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Abstract. In recent decades, theoretical studies and numeri-
cal models of thermal tides have gained attention. It has been
recognized that tides have a significant influence on the dy-
namics of the middle and upper atmosphere; as they grow in
amplitude and propagate upward, they transport energy and
momentum from the lower to the upper atmosphere, con-
tributing to the vertical coupling between atmospheric lay-
ers. The superposition of tides with other atmospheric waves
leads to non-linear wave–wave interactions. However, di-
rect measurements of thermal tides in the middle atmosphere
are challenging and are often limited to satellite measure-
ments in the tropics and at low latitudes. Due to orbit geom-
etry, such observations provide only a reduced insight into
the short-term variability in atmospheric tides. In this paper,
we present tidal analysis from 5 years of continuous obser-
vations of middle-atmospheric temperatures. The measure-
ments were performed with the ground-based temperature
radiometer TEMPERA (TEMPErature RAdiometer), which
was developed at the University of Bern in 2013 and was
located in Bern (46.95° N, 7.45° E) and Payerne (46.82° N,
6.94° E). TEMPERA achieves a temporal resolution of 1–3 h
and covers the altitude range between 25–50 km. Using an
adaptive spectral filter with a vertical regularization (ASF2D)
for the tidal analysis, we found maximum amplitudes for the
diurnal tide of approximately 2.4 K, accompanied by sea-
sonal variability. The maximum amplitude was reached on
average at an altitude of 43 km, which also reflected some
seasonal characteristics. We demonstrate that TEMPERA is
suitable for providing continuous temperature soundings in
the stratosphere and lower mesosphere with a sufficient ca-
dence to infer tidal amplitudes and phases for the dominating
tidal modes. Furthermore, our measurements exhibit a dom-

inating diurnal tide and smaller amplitudes for the semidiur-
nal and terdiurnal tides in the stratosphere.

1 Introduction

Atmospheric tides are global-scale internal gravity waves
forced by solar radiation with periods of an integer fraction of
a day (Lindzen and Chapman, 1969; Chapman and Lindzen,
1970; Lindzen, 1979). Thus, tides are classified by the num-
ber of oscillations per day as diurnal, semidiurnal, and terdi-
urnal. Furthermore, tides can be characterized by their prop-
agation direction and wavenumber. Atmospheric tides that
are sun-synchronous are referred to as migrating tides, and
all other tidal modes are called non-migrating tides. Atmo-
spheric tides are generated by the absorption of solar radi-
ation by water vapor in the troposphere and ozone in the
stratosphere (e.g., Sakazaki et al., 2015) and propagate up-
ward to the mesosphere–thermosphere. Due to the decreas-
ing density with increasing height, their amplitude grows
and they become the dominating source of variability in the
mesosphere–lower thermosphere (MLT). Atmospheric tides
transport energy and momentum in the upper atmospheric
layers and enforce layer mixing (Becker, 2017).

During the past decades, there have been many studies
on tidal dynamics based on atmospheric modeling (Forbes,
1982; Chang et al., 2008; Hagan et al., 1995, 1999; Mc-
Cormack et al., 2017; Becker, 2017). Atmospheric tides
can be described by normal-mode oscillations in pressure,
density, wind, and temperature through Hough modes (Or-
tland, 2013). In Sakazaki et al. (2013) seasonal variations
in the migrating diurnal thermal tides are discussed, using
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Hough-mode decomposition of a global reanalysis data set
(MERRA). It was found that the latitudinal–vertical structure
is well represented by the four lowest-order Hough modes.

Tidal variations inferred from satellite observations (Zeng
et al., 2008; Oberheide et al., 2011; Zhang et al., 2010;
Sakazaki et al., 2012; Dhadly et al., 2018) provide global
observations but are often not suitable for investigating short-
term variability due to their orbit geometry. SABER on board
the TIMED spacecraft drifts in local time and, hence, sam-
ples every 60 d all local times at each location. Furthermore,
SABER has a yaw cycle, which changes the viewing ge-
ometry every 60 d and, thus, observes the middle and polar
latitudes on both hemispheres interleaved. Satellites on sun-
synchronous orbits, such as MLS on board Aura (Livesey
et al., 2006; Waters et al., 2006), suffer from even more alias-
ing effects due to fixed-local-time sampling (Hocke, 2023).
Ideally, a temporal resolution of 1 h d−1 is needed to infer the
short-term variability in diurnal or semidiurnal tides. Very
often such a high sampling rate is only achieved by ground-
based instruments (Baumgarten and Stober, 2019; Krochin
et al., 2022a).

Continuous and high-resolution temperature measure-
ments in the stratosphere and lower mesosphere are sparse.
Lidar soundings often depend on the tropospheric cloud cov-
erage and the daylight capability of the systems. Thus, there
are only very limited continuous lidar observations cover-
ing several successive days (Baumgarten and Stober, 2019).
Furthermore, most studies of thermal tides have focused on
the tropical and lower-latitude region and the upper meso-
sphere and thermosphere, where tidal amplitudes are much
stronger and become the dominating atmospheric wave (She
et al., 2016a, b; Yuan et al., 2008, 2021). Only a few ob-
servations in the middle atmosphere (stratosphere and meso-
sphere) are documented in the literature (Gille et al., 1991;
Kopp et al., 2015; Fong et al., 2022). However, most mete-
orological reanalyses update the data assimilation every 6 h,
although the model output is provided at a higher cadence
(Gelaro et al., 2017). Due to the sparsity of observations in
the stratosphere, some observations are only available every
12 h (e.g., radiosondes), and, thus, measurements that cap-
ture the short-term tidal variability at these altitudes are cru-
cial for constraining the tidal amplitudes and phases and also
to infer heating rates due to the absorption of solar radiation
by ozone and water vapor.

In this paper, we present diurnal, semidiurnal, and terdiur-
nal thermal tide amplitudes at altitudes between 25–50 km,
derived from continuous long-term observations of atmo-
spheric microwave spectra by a ground-based microwave
radiometer (TEMPERA, TEMPErature RAdiometer; Stähli
et al., 2013) located at the MeteoSwiss technical center in
Payerne (46.82° N, 6.94° E), and discuss the seasonal and lat-
itudinal climatology. In Sects. 2, 3, and 4, the instrument,
the retrieval method for temperature profiles, and the result-
ing temperature time series are described in more detail. In
Sects. 5 and 6, the tidal analysis method and the resulting

Figure 1. The oxygen emission complex, simulated with ARTS for
the location of Bern during winter at a zenith angle of 30°. The
measurement range of TEMPERA is illustrated with a red rectangle.

tidal amplitudes are presented, and in Sect. 7 the results are
discussed.

2 Instrument description

TEMPERA was built at the University of Bern in 2013
(Stähli et al., 2013). TEMPERA measures microwave emis-
sion from atmospheric oxygen at the 60 GHz oxygen emis-
sion complex (see Fig. 1). With a spectral resolution of
30 kHz and a bandwidth of 2× 480 MHz, the fine structure
of rotational transitions, used to retrieve temperature in the
middle atmosphere, can be resolved (see Fig. 2). The original
operational mode uses 12 additional filter banks and scans at
different zenith angles to retrieve tropospheric temperatures.
In this operational mode, the temporal resolution for strato-
spheric spectra is 3 h. TEMPERA operated continuously in
this measurement mode during the years 2013–2018 at the
MeteoSwiss technical center in Payerne. Stratospheric spec-
tra are calibrated with a two-point calibration, where an inter-
nal noise diode and an ambient load are used. The noise diode
is calibrated once a month with liquid nitrogen (LN2) (see
Fig. 3). The fine-structure spectra are inverted using ARTS
(Atmospheric Radiative Transfer Simulator; Eriksson et al.,
2005). A more detailed technical description can be found in
Stähli et al. (2013) and Krochin et al. (2022a).

In 2022 an updated retrieval algorithm was published
(Krochin et al., 2022a) that accounted for the Zeeman split-
ting in the line center due to the coupling of atmospheric oxy-
gen to the Earth’s magnetic field. The update improved the
altitude resolution and increased the upper altitude retrieval
limit defined by the measurement response. The basis for
this improved retrieval was provided in the ARTS software,
which included a module for the Zeeman splitting. In the
same year, TEMPERA was relocated to the Institute of Ap-
plied Physics at the University of Bern. This change was ac-
companied by a new measurement mode dedicated to strato-
spheric and lower-mesospheric soundings. The new mode
relies on noise diode calibration and avoids spending mea-
surement time to perform a tipping curve for tropospheric re-
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Figure 2. Spectrum of atmospheric oxygen fine-structure emission
lines measured with TEMPERA (Stähli et al., 2013) after 3 h of
integration time (00:00–03:00 UTC). The ambient load in combina-
tion with the integrated noise diode was used for calibration of this
spectrum.

trievals, maximizing the measurement time of stratospheric
spectra and resulting in a temporal resolution of about 1 h.
In addition, several minor updates of the retrieval algorithm
were performed, including an improved tropospheric correc-
tion, a priori error matrix, baseline correction, retrieval for
frequency shift and frequency stretch, and filtering of con-
taminated spectra (see Sect. 3).

3 Temperature retrievals from atmospheric spectra

The first step is to set up a model atmosphere and simulate
the forward radiative transfer.

y = F(x)+ ε, (1)

where y is the measurement vector, F the forward model,
x the atmospheric state vector, and ε the measurement er-
ror. Following the formalism of Rodgers (2000), the forward
model is inverted by an optimal estimation method. Assum-
ing that y and x have Gaussian probability distributions P(x)
and P(y) and using Bayes’ theorem

P(x|y)=
P(y|x)P (x)

P (y)
, (2)

a cost function of the following form can be found:

J (x)=−2lnP (x|y)=
[
y−F(x)

]T S−1
ε

[
y−F(x)

]
+ [x− xa]T Sa [x− xa] , (3)

where J (x) is minimized by a Levenberg–Marquardt algo-
rithm. Here xa is the a priori state, used as the initial guess
to start the iteration, and Sa and Sε are the a priori and mea-
surement covariance matrices. An important quantity for the
retrieval analysis is the averaging kernel,

A=GK, (4)

Figure 3. TEMPERA at the Institute of Applied Physics at the Uni-
versity of Bern (Navas-Guzmán et al., 2015).

and the corresponding measurement response,

MR= AI, (5)

where K is the weighting function matrix

K=
∂F(x)
∂x

, (6)

G denotes the gain matrix

G=
[
KT S−1

ε K+S−1
a

]−1
KT S−1

ε , (7)

and I denotes the unit matrix. The optimal estimation tech-
nique contains several sources of uncertainty, which are the
observation error SO and the smoothing error SS and which
both contribute to the total error Stot:

SO =GSεGT , (8)

SS = [A− I]Sa[A− I]T , (9)
Stot = SO+SS. (10)

Within ARTS, the Zeeman-splitting module (Larsson
et al., 2019) was used to account for the Zeeman effect in the
forward model. A detailed description of the forward-model
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retrieval algorithm can be found in Krochin et al. (2022a).
We implemented only a minor change related to the tropo-
spheric correction. Instead of using the method suggested in
Ingold and Kämpfer (1998), the tropospheric opacity is re-
trieved in ARTS using the spectral data of the line wings,
where the surface temperature is used for the lowest-altitude
grid point in the a priori profile. Minor improvements were
reached by including frequency shift and frequency stretch
in the ensemble of retrieved quantities and by increasing the
a priori error in the retrieved baseline. The temperature pro-
file a priori error was set constant to a temperature covariance
of 15 K. Figure 4 illustrates the measurement response (MR);
the averaging kernel (AVK); the total retrieval error; and the
full width at half maximum of the rows of the AVK matrix,
conventionally referred to as altitude resolution. We consider
only altitudes with a measurement response of MR> 0.6 for
all further scientific analyses. A lower measurement response
indicates that the solution at these heights is more and more
dominated by the a priori state. The forward-model formal-
ism, the retrieval algorithm, and the definitions of the re-
trieval quantities follow the formalism in Rodgers (2000).

4 TEMPERA observations

In this paper, we present measurements of altitude and
time-resolved profiles of atmospheric temperatures, retrieved
from continuous TEMPERA observations conducted be-
tween 2014 and 2023. Two periods are to be distinguished
due to a change in the operational mode made in 2022. Be-
tween 2014–2017, TEMPERA operated with a time reso-
lution of 3 h, and since 2022 the time resolution has been
1 h (see Sect. 2). Figure 2 illustrates a calibrated spectrum,
observed at the MeteoSwiss technical center in Payerne
in 2016.

The time series of retrieved temperature profiles is shown
in Fig. 5. Stratospheric profiles are retrieved using the fine-
structure emission lines (Fig. 2). The tropospheric influence
is contained in the slope of the O2 emission complex (Fig. 1)
and is reduced by including the line wings in the measure-
ment vector and additionally including a baseline fit in the
ensemble of retrieval quantities. Faulty spectra are filtered
from the data set before integration. If the number of re-
moved spectra exceeds 10 %, the entire 3 h block is removed.
A second filter removes layer profiles from the data set. The
blank times are mainly caused by liquid water clouds or rain
that attenuate the stratospheric signal. The proportion of re-
moved spectra is around 15 % on average. Under clear-sky
conditions, the observed frequency range is less affected by
the emission and absorption of H2O molecules and only the
effects of line mixing remain. However, liquid water clouds
create thermal emission, which increases the brightness tem-
peratures over the entire frequency band at our receiver. An
approach to mitigate this problem is to include a cloud box
in the forward model of the retrieval algorithm. This method

improves tropospheric temperature retrievals (Bernet et al.,
2017) but has not been tested on stratospheric retrievals and,
thus, is not included in the current version of the stratospheric
retrieval.

5 Tidal analysis – adaptive spectral filter (ASF)

Previous studies have shown that the prevailing tidal modes
at mid-latitudes are migrating tides (Stober et al., 2020b;
Baumgarten and Stober, 2019; Hibbins et al., 2019). Non-
migrating tides often have smaller amplitudes compared
to their migrating counterpart. However, satellite observa-
tions have demonstrated their presence at the lower latitudes
(Oberheide et al., 2011). TEMPERA observations are only
available at one geographic location, and thus in all further
analysis, we refer to the tides as total tides consisting of the
migrating and non-migrating modes. Furthermore, we clas-
sify the different tidal modes only by their period and discuss
diurnal, semidiurnal, and terdiurnal total tidal amplitudes and
phases. Local tidal oscillations are often modeled by a mean
state and a simple superposition of sinusoidal functions for
each included period:

T (tk)= T0k +

3∑
n=1

[
ank sin

(
2π
Pn
tk

)
+ bnk cos

(
2π
Pn
tk

)]
, (11)

where T0k is the background state (median over the kth win-

dow), Pn = [1, 1
2 , 1

3 ]× day is the period, Ank =
√
a2
nk + b

2
nk

is the amplitude, and tk is the local time of the kth window.
The phase shift 1φnk (hours from midnight) can be derived
by

1φnk = arctan
(
bnk

ank

)
. (12)

In this study, we applied the adaptive-spectral-filter (ASF)
technique that has already been used in many studies and
on many different data types such as lidar observations, me-
teor radar winds, EISCAT ion velocity, or general circulation
model (GCM) winds and temperatures (Stober et al., 2017;
Baumgarten and Stober, 2019; Stober et al., 2020b, 2021;
Günzkofer et al., 2022).

The ASF also includes a vertical regularization to ensure
a smooth phase behavior of each tidal mode, which seems
to reduce contamination due to gravity waves with shorter
vertical wavelengths. Furthermore, the algorithm adapts the
window length for each fitted tidal mode to capture tran-
sient events that alter the tidal amplitude and phase. Another
benefit of this technique is that data gaps or unevenly sam-
pled time series can be analyzed as well. More details can
be found in Baumgarten and Stober (2019) and Stober et al.
(2020b). Here, we implemented the ASF using a 4 d sliding
window after the removal of the median. The error propa-
gation for the tidal amplitudes and phases was calculated by
weighting the least-squares error, with the total retrieval er-
ror.
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Figure 4. (a) The AVK matrix for each altitude. The AVK values were inflated by 32 to get them to a comparable scale to the MR in the same
plot (ARTS output). (b) The full width at half maximum (FWHM) of the AVK matrix for each altitude, which corresponds to the altitude
resolution. (c) All three retrieval errors as explained in Eqs. (8) to (10).

Figure 5. Continuous series of temperature profiles, retrieved from TEMPERA measurements. Data gaps are mainly due to weather condi-
tions. The altitude range is 25–55 km (MR> 0.6, horizontal white line), but the range in the plot is 20–60 km for illustration.

6 Results of tidal analysis

Applying the ASF to the data set of continuous temperature
profiles results in three sets of continuous-time and altitude-
resolved amplitude and phases (local solar time of the max-
imum). For the period 2014–2017, the time resolution (3 h)
is not sufficient to resolve semidiurnal and terdiurnal tides;
therefore only one single set of diurnal tides was analyzed.
For the period 2022–2023, however, the time resolution (1 h)
is sufficient to resolve semi- and terdiurnal tides.

Figure 6 shows temperature profiles (panel a) and the
corresponding tidal amplitudes (panel d) for 14 d during
spring 2014. The temperature anomaly (panel b) is the dif-
ference between the raw temperature and a background state,
smoothed with a 4 d sliding window (median). It shows the
complex dynamic at the stratosphere with alternating warmer
and colder periods at different altitudes. Panel (c) shows the
median over the anomaly profile from 40–55 km. For illustra-

tive purposes, a sine function with a period of 24 h was fitted
to the curve. Deviations from the sine fit are assumed to be
higher-period oscillations caused by gravity waves and plan-
etary waves. In addition, the period of thermal tides is not sta-
ble and can slightly change from day to day (Baumgarten and
Stober, 2019; Stober et al., 2020b; van Caspel et al., 2023).

Yearly and seasonally averaged amplitude profiles for the
period 2014–2017 are illustrated in Fig. 7 (upper panels).
Note that altitude profiles will be smoothed with the mea-
surement response curve (Fig. 4). The black line shows the
median for an entire year and colored lines represent me-
dians over the corresponding seasons (December–January–
February (DJF) (blue), March–April–May (MAM) (red),
June–July–August (JJA) (orange), and September–October–
November (SON) (green)). The mean tide amplitude profile
has a maximum between 2.0–3.7 K at 38–45 km (see also Ta-
ble 1). The seasonal averages show an increased tidal activity
in the spring months for the years 2015 and 2016, whereas in
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Figure 6. (a) Vertically resolved temperature measurements ob-
served with TEMPERA for the period from 24 March–7 April 2014.
(b) Inferred absolute temperature anomalies retrieved using a 4 d
sliding median to visualize short-scale variations. (c) Vertically in-
tegrated temperature anomalies calculated from measurements be-
tween 40–55 km and a corresponding best sine fit. (d) Retrieved
diurnal tide amplitude profiles calculated from the ASF.

Table 1. Maxima and corresponding altitudes of seasonally aver-
aged diurnal tidal amplitudes between 2014–2017. A24T denotes
the thermal tide amplitude with a period of 24 h.

Season 2014 2015 2016 2017
max A24T max A24T max A24T max A24T
(at z [km]) (at z [km]) (at z [km]) (at z [km])

DJF 2.6(40) 2.2(43) 2.5(45) 2.6(42)
MAM 2.3(44) 2.6(38) 3.0(43) 2.3(43)
JJA 2.5(38) 2.8(45) 3.7(44) 2.0(40)
SON 2.1(41) 2.0(42) 2.3(43) 2.2(43)
Full median 2.4(38) 2.4(43) 2.8(42) 2.3(44)

2014 and 2017 the highest tidal activity was found during
winter. The absolute difference between summer and win-
ter tide amplitudes is, however, much smaller than the cor-
responding error and, thus, is insignificant. The lower panels
show the tide phases, which in this case are the local solar
times of the tide peak. From 25–30 km, a downward phase
propagation can be seen in 2014 with an estimated phase
speed of −1.6 km h−1. At 30–35 km, the phase propagation
turns to a constant value of 18:00 LST (local solar time).
The reversal of the phase propagation seems to be related to

Table 2. Maxima and corresponding altitudes of seasonally aver-
aged diurnal, semidiurnal, and terdiurnal tidal amplitudes. A24T,
A12T, and A8T denote the thermal tide amplitude with a period of
24, 12, and 8 h, respectively.

Season Diurnal Semidiurnal Terdiurnal
max A24T max A12T max A8T
(at z [km]) (at z [km]) (at z [km])

DJF 3.1(45) 1.9(44) 1.5(43)
MAM 2.8(44) 1.9(43) 1.7(42)
JJA 2.2(45) 1.0(45) 0.8(43)
SON 2.6(44) 1.4(41) 1.2(44)
Full median 2.4(44) 1.4(43) 1.2(44)

the ozone diurnal cycle and will be discussed later. Figure 8
shows averaged tidal amplitudes for the period 2022–2023.
The maximum for diurnal tide amplitudes occurs between
41–45 km, where the amplitude reaches values between 2.2–
3.2 K. Due to the instrument updates between 2017 and 2022,
we also analyzed the semidiurnal and terdiurnal tidal am-
plitudes for these observations. The profiles show maximum
values of 1–1.9 K around 41–45 km for the semidiurnal and
of 0.8–1.5 K around 42–44 km for the terdiurnal tide (see Ta-
ble 2). Diurnal and semidiurnal tides have the highest am-
plitudes during wintertime, while the terdiurnal tide exhibits
maximum amplitudes in spring. The phases for the diurnal
tides are shown in Fig. 8. Semidiurnal and terdiurnal phases
are not shown. These appeared to be very variable, which
is partly attributed to the much smaller amplitudes and also
due to other geophysical effects, which mask the tidal sig-
nature such as gravity waves. The phase propagation of di-
urnal tides shows a reversal from upward to downward at
22 km, a downward-propagating phase with a phase speed of
−1.8 km h−1 between 22–28 km, and a constant phase above
30 km.

To illustrate the seasonal climatology, the tide amplitudes
were averaged over two altitude regions. The lower region
is between 25–40 km, and the upper region is between 40–
55 km. Figure 9 shows the time series of the period 2014–
2017 for both altitude regions. Significantly increased tidal
activity appeared during the spring for the years 2016 and
2017 and during summer 2015, whereas for the year 2014,
no significant seasonal pattern was found. The years 2016
and 2017 also exhibit a second maximum in autumn. Fig-
ure 10 shows the same plot for the period 2022–2023. All
tidal amplitudes show increased activity in September, De-
cember, and April.

7 Discussion

Continuous temperature measurements in the stratosphere
and lower mesosphere are crucial for the benchmarking of
reanalysis models or meteorological analysis. Such observa-
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Figure 7. Top: seasonally averaged diurnal tide amplitude profiles with the corresponding tide error. The black curve represents the median
over a whole year. Bottom: seasonally averaged diurnal tide phase profiles with the corresponding phase error.

tions are beneficial for cross-comparison and also for data
assimilation. Understanding the short-term tidal variability
and vertical propagation requires higher-cadence observa-
tions and more data assimilation (Liu, 2016; McCormack
et al., 2017; Stober et al., 2020b; Dhadly et al., 2018; van
Caspel et al., 2023).

Previous studies of atmospheric temperature tides in the
stratosphere and lower mesosphere at mid-latitudes were
based on lidar observations with full daylight capabilities.
However, lidar observations depend on tropospheric cloud
coverage, and, thus, the obtained lidar monthly climatologies
were inferred by constructing multiyear composites of a day.
Measurements acquired from different years and of various
lengths covering full days or only a few hours were stacked
together and analyzed to estimate tidal amplitudes from the
obtained mean composite day (Kopp et al., 2015). So far,
there has only been one study that covered a 10 d continu-
ous lidar measurement, and it showed some tidal intermit-
tency in the stratosphere (Baumgarten et al., 2018; Baum-
garten and Stober, 2019). Hence, the TEMPERA measure-
ments of stratospheric and lower-mesospheric temperatures
shown are valuable for investigating and continuously moni-
toring the source variability in tides.

Diurnal tide profiles reach their seasonal maxima at an al-
titude of around 38–45 km with values of around 2–3.7 K,
semidiurnal tides reach theirs at an altitude of around 42–
45 km with maximum amplitudes of 1–1.9 K, and terdi-
urnal tides become maximal at 42–43 km with an ampli-
tude of 0.8–1.5 K. This corresponds well to the results from
Kopp et al. (2015), where the measurements were performed
with a lidar located in Kühlungsborn (Germany; 54.1469° N,

11.7420° E). However, the seasonal pattern in Kopp et al.
(2015) shows a maximum of the diurnal tide at 45–55 km
altitude in March and October with significantly lower am-
plitudes during summer. The results in our study partially
show a similar behavior but not for all years. We found the
largest tidal amplitudes in May and October 2016, May and
September 2017, September 2022, and April 2023. This fol-
lows roughly the pattern of maximal tidal activity in spring
and autumn, where the spring maximum appears between the
end of April and the end of May and the autumn maximum
appears between the beginning of September and the end of
October. However, the tidal activity in the years 2014 and
2015 deviates from this climatological pattern. We attribute
these differences in the first years of TEMPERA measure-
ments, 2014–2017, to instrumental effects and many changes
in the measurement mode. Since 2022, TEMPERA has op-
erated in a dedicated stratospheric and lower-mesospheric
measurement mode and improved retrievals have been im-
plemented (Krochin et al., 2022a). This has solved most of
the potential problems of the first light observations during
the development phase of the prototype.

Classical tidal theory predicts an increased diurnal tidal
amplitude during the summer months due to increased so-
lar heating (Lindzen and Chapman, 1969; Lindzen, 1979).
However, this was only found for the year 2015. Figures 9
and 10 show the standard deviation of the corresponding
tide amplitudes in the error bars. The standard deviation of
the tidal amplitudes is a measure of their geophysical vari-
ability and intermittency. Our observations were conducted
in Bern and Payerne at the Swiss Plateau, which is next
to the main Alpine ridge, a region that is often affected by
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Figure 8. Left: seasonally averaged diurnal tide amplitude and phase profile with the corresponding tide and phase error (as in Fig. 7). Right:
seasonally averaged semidiurnal and terdiurnal tide profiles with the corresponding tide error (see Sect. 5).

strong summer convective instabilities due to thunderstorms.
These convective cells excite gravity waves, which propa-
gate into the stratosphere and alter the circulation by deposit-
ing their energy and momentum, likely triggering multi-step
vertical coupling processes (Becker and Vadas, 2018; Vadas
and Becker, 2018; Vadas et al., 2023). Although the averaged
tide amplitudes only partially exhibit the expected pattern for
the entire period, the geophysical variability indicates good
agreement with tidal theory. This variability reaches a mini-
mum around wintertime (March 2014, December 2015, Oc-
tober 2016, February 2017, February 2023). In addition, it
appears that there are two periods per year (around May and
October) when it is likely that increased tidal variation will
be found. In general, the variation in summer is 2–3 K higher
than the tidal variability found during the winter months.

Observations of tidal phases in the stratosphere are rare.
Due to the small signal-to-noise ratio, phases appear to be
very noisy and variable. This is also the case for TEMPERA
measurements. The vertical profiles of the phases exhibit two
regions. Above an altitude of 35 km, the phase turns to a
nearly constant value of about 18:00 LST. This behavior also
seems to be confirmed by Leroy and Gleisner (2022), who
used temperature retrieval data of the COSMIC satellite con-
stellation. Below 35 km, the phases are much more variable

and sometimes tend to reflect clear signs of a phase progres-
sion. A constant phase with altitude suggests that the tides are
forced at these altitudes, whereas a changing phase indicates
tidal propagation from below.

The increased phase variability and inversion of the phase
progression at 35 km appear to be coupled to the ozone diur-
nal cycle. At this altitude, the relationship between ozone and
temperature changes from a positive to a negative correlation
due to a change in the chemical balance. We illustrate this
effect by calculating a correlation between the ozone volume
mixing ratio (VMR) and our temperature tidal amplitudes.
Leveraging the ozone VMR measurements retrieved from
the GROMOS radiometer (Sauvageat et al., 2022), which
is located next to TEMPERA, we investigate their altitude-
dependent relationship. Figure 11 shows Pearson correlation
coefficients, estimated over a 30 d sliding window, after re-
gridding on a generic altitude grid. Since heating due to the
absorption of solar radiation by ozone is the main tidal forc-
ing mechanism at these altitudes, changes in ozone VMR are
expected to be reflected in our tidal amplitude measurements.
With a daily variation of about 2 % in VMR (Sauvageat et al.,
2023), the ozone changes are very small and the effect of
thermal tides on the ozone diurnal cycle dominates. Further
studies are required to investigate the precise effect of the
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Figure 9. Monthly averaged (31 d window) and altitude-averaged (15 km) diurnal tide series with corresponding atmospheric variability (see
Sect. 7).

Figure 10. Monthly averaged (31 d window) and altitude-averaged (15 km) diurnal, semidiurnal, and terdiurnal tide series.

ozone diurnal cycle on thermal tide amplitudes and phase
variability. A similar calculation to that in Fig. 11 was also
shown in Sauvageat et al. (2023). A more detailed analysis
of the ozone diurnal cycle has already been performed in
Schranz et al. (2018) and provides a pathway to future anal-
ysis.

The main challenges for this type of analysis are related to
instrument noise and data gaps, which complicate the spec-
tral analysis and influence the phase information. In addition,
there is some tidal intermittency due to planetary wave activ-
ity or strong gravity wave excitations (e.g., thunderstorms),
which can lead to data gaps that render classical Fourier
transform or wavelet techniques for the spectral analysis in-

applicable or even useless. The ASF2D implemented for the
TEMPERA tidal analysis is designed to provide a decom-
position of time series with data gaps or unevenly sampled
measurements including error propagation and even a verti-
cal regularization (see Stober et al., 2020a; Baumgarten and
Stober, 2019). Therefore, this technique seems to be ade-
quate for applying in radiometric high-temporal-resolution
tidal studies.

8 Conclusions

We demonstrated the new capabilities of TEMPERA, the
University of Bern temperature radiometer, to perform con-
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Figure 11. Pearson correlation coefficients between TEMPERA temperatures and GROMOS ozone VMR measurements. Correlation coef-
ficients were calculated over a 30 d sliding window after interpolation on a generic altitude grid.

tinuous temperature soundings in the stratosphere and lower
mesosphere. A recently implemented observational mode
(since 2022) dedicated to stratospheric and mesospheric
measurements together with updated retrievals (Krochin
et al., 2022a) permits temperature measurements between
25–50 km altitude with a temporal resolution of 1 h. The
instrument operates autonomously and requires only occa-
sional LN2 calibrations. The radiometer also performs nom-
inally under tropospheric cloud cover conditions, and only
precipitation or thick liquid water clouds can lead to a loss of
the stratospheric signal from both spectral lines.

Based on these continuous temperature soundings, we de-
rived diurnal, semidiurnal, and terdiurnal tidal amplitude pro-
files between 25–50 km between 2014–2023. Amplitude pro-
files reach their maximum at an altitude range from 40–
45 km with amplitudes of 2–3.7 K. The tidal amplitudes ob-
tained agree with previous results from multiyear composite
lidar observations at mid-latitudes (Kopp et al., 2015). Our
continuous temperature soundings indicate a notable year-
to-year variability in the seasonal tidal activity, which only
partially reflects predictions from classical tide theory (max-
imum amplitudes during summer). However, the geophysi-
cal variability in amplitude appears to be increased by 2–3 K
during the summer compared to the winter season, which is
likely caused by summer tropospheric convection above the
Swiss Plateau and the corresponding multi-step vertical cou-
pling due to gravity waves inducing changes in the strato-
spheric circulation due to the deposition of the transported
energy and momentum.

The retrieved tidal phase also exhibits a characteristic ver-
tical structure. Above 35 km, diurnal tidal phases appear to
be nearly constant, suggesting a direct excitation of the tide
due to the ozone absorption. Below 35 km, we observed an
increased variability and in some years a vertical phase pro-
gression, indicating a vertical propagation of a tide that was
forced below. This is confirmed by the Pearson correlation of
ozone–temperature measurements, which indicates a change
from positive to negative correlation at this altitude.

Another big advantage of TEMPERA is the instrument
cost compared to lidars with full daylight capability. The
lower unit costs provide an opportunity to install larger ob-
servational networks. A larger network of ground-based ra-
diometers would greatly improve tidal analysis. By deploy-
ing TEMPERA instruments at four different measurement
locations, wavefront direction, orientation, and propagation
velocity could be resolved. Such an observational network
could be complemented with wind observations from wind
radiometer (WIRA) instruments (Hagen et al., 2018, 2020).
Furthermore, the Microwave Group of the University of Bern
is currently developing a new fully polarimetric tempera-
ture radiometer (TEMPERA-C; Krochin et al., 2022b). The
new instrument will have an increased altitude range (up to
60 km) and an even better time resolution of about 30 min.

Appendix A: MERRA-2 comparison

For the location of Payerne (46.82° N, 6.94° E), MERRA-
2 temperature profiles for the period 2014–2017 were ana-
lyzed with the method described in Sect. 5. The results are
illustrated in Fig. A1. The amplitude profiles have maximal
values of 2–3.4 K at altitudes 47–53 km. Diurnal tide ampli-
tudes and variations also show maximal activity during win-
ter months (Figs. A1 and A2).

Table A1. Maxima and corresponding altitudes of seasonally aver-
aged diurnal tide profiles derived from MERRA-2 data. A24T de-
notes the thermal tide amplitude with a period of 24 h.

Season 2014 2015 2016 2017
max A24T max A24T max A24T max A24T
(at z [km]) (at z [km]) (at z [km]) (at z [km])

DJF 2.6(51) 3.4(47) 3.1(49) 3.3(49)
MAM 2.6(47) 2.5(47) 2.4(49) 2.4(49)
JJA 2.2(47) 2.5(53) 2.4(53) 2.0(53)
SON 2.2(49) 2.5(51) 2.4(53) 2.3(51)
Full median 2.4(49) 2.7(49) 2.6(53) 2.5(49)
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Figure A1. Top: seasonally averaged diurnal tide profiles with the corresponding error (same as Fig. 7) derived from MERRA-2 data. The
black curve represents the median over a whole year. Bottom: seasonally averaged diurnal tide phase profiles with the corresponding error.

Figure A2. Monthly averaged (31 d window) and altitude-averaged (15 km) diurnal tide series (same as Fig. 9), derived from MERRA-2
data.

While MERRA-2 tide profile maxima match well with our
results, the altitude where the maxima are reached is roughly
6 km higher than in our case. Phase profiles show anoma-
lous behavior between 25–35 km, mostly in winter months.
Downward phase propagation was found in all years but only
up to 25 km. Above 35 km, the phase is not constant but
rather shows downward propagation and turns sharply up-
ward above 55 km. However, up to 55 km, the phase remains
roughly around 18:00 LST, except in winter months.

The seasonal pattern of MERRA-2 diurnal tide amplitudes
deviates from our results and classical tide theory. The high-

est amplitude and variation appear from December to Febru-
ary, while the lowest activity is found in summer. We assume
that the main reason for this discrepancy is the implementa-
tion of the ozone diurnal cycle in the reanalysis. However,
MERRA-2 is a meteorological reanalysis, and thus the qual-
ity of the obtained wind and temperature fields depends cru-
cially on the data to be assimilated. Above 35 km altitude, the
data coverage becomes more sparse, and the temporal reso-
lution of the assimilated data products is no longer sufficient
to constrain tidal amplitudes and phases on a global scale.
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Data availability. MERRA-2 data are available at
MDISC, managed by the NASA Goddard Earth Sci-
ences (GES) Data and Information Services Center (DISC)
https://doi.org/10.5067/QBZ6MG944HW0 (Global Modeling and
Assimilation Office, 2015). TEMPERA temperatures can be shared
on request (gunter.stober@unibe.ch).

Author contributions. WK and GS conceptualized the content of
the manuscript. WK implemented the retrieval and performed the
data analysis of TEMPERA observations. GS reduced the MERRA-
2 data for the validation. All authors contributed to the editing of the
manuscript.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. This research has been supported by
the Schweizerischer Nationalfonds zur Förderung der Wis-
senschaftlichen Forschung (grant no. 200021-200517/1), and
the Swiss Polar Institute (SPI) supports the development of the
TEMPERA-C radiometer. We thank the ARTS developer team for
their support and Richard Larsson for implementing the Zeeman
effect in ARTS. We also thank Francisco Navas-Guzmán and
MeteoSwiss for hosting the instrument and calibrating the noise
diode during the period when TEMPERA was located at the
MeteoSwiss technical center in Payerne. Scientific color maps
(Crameri et al., 2020) are used in this study to prevent visual
distortion of the data and exclusion of readers with color-vision
deficiencies. Witali Krochin, Axel Murk, and Gunter Stober are
members of the Oeschger Centre for Climate Change Research
(OCCR).

Financial support. This research has been supported by
the Schweizerischer Nationalfonds zur Förderung der Wis-
senschaftlichen Forschung (grant no. 200021-200517/1).

Review statement. This paper was edited by Jörg Gumbel and re-
viewed by two anonymous referees.

References

Baumgarten, K. and Stober, G.: On the evaluation of the phase rela-
tion between temperature and wind tides based on ground-based
measurements and reanalysis data in the middle atmosphere,

Ann. Geophys., 37, 581–602, https://doi.org/10.5194/angeo-37-
581-2019, 2019.

Baumgarten, K., Gerding, M., Baumgarten, G., and Lübken, F.-J.:
Temporal variability of tidal and gravity waves during a record
long 10-day continuous lidar sounding, Atmos. Chem. Phys., 18,
371–384, https://doi.org/10.5194/acp-18-371-2018, 2018.

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
Circulation Model, J. Geophys. Res.-Atmos., 123, 2605–2627,
https://doi.org/10.1002/2017JD027460, 2018.

Bernet, L., Navas-Guzmán, F., and Kämpfer, N.: The effect of
cloud liquid water on tropospheric temperature retrievals from
microwave measurements, Atmos. Meas. Tech., 10, 4421–4437,
https://doi.org/10.5194/amt-10-4421-2017, 2017.

Chang, L., Palo, S., Hagan, M., Richter, J., Garcia, R., Riggin, D.,
and Fritts, D.: Structure of the migrating diurnal tide in the Whole
Atmosphere Community Climate Model (WACCM), Adv. Space
Res., 41, 1398–1407, https://doi.org/10.1016/j.asr.2007.03.035,
2008.

Chapman, S. and Lindzen, R.: Atmospheric Tides: Thermal
and Gravitational, D. Reidel Publishing company, New York,
https://doi.org/10.1007/978-94-010-3399-2, 1970.

Crameri, F., Shephard, G. E., and Heron, P.: The misuse of
colour in science communication, Nat. Commun., 11, 5444,
https://doi.org/10.1038/s41467-020-19160-7, 2020.

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 Phys., 123, 7106–
7123, https://doi.org/10.1029/2018JA025748, 2018.

Eriksson, P., Jiménez, C., and Buehler, S.: Qpack, a general tool for
instrument simulation and retrieval work, J. Quant. Spectrosc.
Ra., 91, 47–64, 2005.

Fong, W., Lu, X., Chu, X., Fuller-Rowell, T., Yu, Z., Roberts,
B., Chen, C., Gardner, C., and McDonald, A. J.: Win-
ter temperature tides from 30 to 110 km at McMurdo
(77.8° S, 166.7° E), Antarctica: Lidar observations and compar-
isons with WAM, J. Geophys. Res.-Atmos., 119, 2846–2863,
https://doi.org/10.1002/2013JD020784, 2022.

Forbes, J.: Atmospheric Tides 1. Model Description and Results for
the Solar Diurnal Componen, J. Geophys. Res., 87, 5222–5240,
https://doi.org/10.1029/2007JD008725, 1982.

Gelaro, R., McCarty, W., Suárez, M. J., Todling, R., Molod, A.,
Takacs, L., Randles, C. A., Darmenov, A., Bosilovich, M. G.,
Reichle, R., Wargan, K., Coy, L., R., C., C., D., S., A., V., B.,
A., C., da Silva A. M., Gu, W., Kim, G., Koster, R., Lucchesi, R.,
Merkova, D., Nielsen, J. E., Partyka, G., Pawson, S., Putman, W.,
Rienecker, M., Schubert, S. D., Sienkiewicz, M., and Zhao, B.:
The Modern-Era Retrospective Analysis for Research and Ap-
plications, Version 2 (MERRA-2), J. Climate, 30, 5419–5454,
https://doi.org/10.1175/JCLI-D-16-0758.1, 2017.

Gille, S., Hauchecorne, A., and Chanin, M.: Semidiurnal
and Diurnal Tidal Effects in the Middle Atmosphere as
Seen by Rayleigh Lidar, J. Geophys. Res., 96, 7579–7587,
https://doi.org/10.1029/90JD02570, 1991.

Atmos. Meas. Tech., 17, 5015–5028, 2024 https://doi.org/10.5194/amt-17-5015-2024

https://doi.org/10.5067/QBZ6MG944HW0
https://doi.org/10.5194/angeo-37-581-2019
https://doi.org/10.5194/angeo-37-581-2019
https://doi.org/10.5194/acp-18-371-2018
https://doi.org/10.1175/JAS-D-16-0194.1
https://doi.org/10.1002/2017JD027460
https://doi.org/10.5194/amt-10-4421-2017
https://doi.org/10.1016/j.asr.2007.03.035
https://doi.org/10.1007/978-94-010-3399-2
https://doi.org/10.1038/s41467-020-19160-7
https://doi.org/10.1029/2018JA025748
https://doi.org/10.1002/2013JD020784
https://doi.org/10.1029/2007JD008725
https://doi.org/10.1175/JCLI-D-16-0758.1
https://doi.org/10.1029/90JD02570


W. Krochin et al.: TEMPERA 5027

Global Modeling and Assimilation Office (GMAO): MERRA-
2 inst3_3d_asm_Np: 3d,3-Hourly,Instantaneous,Pressure-
Level,Assimilation,Assimilated Meteorological Fields
V5.12.4, Greenbelt, MD, USA, Goddard Earth Sciences
Data and Information Services Center (GES DISC) [data set],
https://doi.org/10.5067/QBZ6MG944HW0, 2015.

Günzkofer, F., Pokhotelov, D., Stober, G., Liu, H., Liu, H.-
L., Mitchell, N. J., Tjulin, A., and Borries, C.: Determin-
ing the Origin of Tidal Oscillations in the Ionospheric Tran-
sition Region With EISCAT Radar and Global Simulation
Data, J. Geophys. Res.-Space Phys., 127, e2022JA030861,
https://doi.org/10.1029/2022JA030861, 2022.

Hagan, M., Forbes, J., and Vial, F.: On modeling mi-
grating solar tides, Geophys. Res. Lett., 22, 893–896,
https://doi.org/10.1029/95GL00783, 1995.

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

Hagen, J., Murk, A., Rüfenacht, R., Khaykin, S., Hauchecorne,
A., and Kämpfer, N.: WIRA-C: a compact 142-GHz-radiometer
for continuous middle-atmospheric wind measurements, Atmos.
Meas. Tech., 11, 5007–5024, https://doi.org/10.5194/amt-11-
5007-2018, 2018.

Hagen, J., Hocke, K., Stober, G., Pfreundschuh, S., Murk, A.,
and Kämpfer, N.: First measurements of tides in the strato-
sphere and lower mesosphere by ground-based Doppler mi-
crowave wind radiometry, Atmos. Chem. Phys., 20, 2367–2386,
https://doi.org/10.5194/acp-20-2367-2020, 2020.

Hibbins, R. E., Espy, P. J., Orsolini, Y. J., Limpasuvan, V., and
Barnes, R. J.: SuperDARN Observations of Semidiurnal Tidal
Variability 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.

Hocke, K.: Influence of Sudden Stratospheric Warmings on the
Migrating Diurnal Tide in the Equatorial Middle Atmosphere
Observed by Aura/Microwave Limb Sounder, Atmosphere, 14,
1743, https://doi.org/10.3390/atmos14121743, 2023.

Ingold, T. and Kämpfer, N.: Weighted mean tropospheric temper-
ature and transmittance determination at millimeter-wave fre-
quencies for ground-based applications, Radio Sci., 22, 905–918,
https://doi.org/10.1029/98RS01000, 1998.

Kopp, M., Gerding, J., and Lübken, F.-J.: Tidal signatures in
temperatures derived from daylight lidar soundings above
Kühlungsborn, J. Atmos. Solar-Terrest. Phys., 127, 37–50,
https://doi.org/10.1016/j.jastp.2014.09.002, 2015.

Krochin, W., Navas-Guzmán, F., Kuhl, D., Murk, A., and Sto-
ber, G.: Continuous temperature soundings at the stratosphere
and lower mesosphere with a ground-based radiometer consid-
ering the Zeeman effect, Atmos. Meas. Tech., 15, 2231–2249,
https://doi.org/10.5194/amt-15-2231-2022, 2022a.

Krochin, W., Stober, G., and Murk, A.: Development of a Polari-
metric 50-GHz Spectrometer for Temperature Sounding in the
Middle Atmosphere, IEEE J. Select. Appl. Earth Observ. Remote
Sens., 15, 5644–5651,https://doi.org/10.48350/186172, 2022b.

Larsson, R., Lankhaar, B., and Eriksson, P.: Updated Zeeman
effect splitting coefficients for molekular oxygen in plane-
tary applications, J. Quant. Spectrosc. Ra., 224, 431–438,
https://doi.org/10.1016/j.jqsrt.2018.12.004, 2019.

Leroy, S. S. and Gleisner, H.: The Stratospheric Diurnal Cycle in
COSMIC GPS Radio Occultation Data: Scientific Applications,
Earth Space Sci., 9, 3, https://doi.org/10.1029/2021EA002011,
2022.

Lindzen, R. S.: Atmospheric Tides, Annu. Rev. Earth Planet. Sci., 7,
199–225, https://doi.org/10.1146/annurev.ea.07.050179.001215,
1979.

Lindzen, R. S. and Chapman, S.: Atmospheric Tides, Space Sci.
Rev., 10, 3–188, 1969.

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.

Livesey, N., Van Snyder, W., Read, W., and Wagner, P.: Re-
trieval algorithms for the EOS Microwave limb sounder
(MLS), IEEE T. Geosci. Remote Sens., 44, 1144–1155,
https://doi.org/10.1109/TGRS.2006.872327, 2006.

McCormack, J., Hoppel, K., Kuhl, D., de Wit, R., Stober, G.,
Espy, P., Baker, N., Brown, P., Fritts, D., Jacobi, C., Janches,
D., Mitchell, N., Ruston, B., Swadley, S., Viner, K., Whit-
comb, T., and Hibbins, R.: Comparison of mesospheric winds
from a high-altitude meteorological analysis system and me-
teor radar observations during the boreal winters of 2009–2010
and 2012–2013, J. Atmos. Solar-Terrest. Phys., 154, 132–166,
https://doi.org/10.1016/j.jastp.2016.12.007, 2017.

Navas-Guzmán, F., Kämpfer, N., Murk, A., Larsson, R., Buehler, S.
A., and Eriksson, P.: Zeeman effect in atmospheric O2 measured
by ground-based microwave radiometry, Atmos. Meas. Tech., 8,
1863–1874, https://doi.org/10.5194/amt-8-1863-2015, 2015.

Oberheide, J., Forbes, J. M., Zhang, X., and Bruinsma, S. L.: Cli-
matology of upward propagating diurnal and semidiurnal tides
in the thermosphere, J. Geophys. Res.-Space Phys., 116, A11,
https://doi.org/10.1029/2011JA016784, 2011.

Ortland, A. D.: A Study of the Global Structure of the Migrating Di-
urnal Tide Using Generalized Hough Modes, J. Atmos. Sci., 62,
2684–2702, https://doi.org/10.1016/j.jastp.2013.07.010, 2013.

Rodgers, C. D.: Inverse Methods for Atmospheric sounding The-
ory and Practice, World Scientific, https://doi.org/10.1142/3171,
2000.

Sakazaki, T., Fujiwara, M., Zhang, X., Hagan, M., and Forbes,
J.: Diurnal tides from the troposphere to the lower meso-
sphere as deduced from TIMED/SABER satellite data and
six global reanalysis data sets, J. Geophys. Res., 117, D13,
https://doi.org/10.1029/2011JD017117, 2012.

Sakazaki, T., Fujiwara, M., and Zhang, X.: Interpretation of
the vertical structure and seasonal variation of the diur-
nal migrating tide from the troposphere to the lower meso-
sphere, J. Atmos. Solar-Terrest. Phys., 105–106, 66–80,
https://doi.org/10.1016/j.jastp.2013.07.010, 2013.

Sakazaki, T., Shiotani, M., Suzuki, M., Kinnison, D., Zawodny, J.
M., McHugh, M., and Walker, K. A.: Sunset–sunrise difference
in solar occultation ozone measurements (SAGE II, HALOE, and
ACE–FTS) and its relationship to tidal vertical winds, Atmos.
Chem. Phys., 15, 829–843, https://doi.org/10.5194/acp-15-829-
2015, 2015.

Sauvageat, E., Maillard Barras, E., Hocke, K., Haefele, A.,
and Murk, A.: Harmonized retrieval of middle atmospheric
ozone from two microwave radiometers in Switzerland, At-
mos. Meas. Tech., 15, 6395–6417, https://doi.org/10.5194/amt-
15-6395-2022, 2022.

https://doi.org/10.5194/amt-17-5015-2024 Atmos. Meas. Tech., 17, 5015–5028, 2024

https://doi.org/10.5067/QBZ6MG944HW0
https://doi.org/10.1029/2022JA030861
https://doi.org/10.1029/95GL00783
https://doi.org/10.1029/1998JA900125
https://doi.org/10.5194/amt-11-5007-2018
https://doi.org/10.5194/amt-11-5007-2018
https://doi.org/10.5194/acp-20-2367-2020
https://doi.org/10.1029/2018JD030157
https://doi.org/10.3390/atmos14121743
https://doi.org/10.1029/98RS01000
https://doi.org/10.1016/j.jastp.2014.09.002
https://doi.org/10.5194/amt-15-2231-2022
https://doi.org/10.48350/186172
https://doi.org/10.1016/j.jqsrt.2018.12.004
https://doi.org/10.1029/2021EA002011
https://doi.org/10.1146/annurev.ea.07.050179.001215
https://doi.org/10.1002/2016SW001450
https://doi.org/10.1109/TGRS.2006.872327
https://doi.org/10.1016/j.jastp.2016.12.007
https://doi.org/10.5194/amt-8-1863-2015
https://doi.org/10.1029/2011JA016784
https://doi.org/10.1016/j.jastp.2013.07.010
https://doi.org/10.1142/3171
https://doi.org/10.1029/2011JD017117
https://doi.org/10.1016/j.jastp.2013.07.010
https://doi.org/10.5194/acp-15-829-2015
https://doi.org/10.5194/acp-15-829-2015
https://doi.org/10.5194/amt-15-6395-2022
https://doi.org/10.5194/amt-15-6395-2022


5028 W. Krochin et al.: TEMPERA

Sauvageat, E., Hocke, K., Maillard Barras, E., Hou, S., Errera,
Q., Haefele, A., and Murk, A.: Microwave radiometer obser-
vations of the ozone diurnal cycle and its short-term variabil-
ity over Switzerland, Atmos. Chem. Phys., 23, 7321–7345,
https://doi.org/10.5194/acp-23-7321-2023, 2023.

Schranz, F., Fernandez, S., Kämpfer, N., and Palm, M.: Diur-
nal variation in middle-atmospheric ozone observed by ground-
based microwave radiometry at Ny-Ålesund over 1 year, At-
mos. Chem. Phys., 18, 4113–4130, https://doi.org/10.5194/acp-
18-4113-2018, 2018.

She, C.-Y., Krueger, D. A., Yuan, T., and Oberheide, J.: On the
polarization relations of diurnal and semidiurnal tide in the
mesopause region, J. Atmos. Solar-Terrest. Phys., 142, 60–71,
https://doi.org/10.1016/j.jastp.2016.02.024, 2016a.

She, C.-Y., Krueger, D. A., Yuan, T., and Oberheide, J.: On the
polarization relations of diurnal and semidiurnal tide in the
mesopause region, J. Atmos. Solar-Terrest. Phys., 142, 60–71,
https://doi.org/10.1016/j.jastp.2016.02.024, 2016b.

Stähli, O., Murk, A., Kämpfer, N., Mätzler, C., and Eriksson, P.:
Microwave radiometer to retrieve temperature profiles from the
surface to the stratopause, Atmos. Meas. Tech., 6, 2477–2494,
https://doi.org/10.5194/amt-6-2477-2013, 2013.

Stober, G., Matthias, V., Jacobi, C., Wilhelm, S., Hoeffner, J., and
Chau, J. L.: Exceptionally strong summer-like zonal wind rever-
sal in the upper mesosphere during winter 2015/16, Ann. Geo-
phys., 35, 711–720, https://doi.org/10.5194/angeo-35-711-2017,
2017.

Stober, G., Baumgarten, K., McCormack, J. P., Brown, P., and Czar-
necki, J.: Comparative study between ground-based observations
and NAVGEM-HA analysis data in the mesosphere and lower
thermosphere region, Atmos. Chem. Phys., 20, 11979–12010,
https://doi.org/10.5194/acp-20-11979-2020, 2020a.

Stober, G., Baumgarten, K., McCormack, J. P., Brown, P., and Czar-
necki, J.: Comparative study between ground-based observations
and NAVGEM-HA analysis data in the mesosphere and lower
thermosphere region, Atmos. Chem. Phys., 20, 11979–12010,
https://doi.org/10.5194/acp-20-11979-2020, 2020b.

Stober, G., Kuchar, A., Pokhotelov, D., Liu, H., Liu, H.-L., Schmidt,
H., Jacobi, C., Baumgarten, K., Brown, P., Janches, D., Mur-
phy, D., Kozlovsky, A., Lester, M., Belova, E., Kero, J., and
Mitchell, N.: Interhemispheric differences of mesosphere–lower
thermosphere winds and tides investigated from three whole-
atmosphere models and meteor radar observations, Atmos.
Chem. Phys., 21, 13855–13902, https://doi.org/10.5194/acp-21-
13855-2021, 2021.

Vadas, S. L. and Becker, E.: Numerical Modeling of the Ex-
citation, Propagation, and Dissipation of Primary and Sec-
ondary Gravity Waves during Wintertime at McMurdo Station
in the Antarctic, J. Geophys. Res.-Atmos., 123, 9326–9369,
https://doi.org/10.1029/2017JD027974, 2018.

Vadas, S. L., Becker, E., Figueiredo, C., Bossert, K., Harding,
B. J., and Gasque, L. C.: Primary and Secondary Gravity Waves
and Large-Scale Wind Changes Generated by the Tonga Vol-
canic Eruption on 15 January 2022: Modeling and Comparison
With ICON-MIGHTI Winds, J. Geophys. Res.-Space Phys., 128,
e2022JA031138, https://doi.org/10.1029/2022JA031138, 2023.

van Caspel, W. E., Espy, P., Hibbins, R., Stober, G., Brown, P.,
Jacobi, C., and Kero, J.: A Case Study of the Solar and Lunar
Semidiurnal Tide Response to the 2013 Sudden Stratospheric
Warming, J. Geophys. Res.-Space Phys., 128, e2023JA031680,
https://doi.org/10.1029/2023JA031680, 2023.

Waters, J., Froidevaux, L., Harwood, R., Jarnot, R., Pickett, H.,
Read, W., Siegel, P., Cofield, R., Filipiak, M., Flower, D.,
Holden, J., Lau, G., Livesey, N., Manney, G., Pumphrey, H.,
Santee, M., Wu, D., Cuddy, D., Lay, R., Loo, M., Perun, V.,
Schwartz, M., Stek, P., Thurstans, R., Boyles, M., Chandra, K.,
Chavez, M., Chen, G.-S., Chudasama, B., Dodge, R., Fuller, R.,
Girard, M., Jiang, J., Jiang, Y., Knosp, B., LaBelle, R., Lam, J.,
Lee, K., Miller, D., Oswald, J., Patel, N., Pukala, D., Quintero,
O., Scaff, D., Van Snyder, W., Tope, M., Wagner, P., and Walch,
M.: The Earth observing system microwave limb sounder (EOS
MLS) on the aura Satellite, IEEE T. Geosci. Remote Sens., 44,
1075–1092, https://doi.org/10.1109/TGRS.2006.873771, 2006.

Yuan, T., Schmidt, H., She, C. Y., Krueger, D. A., and Reis-
ing, S.: Seasonal variations of semidiurnal tidal perturbations in
mesopause region temperature and zonal and meridional winds
above Fort Collins, Colorado (40.6° N, 105.1° W), J. Geophys.
Res.-Atmos., 113, D20, https://doi.org/10.1029/2007JD009687,
2008.

Yuan, T., Stevens, M. H., Englert, C. R., and Immel, T. J.:
Temperature Tides Across the Mid-Latitude Summer
Turbopause Measured by a Sodium Lidar and MIGHT-
I/ICON, J. Geophys. Res.-Atmos., 126, e2021JD035321,
https://doi.org/10.1029/2021JD035321, 2021.

Zeng, Z., Randel, W., Sokolovskiy, S., Deser, C., Kuo, Y.,
Hagan, M., Du, J., and Ward, W.: Detection of migrat-
ing diurnal tide in the tropical upper troposphere and lower
stratosphere using the Challenging Minisatellite Payload ra-
dio occultation data, J. Geophys. Res., 113, 7579–7587,
https://doi.org/10.1029/2007JD008725, 2008.

Zhang, X., Forbes, J., and Hagan, M.: Longitudinal varia-
tion of tides in the MLT region: 1. Tides driven by tro-
pospheric net radiative heating, J. Geophys. Res., 115, A6,
https://doi.org/10.1029/2009JA014897, 2010.

Atmos. Meas. Tech., 17, 5015–5028, 2024 https://doi.org/10.5194/amt-17-5015-2024

https://doi.org/10.5194/acp-23-7321-2023
https://doi.org/10.5194/acp-18-4113-2018
https://doi.org/10.5194/acp-18-4113-2018
https://doi.org/10.1016/j.jastp.2016.02.024
https://doi.org/10.1016/j.jastp.2016.02.024
https://doi.org/10.5194/amt-6-2477-2013
https://doi.org/10.5194/angeo-35-711-2017
https://doi.org/10.5194/acp-20-11979-2020
https://doi.org/10.5194/acp-20-11979-2020
https://doi.org/10.5194/acp-21-13855-2021
https://doi.org/10.5194/acp-21-13855-2021
https://doi.org/10.1029/2017JD027974
https://doi.org/10.1029/2022JA031138
https://doi.org/10.1029/2023JA031680
https://doi.org/10.1109/TGRS.2006.873771
https://doi.org/10.1029/2007JD009687
https://doi.org/10.1029/2021JD035321
https://doi.org/10.1029/2007JD008725
https://doi.org/10.1029/2009JA014897

	Abstract
	Introduction
	Instrument description
	Temperature retrievals from atmospheric spectra
	TEMPERA observations
	Tidal analysis – adaptive spectral filter (ASF)
	Results of tidal analysis
	Discussion
	Conclusions
	Appendix A: MERRA-2 comparison
	Data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

