unified Model (copyright held by the UK Met Office).

Ann. Geophys., 40, 327–358, 2022 https://doi.org/10.5194/angeo-40-327-2022



M. J. Griffith and N. J. Mitchell: Analysis of migrating and non-migrating tides of the ExUM in the MLT 355

Author contributions. The experimental concept, design of the
methodology, and interpretation of results were performed by MJG
and NJM. The model development, production of model datasets,
and non-migrating tidal analysis of the model fields were performed
by MJG. The final authorship of the paper and preparation of figures
were also performed by MJG.

Competing interests. The contact author has declared that neither
they nor their co-author has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Acknowledgements. Matthew J. Griffith and Nicholas J. Mitchell
have been supported by the University of Bath and a NERC GW4+
Doctoral Training Partnership studentship from the Natural Envi-
ronment Research Council and are thankful for the collaborative
support of the Met Office, UK.

Financial support. This research has been supported by the Uni-
versity of Bath (grant no. NE/L002434/1).

Review statement. This paper was edited by Gunter Stober and re-
viewed by three anonymous referees.

References

Akmaev, R.: Whole atmosphere modeling: Connecting ter-
restrial and space weather, Rev. Geophys., 49, RG4004,
https://doi.org/10.1029/2011rg000364, 2011.

Akmaev, R. A., Fuller-Rowell, T., Wu, F., Forbes, J., Zhang,
X., Anghel, A., Iredell, M., Moorthi, S., and Juang, H.-
M.: Tidal variability in the lower thermosphere: Comparison
of Whole Atmosphere Model (WAM) simulations with ob-
servations from TIMED, Geophys. Res. Lett., 35, L03810,
https://doi.org/10.1029/2007gl032584, 2008.

Angelats i Coll, M. and Forbes, J.: Nonlinear interactions in the
upper atmosphere: The s = 1 and s = 3 nonmigrating semidi-
urnal tides, J. Geophys. Res.-Space, 107, SIA 3-1–SIA 3-15,
https://doi.org/10.1029/2001ja900179, 2002.

Baldwin, M., Birner, T., Brasseur, G., Burrows, J., Butchart,
N., Garcia, R., Geller, M., Gray, L., Hamilton, K., Harnik,
N., Hegglin, M., Langematz, U., Robock, A., Sato, K.,
and Scaife, A.: 100 Years of Progress in Understand-
ing the Stratosphere and Mesosphere, Meteorol. Monogr.,
59, 27.1–27.62, https://doi.org/10.1175/AMSMONOGRAPHS-
D-19-0003.1, 2019.

Beagley, S. R., McLandress, C., Fomichev, V. I., and
Ward, W. E.: The extended Canadian middle atmo-
sphere model, Geophys. Res. Lett., 27, 2529–2532,
https://doi.org/10.1029/1999gl011233, 2000.

Becker, E.: Mean-flow effects of thermal tides in the meso-
sphere and lower thermosphere, J. Atmos. Sci., 74, 2043–2063,
https://doi.org/10.1175/jas-d-16-0194.1, 2017.

Becker, E. and Vadas, S. L.: Secondary gravity waves in the
winter mesosphere: Results from a high-resolution global cir-
culation model, J. Geophys. Res.-Atmos., 123, 2605–2627,
https://doi.org/10.1002/2017jd027460, 2018.

Becker, E. and Vadas, S. L.: Explicit Global Simulation of Grav-
ity Waves in the Thermosphere, J. Geophys. Res.-Space, 125,
e2020JA028034, https://doi.org/10.1029/2020ja028034, 2020.

Borchert, S., Zhou, G., Baldauf, M., Schmidt, H., Zängl, G.,
and Reinert, D.: The upper-atmosphere extension of the
ICON general circulation model (version: ua-icon-1.0), Geosci.
Model Dev., 12, 3541–3569, https://doi.org/10.5194/gmd-12-
3541-2019, 2019.

Chang, L., Ward, W., Palo, S., Du, J., Wang, D.-Y., Liu, H.-
L., Hagan, M., Portnyagin, Y., Oberheide, J., Goncharenko,
L., Nakamura, T., Hoffmann, P., Singer, W., Batista, P.,
Clemesha, B., Manson, A., Riggin, D., She, C.-Y., Tsuda,
T., and Yuan, T.: Comparison of diurnal tide in mod-
els and ground-based observations during the 2005 equinox
CAWSES tidal campaign, J. Atmos. Sol.-Terr. Phys., 78, 19–30,
https://doi.org/10.1016/j.jastp.2010.12.010, 2012.

Davis, R., Du, J., Smith, A., Ward, W., and Mitchell, N.: The di-
urnal and semidiurnal tides over Ascension Island (8◦ S, 14◦W)
and their interaction with the stratospheric quasi-biennial oscil-
lation: studies with meteor radar, eCMAM and WACCM, At-
mos. Chem. Phys., 13, 9543–9564, https://doi.org/10.5194/acp-
13-9543-2013, 2013.

Dempsey, S., Hindley, N., Moffat-Griffin, T., Wright, C., Smith, A.,
Du, J., and Mitchell, N.: Winds and Tides of the Antarctic Meso-
sphere and Lower Thermosphere: One Year of Meteor-Radar Ob-
servations Over Rothera (68◦ S, 68◦W) and Comparisons with
WACCM and eCMAM, J. Atmos. Sol.-Terr. Phys., 212, 105510,
https://doi.org/10.1016/j.jastp.2020.105510, 2021.

Dhadly, M. S., Emmert, J. T., Drob, D. P., McCormack, J. P., and
Niciejewski, R. J.: Short-Term and Interannual Variations of Mi-
grating Diurnal and Semidiurnal Tides in the Mesosphere and
Lower Thermosphere, J. Geophys. Res.-Space, 123, 7106–7123,
https://doi.org/10.1029/2018JA025748, 2018.

Ekanayake, E., Aso, T., and Miyahara, S.: Background wind
effect on propagation of nonmigrating diurnal tides in the
middle atmosphere, J. Atmos. Sol.-Terr. Phys., 59, 401–429,
https://doi.org/10.1016/S1364-6826(96)00012-0, 1997.

England, S.: A review of the effects of non-migrating atmo-
spheric tides on the Earth’s low-latitude ionosphere, Space Sci.
Rev., 168, 211–236, https://doi.org/10.1007/s11214-011-9842-4,
2012.

Fiedler, J., Baumgarten, G., and von Cossart, G.: Mean diur-
nal variations of noctilucent clouds during 7 years of lidar
observations at ALOMAR, Ann. Geophys., 23, 1175–1181,
https://doi.org/10.5194/angeo-23-1175-2005, 2005.

Fleming, E. L., Chandra, S., Barnett, J., and Corney, M.:
Zonal mean temperature, pressure, zonal wind and geopoten-
tial height as functions of latitude, Adv. Space Res., 10, 11–59,
https://doi.org/10.1016/0273-1177(90)90386-e, 1990.

Forbes, J. and Hagan, M.: Diurnal propagating tide in the pres-
ence of mean winds and dissipation: A numerical investigation,

https://doi.org/10.5194/angeo-40-327-2022 Ann. Geophys., 40, 327–358, 2022

https://doi.org/10.1029/2011rg000364
https://doi.org/10.1029/2007gl032584
https://doi.org/10.1029/2001ja900179
https://doi.org/10.1175/AMSMONOGRAPHS-D-19-0003.1
https://doi.org/10.1175/AMSMONOGRAPHS-D-19-0003.1
https://doi.org/10.1029/1999gl011233
https://doi.org/10.1175/jas-d-16-0194.1
https://doi.org/10.1002/2017jd027460
https://doi.org/10.1029/2020ja028034
https://doi.org/10.5194/gmd-12-3541-2019
https://doi.org/10.5194/gmd-12-3541-2019
https://doi.org/10.1016/j.jastp.2010.12.010
https://doi.org/10.5194/acp-13-9543-2013
https://doi.org/10.5194/acp-13-9543-2013
https://doi.org/10.1016/j.jastp.2020.105510
https://doi.org/10.1029/2018JA025748
https://doi.org/10.1016/S1364-6826(96)00012-0
https://doi.org/10.1007/s11214-011-9842-4
https://doi.org/10.5194/angeo-23-1175-2005
https://doi.org/10.1016/0273-1177(90)90386-e


356 M. J. Griffith and N. J. Mitchell: Analysis of migrating and non-migrating tides of the ExUM in the MLT

Planet. Space Sci., 36, 579–590, https://doi.org/10.1016/0032-
0633(88)90027-X, 1988.

Forbes, J., Hagan, M., and Zhang, X.: Seasonal cycle of nonmi-
grating diurnal tides in the MLT region due to tropospheric heat-
ing rates from the NCEP/NCAR Reanalysis Project, Adv. Space
Res., 39, 1347–1350, https://doi.org/10.1016/j.asr.2003.09.076,
2007.

Forbes, J., Zhang, X., Palo, S., Russell, J., Mertens, C.,
and Mlynczak, M.: Tidal variability in the ionospheric dy-
namo region, J. Geophys. Res.-Space Phys., 113, A02310,
https://doi.org/10.1029/2007ja012737, 2008.

Forbes, J. M. and Wu, D.: Solar tides as revealed by measurements
of mesosphere temperature by the MLS experiment on UARS, J.
Atmos. Sci., 63, 1776–1797, https://doi.org/10.1175/jas3724.1,
2006.

Forbes, J. M., Zhang, X., Talaat, E. R., and Ward, W.: Nonmigrating
diurnal tides in the thermosphere, J. Geophys. Res.-Space, 108,
1033, https://doi.org/10.1029/2002ja009262, 2003.

Fritts, D. C. and Alexander, M. J.: Gravity wave dynamics and
effects in the middle atmosphere, Rev. Geophys., 41, 1003,
https://doi.org/10.1029/2001RG000106, 2003.

Fritts, D. C., Vadas, S. L., Riggin, D. M., Abdu, M. A., Batista,
I. S., Takahashi, H., Medeiros, A., Kamalabadi, F., Liu, H.-L.,
Fejer, B. G., and Taylor, M. J.: Gravity wave and tidal influ-
ences on equatorial spread F based on observations during the
Spread F Experiment (SpreadFEx), Ann. Geophys., 26, 3235–
3252, https://doi.org/10.5194/angeo-26-3235-2008, 2008.

Fujiwara, H. and Miyoshi, Y.: Morphological features and vari-
ations of temperature in the upper thermosphere simulated
by a whole atmosphere GCM, Ann. Geophys., 28, 427–437,
https://doi.org/10.5194/angeo-28-427-2010, 2010.

Fuller-Rowell, T., Akmaev, R., Wu, F., Anghel, A., Maruyama,
N., Anderson, D., Codrescu, M., Iredell, M., Moor-
thi, S., Juang, H., and Hou, Y.: Impact of terrestrial
weather on the upper atmosphere, Geophys. Res. Lett., 35,
https://doi.org/10.1029/2007gl032911, 2008.

Goncharenko, L., Coster, A., Chau, J., and Valladares, C.: Im-
pact of sudden stratospheric warmings on equatorial ion-
ization anomaly, J. Geophys. Res.-Space, 115, A00G07,
https://doi.org/10.1029/2010ja015400, 2010.

Griffin, D. and Thuburn, J.: Numerical effects on vertical wave
propagation in deep-atmosphere models, Q. J. Roy. Meteorol.
Soc., 144, 567–580, https://doi.org/10.1002/qj.3229, 2018.

Griffith, M. J., Jackson, D. R., Griffin, D. J., and Budd, C. J.:
Stable extension of the unified model into the mesosphere
and lower thermosphere, J. Space Weath. Space Clim., 10, 19,
https://doi.org/10.1051/swsc/2020018, 2020.

Griffith, M. J., Dempsey, S. M., Jackson, D. R., Moffat-Griffin,
T., and Mitchell, N. J.: Winds and tides of the Extended Uni-
fied Model in the mesosphere and lower thermosphere validated
with meteor radar observations, Ann. Geophys., 39, 487–514,
https://doi.org/10.5194/angeo-39-487-2021, 2021.

Hagan, M. and Forbes, J.: Migrating and nonmigrating diurnal tides
in the middle and upper atmosphere excited by tropospheric
latent heat release, J. Geophys. Res.-Atmos., 107, ACL 6-1–
ACL 6-15, https://doi.org/10.1029/2001jd001236, 2002.

Hagan, M. and Forbes, J. M.: Migrating and nonmigrating
semidiurnal tides in the upper atmosphere excited by tropo-

spheric latent heat release, J. Geophys. Res.-Space, 108, 1062,
https://doi.org/10.1029/2002ja009466, 2003.

Hagan, M. and Roble, R.: Modeling diurnal tidal variabil-
ity with the National Center for Atmospheric Research
thermosphere-ionosphere-mesosphere-electrodynamics general
circulation model, J. Geophys. Res.-Space, 106, 24869–24882,
https://doi.org/10.1029/2001ja000057, 2001.

Hagan, M., Burrage, M. D., Forbes, J., Hackney, J., Ran-
del, W., and Zhang, X.: GSWM-98: Results for migrat-
ing solar tides, J. Geophys. Res.-Space, 104, 6813–6827,
https://doi.org/10.1029/1998JA900125, 1999.

Hagan, M., Maute, A., Roble, R., Richmond, A., Immel, T.,
and England, S.: Connections between deep tropical clouds
and the Earth’s ionosphere, Geophys. Res. Lett., 34, L20109,
https://doi.org/10.1029/2007gl030142, 2007.

Hibbins, R., Espy, P. J., Orsolini, Y., Limpasuvan, V., and Barnes,
R.: SuperDARN observations of semidiurnal tidal variabil-
ity in the MLT and the response to sudden stratospheric
warming events, J. Geophys. Res.-Atmos., 124, 4862–4872,
https://doi.org/10.1029/2018jd030157, 2019.

Hickey, M., Walterscheid, R., and Schubert, G.: Gravity wave heat-
ing and cooling of the thermosphere: Sensible heat flux and
viscous flux of kinetic energy, J. Geophys. Res.-Space, 116,
A12326, https://doi.org/10.1029/2011ja016792, 2011.

Huang, F. T. and Reber, C. A.: Nonmigrating semidiurnal and diur-
nal tides at 95 km based on wind measurements from the High
Resolution Doppler Imager on UARS, J. Geophys. Res.-Atmos.,
109, D10110, https://doi.org/10.1029/2003JD004442, 2004.

Iimura, H., Fritts, D., Wu, Q., Skinner, W., and Palo, S.: Nonmigrat-
ing semidiurnal tide over the Arctic determined from TIMED
Doppler Interferometer wind observations, J. Geophys. Res.-
Atmos., 115, D06109, https://doi.org/10.1029/2009jd012733,
2010.

Immel, T., Sagawa, E., England, S., Henderson, S., Ha-
gan, M., Mende, S., Frey, H., Swenson, C., and Pax-
ton, L.: Control of equatorial ionospheric morphology
by atmospheric tides, Geophys. Res. Lett., 33, L15108,
https://doi.org/10.1029/2006gl026161, 2006.

Jackson, D., Bruinsma, S., Negrin, S., Stolle, C., Budd, C.,
Gonzalez, R., Down, E., Griffin, D., Griffith, M., Ker-
valishvili, G., and Arenillas, D.: The Space Weather At-
mosphere Models and Indices (SWAMI) Project: Overview
and first results, J. Space Weath. Space Clim., 10, 18,
https://doi.org/10.1051/swsc/2020019, 2020.

Jackson, D. R., Fuller-Rowell, T. J., Griffin, D. J., Griffith, M. J.,
Kelly, C. W., Marsh, D. R., and Walach, M.-T.: Future di-
rections for whole atmosphere modeling: Developments in
the context of space weather, Space Weather, 17, 1342–1350,
https://doi.org/10.1029/2019SW002267, 2019.

Jin, H., Miyoshi, Y., Pancheva, D., Mukhtarov, P., Fujiwara, H., and
Shinagawa, H.: Response of migrating tides to the stratospheric
sudden warming in 2009 and their effects on the ionosphere stud-
ied by a whole atmosphere-ionosphere model GAIA with COS-
MIC and TIMED/SABER observations, J. Geophys. Res.-Space,
117, A10323, https://doi.org/10.1029/2012ja017650, 2012.

Jones Jr., M., Drob, D. P., Siskind, D. E., McCormack, J. P.,
Maute, A., McDonald, S. E., and Dymond, K. F.: Eval-
uating Different Techniques for Constraining Lower Atmo-
spheric Variability in an Upper Atmosphere General Circula-

Ann. Geophys., 40, 327–358, 2022 https://doi.org/10.5194/angeo-40-327-2022

https://doi.org/10.1016/0032-0633(88)90027-X
https://doi.org/10.1016/0032-0633(88)90027-X
https://doi.org/10.1016/j.asr.2003.09.076
https://doi.org/10.1029/2007ja012737
https://doi.org/10.1175/jas3724.1
https://doi.org/10.1029/2002ja009262
https://doi.org/10.1029/2001RG000106
https://doi.org/10.5194/angeo-26-3235-2008
https://doi.org/10.5194/angeo-28-427-2010
https://doi.org/10.1029/2007gl032911
https://doi.org/10.1029/2010ja015400
https://doi.org/10.1002/qj.3229
https://doi.org/10.1051/swsc/2020018
https://doi.org/10.5194/angeo-39-487-2021
https://doi.org/10.1029/2001jd001236
https://doi.org/10.1029/2002ja009466
https://doi.org/10.1029/2001ja000057
https://doi.org/10.1029/1998JA900125
https://doi.org/10.1029/2007gl030142
https://doi.org/10.1029/2018jd030157
https://doi.org/10.1029/2011ja016792
https://doi.org/10.1029/2003JD004442
https://doi.org/10.1029/2009jd012733
https://doi.org/10.1029/2006gl026161
https://doi.org/10.1051/swsc/2020019
https://doi.org/10.1029/2019SW002267
https://doi.org/10.1029/2012ja017650


M. J. Griffith and N. J. Mitchell: Analysis of migrating and non-migrating tides of the ExUM in the MLT 357

tion Model: A Case Study During the 2010 Sudden Strato-
spheric Warming, J. Adv. Model. Earth Syst., 10, 3076–3102,
https://doi.org/10.1029/2018MS001440, 2018.

Klimenko, M. V., Klimenko, V. V., Bessarab, F. S., Sukhodolov,
T. V., Vasilev, P. A., Karpov, I. V., Korenkov, Y. N., Za-
kharenkova, I. E., Funke, B., and Rozanov, E. V.: Identifica-
tion of the mechanisms responsible for anomalies in the tropical
lower thermosphere/ionosphere caused by the January 2009 sud-
den stratospheric warming, J. Space Weath. Space Clim., 9, A39,
https://doi.org/10.1051/swsc/2019037, 2019.

Li, X., Wan, W., Ren, Z., Liu, L., and Ning, B.: The vari-
ability of nonmigrating tides detected from TIMED/SABER
observations, J. Geophys. Res.-Space, 120, 10793–10808,
https://doi.org/10.1002/2015JA021577, 2015.

Liu, G., Janches, D., Lieberman, R. S., Moffat-Griffin, T., Fritts,
D. C., and Mitchell, N. J.: Coordinated Observations of 8-and 6-
hr Tides in the Mesosphere and Lower Thermosphere by Three
Meteor Radars Near 60◦ S Latitude, Geophys. Res. Lett., 47,
e2019GL086629, https://doi.org/10.1029/2019GL086629, 2020.

Liu, H.-L.: Variability and predictability of the space environment
as related to lower atmosphere forcing, Space Weather, 14, 634–
658, https://doi.org/10.1002/2016SW001450, 2016.

Liu, H.-L., Foster, B., Hagan, M., McInerney, J., Maute, A., Qian,
L., Richmond, A., Roble, R., Solomon, S., Garcia, R., and Kinni-
son, D.: Thermosphere extension of the whole atmosphere com-
munity climate model, J. Geophys. Res.-Space, 115, A12302,
https://doi.org/10.1029/2010JA015586, 2010.

Liu, H.-L., Bardeen, C., Foster, B., Lauritzen, P., Liu, J., Lu, G.,
Marsh, D., Maute, A., McInerney, J., Pedatella, N., and Qian,
L.: Development and validation of the Whole Atmosphere Com-
munity Climate Model with thermosphere and ionosphere exten-
sion (WACCM-X 2.0), J. Adv. Model. Earth Syst., 10, 381–402,
https://doi.org/10.1002/2017ms001232, 2018.

Medvedev, A. and Klaassen, G.: Thermal effects of saturating grav-
ity waves in the atmosphere, J. Geophys. Res.-Atmos., 108,
ACL 4-1–ACL 4-18, https://doi.org/10.1029/2002jd002504,
2003.

Meraner, K. and Schmidt, H.: Transport of nitrogen oxides through
the winter mesopause in HAMMONIA, J. Geophys. Res.-
Atmos., 121, 2556–2570, https://doi.org/10.1002/2015jd024136,
2016.

Mitchell, N., Pancheva, D., Middleton, H., and Hagan, M.: Mean
winds and tides in the Arctic mesosphere and lower ther-
mosphere, J. Geophys. Res.-Space, 107, SIA 2-1–SIA 2-14,
https://doi.org/10.1029/2001ja900127, 2002.

Miyahara, S. and Forbes, J. M.: Interactions between gravity
waves and the diurnal tide in the mesosphere and lower
thermosphere, J. Meteorol. Soc. Jpn. Ser. II, 69, 523–531,
https://doi.org/10.2151/jmsj1965.69.5_523, 1991.

Miyoshi, Y. and Fujiwara, H.: Gravity waves in the thermosphere
simulated by a general circulation model, J. Geophys. Res.-
Atmos., 113, D01101, https://doi.org/10.1029/2007jd008874,
2008.
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