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Abstract. In recent decades, theoretical studies and numerical models of thermal tides have gained attention. It has been recog-
nized that tides have a significant influence on the dynamics of the middle and upper atmosphere, as they grow in amplitude and
propagate upwards, they transport energy and momentum from the lower to the upper atmosphere, contributing to the vertical
coupling between atmospheric layers. The superposition of tides with other atmospheric waves leads to non-linear wave-wave
interactions. However, direct measurements of thermal tides in the middle atmosphere are challenging and often are limited to
satellite measurements at the tropics and low latitudes. Due to the orbit geometry such observations provide only a reduced
insight into the short-term variability of atmospheric tides. In this manuscript, we present tidal analysis from 5 years of contin-
uous observations of middle atmospheric temperatures. The measurements were performed with the ground-based temperature
radiometer TEMPERA, 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 1-3h and covered the altitude range between 25-50
km. Using an adaptive spectral filter with a vertical regularization (ASF2D) for the tidal analysis, we found maximum ampli-
tudes for the diurnal tide of approximately 2.4 K accompanied by seasonal 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 to provide continuous temperature soundings at the stratosphere and lower mesosphere with a sufficient cadence to
infer tidal amplitudes and phases for the dominating tidal modes. Furthermore, our measurements exhibit a dominating diurnal

tide and smaller amplitudes for the semidiurnal and terdiurnal tides at 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 number
of oscillations per day as diurnal, semidiurnal, and terdiurnal, respectively. Furthermore, tides can be characterized by their
propagation 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. Atmospheric tides are generated by the absorption of solar radiation by
water vapor in the troposphere and ozone in the stratosphere (e.g., Sakazaki et al., 2015) and propagate upwards up to the

mesosphere/thermosphere. Due to the decreasing density with increasing height, their amplitude grows and they become the
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dominating source of variability at the Mesosphere/lower thermosphere (MLT). Atmospheric tides transport energy and mo-
mentum 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; McCormack et al., 2017; Becker, 2017). Atmospheric tides can be described by
normal-mode oscillations in pressure, density, wind, and temperature through Hough-modes (Ortland, 2013). In Sakazaki et al.
(2013) seasonal variations of the migrating diurnal thermal tides are discussed, using 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., 2011b, a; Zhang et al., 2010; Sakazaki
et al., 2012; Dhadly et al., 2018), provide global observations but are often not suitable to investigate the short-time variability
due to their orbit geometry. SABER onboard the TIMED spacecraft drifts in local time and, hence, samples every 60 days
all local times at each location. Furthermore, SABER has a yaw cycle, which changes the viewing geometry every 60 days
and, thus, observes the mid- and polar latitudes on both hemispheres interleaved. Satellites on sun-synchronous orbits, such
as MLS onboard AURA (Livesey et al., 2006; Waters et al., 2006), suffer from even more aliasing effects due to fixed local
time sampling (Hocke, 2023). Ideally, a temporal resolution of one hour per day is needed to infer the short-time variability of
diurnal or semidiurnal tides. Very often such a high sampling rate is only achieved by ground-based (Baumgarten and Stober,
2019; Krochin et al., 2022a) instruments.

Continuous and high-resolution temperature measurements at the stratosphere and lower mesosphere are sparse. Lidar sound-
ings are often depending on the tropospheric cloud coverage and the daylight capability of the systems. Thus, there are only
very limited continuous lidar observations covering several successive days (Baumgarten and Stober, 2019). Furthermore, most
studies of thermal tides focused on the tropical and lower latitude region and the upper mesosphere and thermosphere, where
tidal amplitudes are much stronger and become the dominating atmospheric wave (She et al., 2016a; Yuan et al., 2008; She
et al., 2016b; Yuan et al., 2021). Only a few observations in the middle atmosphere (stratosphere and mesosphere) are doc-
umented in the literature (Gille et al., 1991; Kopp et al., 2015; Fong et al., 2022). However, most meteorological reanalysis
update the data assimilation every 6 hours, although the model output is provided at a higher cadence (Gelaro et al., 2017). Due
to the sparsity of observations at the stratosphere, some observations are only available every 12 hours (e.g., radiosondes), and,
thus, measurements that capture the short-term tidal variability at these altitudes are crucial to constrain 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 manuscript, we present diurnal, semidiurnal, and terdiurnal thermal tide amplitudes at altitudes between 25-50 km,
derived from continuous long-term observations of atmospheric microwave spectra by a ground-based microwave radiometer
(TEMPERA, Stihli et al. (2013)) located at the Meteo Swiss technical center in Payerne (46.82°N, 6.94°E) and discuss the
seasonal and latitudinal climatology. In sections 2,3 and 4 the instrument, the retrieval method for temperature profiles, and the
resulting temperature time series are described in more detail. In sections 5 and 6 the tidal analysis method and the resulting

tidal amplitudes are presented and in section 7 the results are discussed.
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2 Instrument description

The TEMperature RAdiometer (TEMPERA) was built at the University of Bern in 2013 (Stéhli et al., 2013). TEMPERA mea-
sures microwave emission from atmospheric oxygen at the 60 GHz oxygen emission complex (see Figure 1). With a spectral
resolution of 30 kHz and a bandwidth of 2x 480 MHz, the fine structure of rotational transitions, used to retrieve tempera-
ture in the middle atmosphere, can be resolved (see Figure 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
stratospheric spectra is 3 hours. TEMPERA operated continuously in this measurement mode during the years 2013-2018 at the
Meteo Swiss Technical Center in Payerne. Stratospheric spectra are calibrated with a two-point calibration, where an internal
noise diode and an ambient load are used. The noise diode is calibrated once a month with liquid nitrogen (LN2) (see Figure
3. The fine structure spectra are inverted using ARTS (Atmospheric Radiative Transfer Simulator, Eriksson et al. (2005)). A
more detailed technical description is found in Stihli et al. (2013); Krochin et al. (2022a).

60-GHz Oxygen emission complex simulated with ARTS
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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.

In 2022 an updated retrieval algorithm was published (Krochin et al., 2022a), which accounted for the Zeeman-splitting
in the line center due to the coupling of atmospheric oxygen 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 Applied Physics at the University of Bern. This change was accompanied by a new measure-
ment mode dedicated to stratospheric and lower mesospheric soundings. The new mode relies on noise diode calibration and
avoids spending measurement time to perform a tipping curve for tropospheric retrievals, maximizing the measurement time
of stratospheric spectra resulting in a temporal resolution of about 1 hour. In addition, several minor updates of the retrieval
algorithm were performed, including an improved tropospheric correction, apriori error matrix, baseline correction, retrieval

for frequency shift and frequency stretch, and filtering of contaminated spectra (see section 3).
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Figure 2. Spectrum of atmospheric Oxygen fine structure emission lines measured with TEMPERA (Stéhli et al. (2013)) after 3h of integra-

tion time (00.00 - 03.00). The ambient load in combination with the integrated noise diode, was used for calibration of this spectrum.

Figure 3. TEMPERA at the Institute of Applied Physics at the University of Bern. Navas-Guzman et al. (2015)

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)+e (1)
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Where y is the measurement vector, F' the forward model, x the atmospheric state vector, and e the measurement error.
Following the formalism of Rodgers (2000) the forward model is inverted by an optimal estimation method. Assuming that y

and x have Gaussian probability distributions P(x) and P(y), and using the Bayes’ theorem

Plxly) = TR0, @

a cost function of the following form can be found

J(x) = =2 P (x]y) = [y = F(x)]" S; ' [y = F(x)] + [x = xa]" Sa [x — x] )

where J(x) is minimized by a Levenberg-Marquardt algorithm. Here x,, is the apriori state, used as the initial guess to
start the iteration, and S, and S, are the apriori and measurement covariance matrices. An important quantity for the retrieval

analysis is the averaging kernel

A=GK 4)
and the corresponding measurement response

MR = Al 5)

where K is the weighting function matrix

JF(x
and G denotes the gain matrix
G=[K'S7'K+8;!] 'KTs ", %)

and I denotes the unit matrix. The optimal estimation technique contains several sources of uncertainty, which are the obser-

vation error S, the smoothing error Sg, which both contribute to the total error Syt

So =GS.GT ®)
Ss=[A—T1]S,[A -1 )
Siot =So +Sg . (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 retrieval algorithm is found in Krochin et al. (2022a). We implemented
only a minor change related to the tropospheric correction. Instead of using the method suggested in Ingold and Kédmpfer
(1998), the tropospheric opacity is retrieved in ARTS using the spectral data of the line wings, where the surface temperature
is used for the lowest altitude grid point in the apriori profile. Minor improvements were reached by including, frequency shift

and frequency stretch in the ensemble of retrieved quantities, and by increasing the apriori error of the retrieved baseline. The
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temperature profile apriori error was set constant to a temperature covariance of 15K. Figure 4 illustrates the measurement
response (MR), the averaging kernel (AVK), 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 apriori state. The forward model formalism, the retrieval algorithm, and the definitions of the retrieval

quantities following the formalism from Rodgers (2000).
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Figure 4. The left panel shows 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). The middle panel visualizes the FWHM of the AVK matrix for each altitude, which corresponds to

the altitude resolution. The right panel exhibits all three retrieval errors as explained in Eq. 8 to 10.

4 TEMPERA observations

In this manuscript, we present measurements of altitude and time-resolved profiles of atmospheric temperatures, retrieved from
continuous TEMPERA observations conducted between 2014 to 2023. Two periods are to be distinguished due to a change in
the operational mode made in 2022. Between 2014-2017 TEMPERA operated with a time resolution of 3 hours and since 2022
the time resolution is 1 hour (see Section. 2). Figure 2 illustrates a calibrated spectrum, observed at the Meteo Swiss Technical
Center Payerne in 2016.

The time series of retrieved temperature profiles is shown in Figure 5. Stratospheric profiles are retrieved using the fine structure
emission lines (Figure. 2). The tropospheric influence is contained in the slope of the O2 emission complex (Figure. 1) and
is reduced by including the line wings in the measurement 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 removed spectra exceeds

10%, the entire 3h block is removed. A second filter removes out layer profiles from the dataset. The blank times are mainly
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caused by liquid water clouds or rain that attenuate the stratospheric signal. The amount of removed spectra is around 15%
on average. Under clear sky conditions, the observed frequency range is less affected by the emission/absorption of HyO
molecules and only the effects of line mixing remain. However, liquid water clouds create thermal emission, which increases
the brightness temperatures 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 was not tested on stratospheric retrievals and, thus, is not included in the current version of the stratospheric
retrieval.
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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.

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; Baum-
garten and Stober, 2019; Hibbins et al., 2019). Non-migrating tides have often smaller amplitudes compared to their migrating
counterpart. However, satellite observations have demonstrated their presence at the lower latitudes (Oberheide et al., 2011a).
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 classify 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(tx) = Tor + Z {anksm (%tk> + by, COS (%t;&} (11)

n=1 n

Where Tpy is the background state (median over k-th window), P,, = [1, 1/2, 1/3]x day, the period, A, = 1/ ai v bi i the
amplitude, and ¢y, is the local time of the k-th window. The phase shift A¢,,; (hours from midnight) can be derived by
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A¢,) = arctan (bnk> (12)

QAnk
In this study, we applied the adaptive spectral filter (ASF) technique that was already used in many studies and on many
different data such as lidar observations, meteor radar winds, EISCAT ion velocity, or GCM winds and temperatures (Stober
et al., 2017; Baumgarten and Stober, 2019; Stober et al., 2020b, 2021; Giinzkofer et al., 2022).

The ASF also includes a vertical regularization to ensure a smooth phase behavior of each tidal mode, which seems to reduce
the contamination due to gravity waves with shorter vertical wavelengths. Furthermore, the algorithm adapts the window length
for each fitted tidal mode to capture transient events that alter the tidal amplitude and phase. Another benefit of this technique
is that data gaps or unevenly sampled time series can be analyzed as well. More details can be found in Baumgarten and Stober
(2019); Stober et al. (2020b). Here, we implemented the ASF using a 4-day sliding window after the removal of the median.
The error propagation for the tidal amplitudes and phases was calculated by weighting the least square error, with the total

retrieval error.

6 Results of tidal analysis

Applying ASF on the data set of continuous temperature profiles results in 3 sets of continuous-time and altitude-resolved
amplitude and phases (Local Solar Time of maximum). For the period 2014-2017, the time resolution (3h) is not sufficient to
resolve semi-diurnal 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.
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Figure 6. a) Vertical resolved temperature measurements observed with TEMPERA for the period from 24.03.2014-07.04.2014. b) Inferred
absolute Temperature anomalies retrieved using a 4-day sliding median to visualize short-scale variations. ¢) Vertical integrated temperature
anomalies calculated from measurements between 40-55 km and a corresponding best-sine-fit. d) Retrieved diurnal tide amplitude profiles

calculated from ASF.

Figure 6 shows temperature profiles (top panel) and the corresponding tidal amplitudes (bottom panel) for 14 days during
spring 2014. The temperature anomaly (second panel from the top) is the difference between the raw temperature and a

background state, smoothed with a 4-day sliding window (median). It shows the complex dynamic at the stratosphere with
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alternating warmer and colder periods at different altitudes. The third plot from the top shows a median over the anomaly
profile from 40-55 km. For illustration purposes, a sine function with a period of 24 hours was fitted to the curve. Deviations
from the sine fit are assumed to be higher period oscillations caused by gravity waves and planetary waves. Also, the period
of thermal tides is not stable and can slightly change from day to day (Baumgarten and Stober, 2019; Stober et al., 2020b; van
Caspel et al., 2023).
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Figure 7. Top: Seasonal averaged diurnal tide amplitude profiles with the corresponding tide error. The black curve represents

the median over a whole year. Bottom: Seasonal averaged diurnal tide phase profiles with the corresponding phase error.
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Figure 7). Right: Seasonal averaged semidiurnal and terdiurnal tide profiles with the corresponding tide error (see section 5).
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season 2014 2015 2016 2017
Max A24T(@ z [km]) | Max A24T(@ z [km]) | Max A24T(@ z [km]) | Max A24T(@ z [km])
DIJF 2.6(40) 2.2(43) 2.5(45) 2.6(42)
MAM 2.3(44) 2.6(38) 3.043) 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)
Table 1. Maxima and corresponding altitudes of seasonal averaged diurnal tidal amplitudes between 2014-2017.
season diurnal semidiurnal terdiurnal
Max A24T(@ z [km]) | Max A12T(@ z [km]) | Max A8T(@ z [km])
DIJF 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)

Table 2. Maxima and corresponding altitudes of seasonal averaged diurnal, semidiurnal, and terdiurnal tidal amplitudes.

Yearly and seasonal averaged amplitude profiles for the period 2014-2017 are illustrated in Figure 7 (upper panels). Note
that altitude profiles will be smoothed with the measurement response curve (Figure. 4). The black line shows the median
for an entire year and colored lines represent medians over the corresponding seasons (December-January-February (DJF)
(blue), March-April-May (MAM)(red), June-July-August (JJA)(orange), and September-October-November (SON)(purple)).
The mean tide amplitude profile has a maximum between 2.0-3.7 K at 38-45 km (see also Table 1). The seasonal averages show
an increased tidal activity in the spring months for the years 2015, and 2016, whereas in 2014 and 2017 the highest tidal activity
was found during winter. The absolute difference between summer and winter tide amplitudes is, however, much smaller than
the corresponding 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. At 30-35 km the phase propagation turns to a constant value of 18 LST. The reversal of the phase propagation seems
to be related to the ozone diurnal cycle and will be discussed later. Figure 8 (left panel) shows averaged tidal amplitudes for
the period 2022-2023. The maximum for diurnal tide amplitudes (upper panel) occurs between 41-45km where the amplitude
reaches values between 2.2-3.2 K. Due to the instrument updates between 2017 and 2022, we analyzed also the semidiurnal
(middle panel) and terdiurnal (lower panel) tidal amplitudes for these observations. The profiles show maximum values of 1-1.9
K around 41-45 km for semidiurnal and 0.8-1.5 around 42-44km for terdiurnal tide (see Table 2). Diurnal and semidiurnal tides

have the highest amplitudes during winter time, while the terdiurnal tide exhibits maximum amplitudes in spring. The phases
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