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Preface

Preface
The main motivation behind this dissertation is the rising climate crisis, which has been a
constant companion of ice-cold fear and great danger. I am convinced, that watching nature
slowly die in front of our eyes, helpless and unable to intervene, changes us as persons. When I
started the PhD position in 2020 the critical voices, unwilling to believe in what we as mankind
have done, were still loud—spreading their misinformation over the media. By now, 4 years later
these voices have fallen silent. Partly because the evidence for an anthropogenic CO2 footprint
is inarguable after the 2021 IPCC report, partly because the predicted consequences can not
be overseen anymore. The last meteorological summer was the hottest since records, while this
summer is dominated by heavy thunderstorms and flooding. Regarding these circumstances, it
is personally important for me to be part of the solution, however, it might look, and stand on
the right side of history.

IV Microwave Group, Institute of Applied Physics, University of Bern



Preface

Contents

. Preface IV

. Contents V

1. Objective and structure of this thesis 2

2. The atmosphere: basics overview 3
2.1. The layers and composition of the atmosphere . . . . . . . . . . . . . . . . . . . . 3
2.2. The circulation in the middle atmosphere . . . . . . . . . . . . . . . . . . . . . . 4
2.3. Basic equations: momentum and mass conservation . . . . . . . . . . . . . . . . . 6
2.4. Basic equations: energy conservation . . . . . . . . . . . . . . . . . . . . . . . . . 8

3. Thermal tides 9
3.1. What are thermal tides? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3.2. Laplace tidal equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.3. Measuring thermal tides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.4. Comments on publication I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

4. Radiative transfer 16
4.1. Schwarzschild’s equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
4.2. Line profiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

5. Inversion of atmospheric spectra 19
5.1. Forward model simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
5.2. Optimal estimation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
5.3. Error analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
5.4. The atmospheric radiative transfer simulator (ARTS) . . . . . . . . . . . . . . . 21

6. The oxygen microwave emission band 22
6.1. The oxygen emission spectrum at 60GHz . . . . . . . . . . . . . . . . . . . . . . 22
6.2. Line mixing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
6.3. The Zeeman effect in atmospheric oxygen . . . . . . . . . . . . . . . . . . . . . . 24
6.4. The Stokes vector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

7. Ground-based microwave radiometry 27
7.1. Basics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
7.2. Sub-harmonic mixing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
7.3. Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

8. TEMPERA 30
8.1. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
8.2. Optimal elevation angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
8.3. Updated retrieval algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
8.4. Current status . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
8.5. Comments on publication II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

Microwave Group, Institute of Applied Physics, University of Bern V



Preface

9. TEMPERA-C 35
9.1. Towards a new state of art for temperature retrievals . . . . . . . . . . . . . . . . 35
9.2. Component description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
9.3. Comments on publication III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
9.4. Polarimetric calibration and correction . . . . . . . . . . . . . . . . . . . . . . . . 39
9.5. Correction of linear polarized parameters . . . . . . . . . . . . . . . . . . . . . . 42
9.6. Derivation of the correction parameters for Stokes components . . . . . . . . . . 43
9.7. Setup and testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
9.8. Current status . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
9.9. Retrieval with Stokes parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
9.10. First results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

10.Conclusions and outlook 52
10.1. Conclusive remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
10.2. Suggestions for future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

. Apendix A: TEMPERA-C performance test results 55

. Apendix B: Simulated elevation scan with JFJ conditions 57

. Apendix C: Publications 58
. Publication I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
. Publication II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
. Publication III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

. Acknowledgements 113

. References 114

VI Microwave Group, Institute of Applied Physics, University of Bern





Objective and structure of this thesis

1. Objective and structure of this thesis
The studies presented in this thesis involve two big fields of research: atmospheric dynamics
and remote sensing. Studying the atmospheric circulation in the middle atmosphere raised the
question of which atmospheric effects can be measured with ground-based microwave radiome-
try. As a result, we have developed a procedure to measure the amplitude and phase of solar
thermal tides.

On the technical side, the goal was to improve the temperature radiometer TEMPERA. A
temperature radiometer measures atmospheric microwave radiation. From these measurements,
atmospheric temperature profiles can be retrieved. As part of the doctoral dissertation, a newly
implemented inversion algorithm increases the altitude range for temperature retrievals from
TEMPERA measurements and facilitates the study of the middle atmosphere by ground-based
radiometry.

The main achievement is the development of the instrument TEMPERA-C. TEMPERA-C is
measuring fully polarimetric, which results in an even more increased altitude range and im-
proved temporal resolution. Furthermore, it is supposed to resolve magnetic field features due
to the Zeeman line splitting. Compared to single polarization measurements, the calibration of a
fully polarimetric instrument is challenging and the state-of-the-art calibration process requires
materials with complex properties, which in addition have to be measured precisely beforehand.
Therefore the simplified calibration process, developed as part of this dissertation, is of great
relevance.

Reflecting the dual nature of the topic, this manuscript consists of two parts. The first part is
covered by Section 2 - Section 6 and treats atmospheric dynamics, composition, and radia-
tion. The basics of atmospheric composition and circulation are summarized in Section 2. In
Section 3 the theory of solar tides as well as suitable measurement techniques are discussed
and the results of solar tide measurements are presented. In Section 4 - Section 6 the physics
of radiation propagation through the atmosphere and the retrieval of atmospheric temperature
from microwave observations is described.

The second part Section 7 - Section 9 is more technical and focuses on ground-based mi-
crowave radiometry and instrument development. Section 7 provides an introduction to the
topic of atmospheric microwave remote sensing and calibration of radiometer instruments. In
Section 8 a recently implemented inversion algorithm for the older instrument TEMPERA is
described. The newly developed instrument TEMPERA-C together with the post-process cor-
rection and first results are presented in Section 9.

Since the work for this dissertation was done at the interface between the theory of atmospheric
physics and the technical application of microwave radiometers, this manuscript is neither a
purely theoretical nor a technical report, but can be seen as a synthesis of both fields.

2 Microwave Group, Institute of Applied Physics, University of Bern



The atmosphere: basics overview

2. The atmosphere: basics overview

2.1. The layers and composition of the atmosphere

The layers of the atmosphere can be characterized by their temperature gradient and composi-
tion. The lowest layer is the troposphere with a height of up to 20 km at the equator, around
6 km at the poles, and approximately 12 km in the mid-latitudes. Except for local anomalies
near the surface, hydro-static equilibrium (Eq. 2.1) can be assumed in the troposphere. In
thermal equilibrium, the tropospheric temperature is determined by the exponential decrease of
pressure and density with altitude and the ideal gas law (Eq. 2.2), where p is the pressure, z
the altitude, ρ the density, T the temperature, g = 9.81 ms−2 earth’s gravity constant, and R
the specific gas constant. The resulting temperature profile is, to a good approximation, linear
with a negative gradient, which is referred to as the lapse rate:

∂p

∂z
= − ρg, (2.1)

p =ρRT. (2.2)

The troposphere contains about 70% of the total mass of the atmosphere and 99% of the at-
mospheric water content. The presence of water vapour and liquid water locally affects the
temperature gradient through heating by absorption of solar radiation. Also, all of the weather
and cloud formation happens in the troposphere. The transition region to the next higher layer is
the tropopause, characterized by a constant temperature profile. As the sign of the temperature
gradient changes from negative to positive during the layer transition, convective layer mixing
is suppressed. Since most of the water also forms ice crystals before it reaches the tropopause
due to its low temperature, the tropopause also acts as an effective water barrier.

The layer above the tropopause is the stratosphere. Most of the water content is blocked by
the tropopause due to freeze drying and therefore, the stratosphere remains very dry. The
stratospheric temperature profile is dominated by heating due to absorption of solar radiation
by Ozone. As a result of the radiative energy budget, the temperature gradient is positive. One
consequence of the positive temperature gradient is that convection is prevented and vertical
mixing is dominated by turbulent eddies. The transition region above the stratosphere, the
stratopause is located at an altitude of about 50 km and is again characterised by an inversion
of the temperature gradient to a negative lapse rate.

The layer between 50 and 85 up to 100 km is the mesosphere, in which the temperature gradient
is again negative, mainly due to the very low density, low pressure, and decreasing solar heat-
ing with altitude. The stratosphere and the mesosphere together are referred to as the middle
atmosphere. An example of a temperature profile up to an altitude of 70 km, is shown in Fig.
2.1. The atmospheric temperature was retrieved from TEMPERA measurements (see Section
8) operating at MeteoSwiss technical station in Payerne CH.

Above the middle atmosphere, there is the thermosphere, which reaches an altitude of about 600
km. The transition between the mesosphere and the thermosphere is the mesopause. The tem-
perature gradient in the thermosphere is dominated by solar radiation and is therefore positive.
The density in the thermosphere is so low that molecular mixing dominates over turbulence,
i.e. heavier molecules sink while lighter ones rise. The uppermost level is the exosphere, which

Microwave Group, Institute of Applied Physics, University of Bern 3



The atmosphere: basics overview

extends between 600 km and 10’000 km. In this layer, molecules escape to space.

The main compounds of the atmosphere are molecular nitrogen N2 with a volume percentage
of 78.084% (excluding water vapour), oxygen with a volume percentage of 20.948%, and argon
with 0.934%, which are nearly uniformly stratified up to 60 km. Carbon dioxide accounts for
only 0.04%, which is nevertheless over 40% above the pre-industrial level. Water vapour, which
mainly is found in the troposphere, occurs in varying amounts between 0-4%. Ozone, which is
mostly located in the stratosphere, occurs also in varying amounts of about 0-12x10−6% (Liou,
2002).
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Figure 2.1: Atmospheric temperature pro-
file retrieved from TEMPERA measurements
(see Section 8). The TEMPERA-C instru-
ment is described in Section 9, the Zeeman
effect in Section 6.3, and line-mixing in Sec-
tion 6.2

2.2. The circulation in the middle atmosphere

The main circulation in the troposphere is described by the General Circulation. A detailed
overview of the tropospheric General Circulation can be found in Holton and Hakim (2012).
Since the focus of this thesis is on the middle atmosphere, a description of the general circula-
tion is skipped and only the circulation in the middle atmosphere is described.

The zonally averaged temperature field in the stratosphere increases with altitude due to the ab-
sorption of solar radiation by ozone as described in Section 2.1. It reaches a maximum at about
50 km. In contrast to the troposphere, the meridional temperature distribution in the strato-
sphere has its minimum in the tropics and increases towards the poles, where the temperature

4 Microwave Group, Institute of Applied Physics, University of Bern



The atmosphere: basics overview

gradient is higher in the summer hemisphere. The zonally averaged meridional transport is de-
scribed by the Brewer-Dobson circulation (Brewer (1949), Dobson et al. (1929), Dobson (1949)),
which is a stratospheric global scale circulation. On zonal average, tropospheric air rises into the
stratosphere in the tropics and descends at high latitudes. Therefore, diabatic cooling occurs
in the tropics, while the descending air in the high latitudes is adiabatically heated. Zonally
averaged zonal winds in the stratosphere are westward in the summer hemisphere and vice versa
during the winter months. This meridional temperature and transport pattern differs from the
purely radiation-determined one. The angular momentum balance would also not be conserved
without Eddie-forcing, which occurs through equatorial Rossby modes that originate in the tro-
posphere and propagate vertically, where they increase in amplitude until wave breaking occurs,
depositing momentum in the stratosphere. This mechanism is also called Extra-tropical-pump
(Holton et al., 1995). As mentioned above, the pole-ward flow on the winter hemisphere is
eastward. As a consequence, a vortex forms around the pole regions. The polar vortex has been
a vital research topic over the past decades (for example Shi et al. (2023)). This is mainly due
to the importance of the polar vortex and its mid-winter breakdown in the northern hemisphere
Matsuno, 1971; Matthias et al., 2021, which normally occurs in mid-winter by a sudden warming
of the stratosphere (Schranz et al. (2019), Schranz et al. (2020), and Shi et al. (2023)) or the
final break-down during the transition towards spring Matthias et al., 2021. Disturbances from
the polar vortex breakdown, so-called planetary waves, travel even extend over various latitudes
from the polar regions down to the latitude of Switzerland (47°N) and can be monitored with
ground-based microwave radiometers. Fig. 2.2 shows a series of temperature profiles retrieved
with the ground-based temperature radiometer TEMPERA (see Section 8). The characteristic
planetary waves are visible as strong oscillations in temperature at 30-50 km altitude. Fig.
3.2 gives another perspective on this effect. The temperature median over 40-50 km shows the
appearance of oscillations with amplitudes around 10 K and periods around 30 days, starting in
October and lasting usually until March.

Figure 2.2: Continuous time series of atmospheric temperature profiles for the time period 2014-2017 (Krochin
et al., 2024). Increased temperatures are observed during summer months, while planetary waves are present
during winter time in the mesosphere. The MR=0.6 is marked with a white line.

The zonally averaged temperature field in the mesosphere is also counter-intuitive as the merid-
ional temperature gradient points from the summer pole to the winter pole. The meridional
transport in the mesosphere consists of a single cell, where the air rises at the summer pole and
descends at the winter pole. Similar to the case of the Brewer-Dobson circulation, the pole-
to-pole flow would not be possible without eddy-forcing, which in the mesosphere is dominated
by internal gravity-wave drag. This transport pattern is often called residual circulation R. S.
Lindzen, 1981; Becker, 2012. One interesting consequence of the residual circulation is the for-
mation of noctilucent clouds at mid and high latitudes during the hemispheric summer months.

Microwave Group, Institute of Applied Physics, University of Bern 5



The atmosphere: basics overview

These are mesospheric ice clouds formed by condensation due to rising and cooling air masses
in the summer-pole mesosphere. These cloud formations, usually observed at high latitudes,
have the characteristic feature to glow in the early night sky. Due to their high altitude, they
continue to scatter sunlight after sunset. As a result of the changing climate and resulting re-
inforced circulation and cooling mesosphere (Bailey et al., 2021), sightings of noctilucent clouds
were reported more frequently in the past decades Lübken et al. (2018) and Stevens et al. (2022).

For a more detailed description of middle atmospheric dynamics see, Holton and Hakim (2012),
Andrews et al. (1987), Lindzen (1990), and Smith (2012). These textbooks were used for this
section and are highly recommended. A general historical and technical overview concerning
the Brewer-Dobson circulation can be found in Butchart (2014).

2.3. Basic equations: momentum and mass conservation

The next two sections provide a brief overview of the basic equations that describe the dynam-
ics of the Earth’s atmosphere and prepare for the derivation of Laplace’s tidal equation (see
Section 3.2). The so-called primitive equations describe the basic conservation laws of physics
for a fluid on a rotating sphere. As in Section 2.2, the textbooks Holton and Hakim (2012),
Andrews et al. (1987), and Lindzen (1990) were taken into account for this chapter, but the
notation was slightly modified.

The atmosphere, as any fluid, can be characterised by the velocity field U = (u, v, w), which in
general will depend on the location and time. The basic momentum conservation equation for
a fluid parcel on a rotating sphere has the form:

DU
Dt

= −2Ω × U − 1
ρ

∇p + g + Fr, (2.3)

where D
Dt = ∂

∂t +U∇ is the material derivative. The terms on the right-hand side are the Coriolis
force with angular velocity Ω, pressure gradient force with the density ρ, gravitational force, and
friction force. In most cases, the atmosphere is assumed to be incompressible, in which case the
mass conservation or continuity equation is:

∂ρ

∂t
+ ∇(ρU) = 0. (2.4)

A suitable coordinate system must be introduced for applications. A commonly used coordinate
system is the local Cartesian system, expressed in derivatives of spherical coordinates (r, ϕ, λ).
Here r is the sum of the earth’s radius and altitude, ϕ the latitude, and λ the longitude. The
local coordinate transformation is:

u = r cos ϕ
Dλ

Dt
, (2.5)

v = r
Dϕ

Dt
, (2.6)

w = r
Dz

Dt
. (2.7)

Since the earth’s radius a is much larger than any possible altitude in the atmosphere z, the
approximation r = a + z ≈ a can be used. In these coordinates, the momentum conservation
equation is:

6 Microwave Group, Institute of Applied Physics, University of Bern



The atmosphere: basics overview

Du

Dt
− uv tan ϕ

a
+ uw

a
= −1

ρ

∂p

∂x
+ 2Ωv sin ϕ − 2Ωw cos ϕ + Frx, (2.8)

Dv

Dt
− u2 tan ϕ

a
+ vw

a
= −1

ρ

∂p

∂y
− 2Ωu sin ϕ + Fry, (2.9)

Dw

Dt
− u2 + v2

a
= −1

ρ

∂p

∂z
− g + 2Ωu cos ϕ + Frz. (2.10)

And the continuity equation is transformed to:

1
ρ

dρ

dt
+ 1

a cos ϕ

(
∂u

∂λ
+ ∂

∂ϕ
(v cos ϕ)

)
+ 1

a2
∂

∂z
(r2w) = 0. (2.11)

In preparation for the derivation of Laplace’s tidal equation, further simplifications of the above
equations can be made. By neglecting wind and assuming very low flow velocities, terms with
velocities in powers greater than 1 can be ignored. This process of linearisation is equivalent to
treating the velocity field as turbulence and setting the background flow to zero:

u =ū + u′ + o(α2), (2.12)
v =v̄ + v′ + o(α2), (2.13)
w =w̄ + w′ + o(α2), (2.14)

(2.15)
ū =v̄ = w̄ = 0. (2.16)

For the pressure and density, the linearisation is:

P =P0 + P ′ + o(α2), (2.17)
ρ =ρ0 + ρ′ + o(α2). (2.18)

A scale analysis shows that the terms 2Ωw cos ϕ and 2Ωu cos ϕ are orders of magnitude smaller
than the leading terms, so they can be neglected. Moreover, it is suitable to assume no change
in density dρ = 0, except for the vertical direction (Bussinesq approximation). Finally, friction
is also neglected, and the system of momentum and mass conservation becomes:

∂u′

∂t
= − 1

ρ0a cos ϕ

∂p′

∂λ
+ 2Ωv′ sin ϕ, (2.19)

∂v′

∂t
= − 1

ρ0a

∂p′

∂ϕ
− 2Ωu′ sin ϕ, (2.20)

∂w′

∂t
= − 1

ρ0

∂p′

∂z
− g, (2.21)

0 = 1
a cos ϕ

(
∂u′

∂λ
+ ∂

∂ϕ
(v′ cos ϕ)

)
+ ∂w′

∂z
. (2.22)

By neglecting vertical acceleration ∂w′

∂t = 0, Eq. 2.21 becomes the hydrostatic equilibrium
equation (Eq. 2.1).

Microwave Group, Institute of Applied Physics, University of Bern 7



The atmosphere: basics overview

2.4. Basic equations: energy conservation

The fourth of the main equations is the first law of thermodynamics, describing energy conser-
vation in a closed system:

cv
DT

Dt
+ p

Dαρ

Dt
= J. (2.23)

Here, cv is the heat capacity at constant volume, αρ = 1
ρ , and J = δQ

dt is the heating rate per
unit mass. In tidal theory, the energy equation is described in terms of the geopotential:

Φ(z) =
∫ z

0
g(z)dz (2.24)

and a transformed vertical coordinate:

z∗ = −H ln (P/Ps) , (2.25)

where H = RTs/g is the scale height. With the hydro-static-equilibrium (Eq. 2.1), the gas law
(Eq. 2.2), and the assumption of adiabatic motion:

∂p

∂t
+ w

∂p

∂z
= 0, (2.26)

the energy equation can be written in the log-pressure form:

κJ

H
= ∂2Φ

∂t∂z∗ + ω∗N2, (2.27)

where ω∗ = dz∗

dt is a transformed velocity and

N2 = R

H

(
∂T

∂z∗ + κT

H

)
(2.28)

is the square of the Brunt-Vaisala buoyancy frequency with κ = R/cp, where cp is the heat
capacity at constant pressure.

8 Microwave Group, Institute of Applied Physics, University of Bern



Thermal tides

3. Thermal tides

3.1. What are thermal tides?

Atmospheric solar tides are global-scale oscillations in temperature(R. S. Lindzen and Chapman,
1969; Chapman and R. Lindzen, 1970; R. S. Lindzen, 1979), wind, density, and pressure with
periods of a fraction of a day (1d, 1/2d, 1/3d). Solar tides are generated by the absorption
of solar radiation by water vapour in the troposphere and ozone in the stratosphere. Different
modes of tides are distinguished. Tides propagating zonally with the sun (sun-synchronous) are
called migrating. Each other propagating mode is called non-migrating. As internal gravity wave
modes, tides also travel vertically and grow in amplitude. In the middle atmosphere, the tidal
amplitude increases until nonlinear effects cause wave breaking, depositing momentum in high
altitudes, and enforcing turbulent eddy mixing (Becker, 2017). In the past decades, it was recog-
nized that the upward propagation of tides has a significant impact on global- and shorter-scale
dynamics in the middle atmosphere (Oberheide et al., 2009; Oberheide et al., 2011). There-
fore, the modelling of tides and their vertical propagation was studied theoretically (J. Forbes,
1982; Ortland, 2005) and numerically (Hagan et al., 1995; Hagan et al., 1999; Chang et al., 2008).

Figure 3.1 illustrates diurnal thermal tide oscillations from temperature profiles retrieved from
TEMPERA measurements collected in 2014. Panel a) shows the series of unfiltered temperature
profiles. Panel b) shows the same but with a 5-day moving window median removed. The daily
oscillations become visible at all altitudes. Panel c) shows the temperature median over 40-
55 km over a sine fit to illustrate the sinusoidal behaviour. Panel d) shows the thermal tide
amplitude profiles calculated with the ASF algorithm (see Section 3.3).

Microwave Group, Institute of Applied Physics, University of Bern 9
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a)

b)

c)

d)

Figure 3.1: Illustration of thermal tides (Krochin et al., 2024). A detailed description of each panel is given in
the text.

3.2. Laplace tidal equation

Tidal modes can be expanded in a series of functions that solve Laplace’s tidal equation (Hough
modes, Hough and Darwin, 1898), which describes oscillation modes in a thin resting layer of
atmosphere on a rotating sphere. The derivation of the Laplace’s tidal equation in this section
is according to Andrews et al., 1987. For this derivation, the primitive equations were simplified
(see Section 2.3).

The starting point for Laplace’s tidal equation is the system of momentum, mass, and energy
conservation equations already presented in the previous section:

0 = ∂u′

∂t
− fv′ + 1

a cos ϕ

∂Φ′

∂λ
, (3.1)

0 = ∂v′

∂t
+ fu′ + 1

a

∂Φ′

∂ϕ′ , (3.2)

0 = 1
a cos ϕ

(
∂u′

∂λ
+ ∂

∂ϕ
(v′ cos ϕ)

)
+ ∂ω′∗

∂z∗ , (3.3)

κJ ′

H
= ∂2Φ′

∂t∂z∗ + ω′∗N2. (3.4)
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Where f = 2Ω sin ϕ. Note also that the expression for pressure was replaced by:

1
ρ0

∂P ′

∂λ
=∂Φ′

∂λ
, (3.5)

1
ρ0

∂P ′

∂ϕ
=∂Φ′

∂ϕ
. (3.6)

Also the vertical velocity was replaced by:

∂w′

∂z
= ∂ω′∗

∂z∗ . (3.7)

The next step towards the tidal equation is to separate the vertical dependence from the hori-
zontal and time dependence by defining:

(
u′, v′, Φ′) =U(z)

[
ũ(λ, ϕ, t), ṽ(λ, ϕ, t), Φ̃(λ, ϕ, t)

]
e−z/2H , (3.8)

ω∗ =W (z)ω̃(λ, ϕ, t)ez/2H . (3.9)

Also, the heating has to be set to zero J ′ = 0, it will be introduced again in a later stage.
However, by doing so, the ω∗ dependence can be eliminated:

0 =∂ũ

∂t
− fṽ + 1

a cos ϕ

∂Φ̃
∂λ

, (3.10)

0 =∂ṽ

∂t
+ fũ + 1

a

∂Φ̃
∂ϕ

, (3.11)

0 = 1
a cos ϕ

(
∂ũ

∂λ
+ ∂ṽ cos ϕ

∂ϕ

)
+ 1

gh

∂Φ̃
∂t

. (3.12)

Here, h is the mean depth, which is a separation constant with length dimensions with the
condition for a thin atmosphere a >> h. The procedure to solve the system of equations is to
pose the sinusoidal form:(

ũ, ṽ, Φ̃
)

= ℜ
{[

ū(λ, ϕ, t), v̄(λ, ϕ, t), Φ̄(λ, ϕ, t)
]

e(sλ−σt)i
}

, (3.13)

where s is the zonal wave number, and 2π/σ is the period. Substituting Eq. 3.10 and Eq. 3.11
into Eq. 3.12 finally leads to the Laplace tidal equation:

LΦ̄ + γΦ̄ = 0. (3.14)

The factor:

γ = 4Ω2a2

gh
(3.15)

is called Lamb’s parameter.

L = d

dµ

[
(1 − µ2)
(σ2 − µ2)

d

dµ

]
− 1

σ2 − µ2

[
−s(σ2 + µ2)
σ(σ2 − µ2) + s2

1 − µ2

]
(3.16)

is a second order differential operator and
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µ = sin ϕ. (3.17)

The eigenfunctions solving the Laplace tidal equation are called Hough functions or Hough
modes. For a given set of (s, σ, n) the Hough mode Θ(σ,s)

n of order n fulfills:

LΘ(σ,s)
n + γ(σ,s)

n Θ(σ,s)
n = 0. (3.18)

The solar heating J can now be expanded in a series of Hough modes:

J(ϕ, z, t) = ℜ
{ 3∑

s=1
J (s)(ϕ, z)eis(λ+σt)

}
, (3.19)

J (s)(ϕ, z) =
∑

n

J (s)
n (z)Θ(s)

n (µ). (3.20)

The response to heat forcing will consist of the same periodicity as for the geopotential:

Φ(s)(ϕ, z) =
∞∑

n=1
U (s)

n (z)Θ(s)
n (µ)ez/2H . (3.21)

Or equivalent for the temperature:

T (ϕ, z, t) = T0(ϕ, z) + ℜ
{ 3∑

s=1
T (s)(ϕ, z)eis(λ+σt)

}
, (3.22)

T (s)(ϕ, z) =
∑

n

T (s)
n (z)Θ(s)

n (µ). (3.23)

3.3. Measuring thermal tides

The measurements of thermal tides in the middle atmosphere published to date have mostly
been derived from satellite measurements, which provide a long-term overview of a large part
of the globe (Huang et al., 2006; Zhang et al., 2006; Zhang et al., 2010; J. M. Forbes and Wu,
2006; Sakazaki et al., 2012; Dhadly et al., 2018). In this way, the zonally averaged distribu-
tion of Hough modes can be studied as a function of latitude. The repetition rate, however,
of an orbiting satellite is usually not much larger than one flyby per day for each longitude
and local time. Therefore, multiple orbits have to be sampled over long periods to represent
one tidal cycle, which also leads to sampling errors in the observed phase (Zhang et al., 2006;
Xu et al., 2009; Sakazaki et al., 2012). In contrast, ground-based observations are more suit-
able to monitor temperature at one location, but with a time resolution of 30-60 min, as this
is the case for TEMPERA, a full cycle can be resolved. Ground-based observations of tides
were also performed using wind measurements from meteor radar systems (Vincent et al., 1988;
Lu et al., 2011; Pokhotelov et al., 2018; Du et al., 2007; Stober et al., 2021; Caspel et al.,
2022) and Doppler radars (Riggin et al., 2002). Also, thermal tide measurements signatures
from temperature measurements with lidars systems (Gille et al., 1991; Liu et al., 2007; Kopp
et al., 2015; Yuan et al., 2008; She et al., 2002; Baumgarten and Stober, 2019a; Yuan et al.,
2021; Fong et al., 2022; Yuan et al., 2014) and wind measurements with microwave radiometers
(Baumgarten and Stober, 2019b; Hagen et al., 2020) were reported. Lidars offer a temporal
resolution in the hourly range but no continuity, as several systems are not able to record data
in daylight. Microwave radiometers provide continuous datasets but with lower time resolu-
tion (1-12 h) and are affected by cloud coverage and rainfall. A comparison between satellite
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measurements, ground-based measurements, and model results can be found in Ward et al., 2010.

The separation of migrating from non-migrating modes is, however, not possible from a single
location observation. An additional challenge are interactions with other wave modes. The
observed series consists of a superposition of all wave activity present in the atmosphere. Figure
3.2 shows the median of temperature time series over 40-50 km. The dataset was retrieved from
TEMPERA measurements on the roof of the ExWi building in 2022. The line in the first panel is
unsmoothed but filtered. Out-layer values and missing data were replaced with the mean value
of the neighbouring data points. The oscillations highest in frequency (1 day) are thermal tides.
The third panel illustrates the same data set after smoothing with a moving window median
and a moving window length of 8 days. Oscillations with periods of around 6-10 days become
visible in the second half of August. Before that, in May-July, periods around 3-6 days seem
to dominate. The curve in the next panel was smoothed with a moving window of 30 days and
reveals planetary waves with periods around 30 days, usually starting in October and lasting
until March.

Figure 3.2: Median of atmospheric temperatures over 40-50 km altitude. Several atmo-
spheric oscillation modes are superimposed. Smoothing with moving windows of different
sizes has a similar effect as filtering higher frequency modes, periods smaller than the mov-
ing window get suppressed.

A first attempt to separate the oscillation modes was to compare well-known spectral decom-
position methods. The challenges of decomposing the series above are noise, data gaps, and
variable periods and phases. These are aspects that are critical for a classical Fourier transfor-
mation. Fig. 3.3 shows an attempt to decompose the series above with 4 different methods
where all the parameters were fine-tuned to illustrate diurnal tides. The first panel was made
with a classical moving window FFT with a window length of 10 days. For the FFT, the out-
layers were removed, and the remaining data gaps were linearly interpolated. Moreover, for a
10-day window, the background was removed. The FFT filters the diurnal tides in the absence
of planetary waves and even gives a tide amplitude, which is in the order as found in Krochin
et al., 2024. The Lomb-Scargle power decomposition (Lomb, 1976; Scargle, 1982; Press et al.,
1992) was developed to handle data gaps and uneven sampling and does not require interpo-
lation. The performance seems similar to the FFT algorithm, but the output units are not
directly transformable into input units. The result of the wavelet analysis algorithm (Torrence
and Compo, 1998) shows clearly the diurnal modes even in the presence of planetary waves, but
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the exact period becomes blurred. Also, the output units are not directly related to the input
units, as in the case of the Lomb-Scargle algorithm. It was also found that a simple sine fit gave
reasonable results for time windows where the tidal period remained stable.

Figure 3.3: Spectral decomposition of the temperature median between 40-50 km. The focus of the illustration
are diurnal thermal tides. The classical moving window FFT seems to produce reasonable results where the
amplitude is in the range of the one found in Krochin et al., 2022a.

For the publication of thermal tides, we decided to use an algorithm called adaptive-spectral-
filter (Baumgarten and Stober, 2019b; Stober et al., 2020). At a given altitude it fits the
temperature T (tn) within a moving window of given length and centre tn with sine, and cosine
functions according to the equation:

T (tn) = T0(tn) +
3∑

n=1
an sin

(2π

Pn
tn

)
+ an cos

(2π

Pn
tn

)
. (3.24)

After fitting the background temperature coefficients an, bn, the tide amplitude An is given by:

An =
√

a2
n + b2

n (3.25)

and the phase ∆ϕn can be found by:

an

bn
= tan (∆ϕn) . (3.26)

The fitting algorithm also handles data gaps and varying phases.
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3.4. Comments on publication I

Thermal tides in the middle atmosphere at mid-latitudes measured
with a ground-based microwave Radiometer

Cite as:

Krochin, W., Murk, A., and Stober, G.: Thermal tides in the middle atmosphere at mid-latitudes
measured with a ground-based microwave Radiometer, Atmos. Meas. Tech. Discuss. [preprint],
in review, 2024.

DOI: https://doi.org/10.5194/amt-2024-42

Summary

Using temperature time series retrieved from TEMPERA observations above Bern (CH) and
Payerne (CH), thermal tide amplitudes and phases were calculated with a moving window adap-
tive spectral filter (ASF) algorithm. Maxima of thermal tidal amplitudes between 2-3 K were
found at altitudes between 38-45 km. The temperature time series indicated downward phase
propagation in the lower stratosphere and a constant phase of 18.00 LST at the upper strato-
sphere.

Author contribution

For this publication, I performed the retrievals, the data analysis, and error calculation. For
the tidal analysis, I used the adaptive spectral filter algorithm provided by Gunter Stober and
adapted it to the specific case. As first author, I have written the largest part of the manuscript,
and Gunter Stober provided the ASF algorithm, as well as expertise knowledge on atmospheric
dynamics. All authors contributed to the editing of the manuscript.
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4. Radiative transfer

4.1. Schwarzschild’s equation

Radiative transfer is a basic tool in microwave radiometry, as it describes the propagation of
electromagnetic radiation through a medium, or in this case, the atmosphere. The combined
phenomena of absorption, emission, and scattering are captured by the Schwarzschild equation,
which is described in this section. A comprehensive description of radiative transfer can be
found in the textbooks Liou, 2002; Grant, 2006; Stamnes et al., 2017.

A monochromatic beam with frequency ν and spectral radiance
I(s) (W·sr−1·m−2·Hz−1), passing through a homogeneous medium on a path s ∈ [s1, s2]
with the absorption coefficient β(s), and physical temperature T (s), will be attenuated due to
absorption and amplified by thermal emission. At any location s, the change in intensity by
absorption dIa and emission dIe can be formally written:

dIa = − βIds, (4.1)
dIe =βBds. (4.2)

In most cases, the medium is idealized as a grey-body emitter where B is the Planck distribution:

B(T, ν) = 2h

c2
ν3

e
hν

kbT − 1
. (4.3)

Here, h is the Planck constant, c is the speed of light, kb is the Boltzmann constant, and ν is the
frequency. Note also that every quantity is frequency dependent and could be provided with a
subscript β(ν) ≡ βν , I(s, ν) ≡ Iν(s),... u.s.w. The subscript will be omitted, instead of writing it
for each variable. For the total change, the contributions Eq. 4.1 and Eq. 4.2 can be summed
up, leading to the first-order differential equation:

dI = dIa + dIe = β (B − I) ds. (4.4)
In many references, the solution of this equation is provided in terms of s. A bit more elegant is
to introduce the optical depth τ by integrating the absorption coefficient over the propagation
path:

τ(s1, s2) =
∫ s2

s1
β(s)ds ⇒ dτ = −βds. (4.5)

This variable transformation transforms the differential equation to:

dI

dτ
= B − I. (4.6)

With the solution, known as the Schwarzschild equation:

I(τ) = I(0)e−τ +
∫ τ

0
Be−τ ′

dτ ′. (4.7)

As the radiation in the microwave frequency range is not affected by scattering from atmospheric
molecules, it is skipped in this discussion, as well as the effects of refraction and diffraction. When
scattering is taken into account, the scattering source function S is added on the right-hand side
of Eq. 4.7. The total attenuation from absorption and scattering is then called extinction.
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4.2. Line profiles

The relevant physics is carried by the absorption coefficient β. In general, for a specific at-
mospheric absorption species and frequency β will depend on the temperature, pressure, and
density:

β ≡ β(T, P, ρ). (4.8)

Next to continuum absorption or emission, molecules undergo several quantum mechanical
energy transitions. At a frequency that matches the energy difference of the transition by
ET = |E2 − E1| = hν, a sharp jump in the absorption and emission spectrum will be found. In
this manuscript, this will be called emission line. In general, different transition mechanisms have
their frequency band. For example, emitted radiation caused by electron transitions in single
atoms or molecular orbits is in the UV range, and molecular vibrations have energy transitions
in the IR range. In our case, we are interested in rotational transitions, which absorb and emit
in the microwave range. Due to energy conservation, the absorption and emission coefficient of
a certain transition are identical, and both phenomena will be referred to as emission further on.

An emission line has a shape that depends on the transition, the temperature, density, and
pressure of the emitting gas. It is the shape, that allows to retrieve atmospheric quantities from
the measured spectra. The gas absorption coefficient β is related to the absorption cross-section
per molecule σN by:

β = σN n, (4.9)

where n is the number of molecules within the field of view of our radiometric antenna beam.
The cross-section is also often expressed per mass or path length. For a rotational transition,
the cross-section in the frequency domain is given by a lineshape f(ν) and a line-strength S:

σν = Sf(ν). (4.10)

Since a quantum-mechanical transition has one clearly defined energy ET , one would expect an
emission line to behave like a δ-function, for example, σν = Sδ(ν − ET/h). The line-shape f(ν)
results from various broadening mechanisms, blurring the transition energy and, therefore, the
observed frequency. For example, every emission line is affected by natural broadening, which
is due to the uncertainty relation ∆ET ∆tS ≥ h/4π. Since the lifetime tS of the rotational state
is comparably short, its uncertainty ∆tS is small. The energy uncertainty ∆ET has to take a
value large enough to compensate for the uncertainty relation. The observed line shape will be
Lorentz distributed.

Since molecules of any gas with a temperature greater than zero T > 0K have a non-vanishing
velocity, observed emissions will be Doppler shifted accordingly. The Doppler line shape fD(ν),
therefore reflects the Boltzmann distribution of the thermal velocities:

fD(ν) = 1
αD

√
π

e
−
(

ν−ν0
αD

)2

, (4.11)

αD = ν0

√
2kBT

mc2 . (4.12)

The most important broadening effect for our purposes is induced by collisions between particles,
the pressure broadening. Pressure broadening is not fully understood theoretically yet. A
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simplified explanation is that collisions between particles can lead to collision-induced emission,
reducing the lifetime of a rotational state and, therefore, increasing the uncertainty of the emitted
energy. The pressure-broadened line shape is approximately given by the Lorentz profile:

fL(ν) = 1
π

αL

(ν − ν0)2 + α2
L

, (4.13)

αL = α0
p

p0

(
T

T0

)n

. (4.14)

Which describes and approximates the line shape as it is observed in the atmosphere around the
line center. However, at the line wings, larger deviations might be present. Here n is a constant
ranging from 1/2 to 1, depending on the molecule. A profile that behaves better around the line
wings is the Van-Vleck-Weisskopf profile (Van Vleck and Weisskopf, 1945):

fV V W (ν) = 1
π

(
ν

ν0

)2
(

αL

(ν − ν0)2 + α2
L

+ αL

(ν + ν0)2 + α2
L

)
. (4.15)

A combined Doppler and Lorentz profile is given by the convolution of both profiles:

fV =
∫

fD(ν ′)fL(ν − ν ′)dν ′ (4.16)

and is called the Voigt profile.
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5. Inversion of atmospheric spectra

5.1. Forward model simulations

To retrieve a profile of any atmospheric quantity x(z) from measurements of microwave emis-
sions, it is crucial to know the relationship between the desired variable and the emitted radia-
tion. The Lorentz profile has a strong temperature dependence, which can be used to estimate
the atmospheric temperature at the location of emission. However, the spectrum y measured on
the ground is a superposition of emissions from all radiating species within the antenna beam
from the surface to the highest altitudes. The retrieval or inversion process is to disentangle the
altitude dependence such that for each altitude grid point, a single emission spectrum can be
determined, which afterwards is solved for the temperature. The retrieval theory in this the-
sis follows Rodgers, 2000, which to this day is the state-of-the-art formulation of retrieval theory.

The first step is to set up a model atmosphere and simulate the measurement y for a given
profile x, additional atmospheric quantities b, and a corresponding error ϵ. This is called the
forward model F :

y = F (x, b) + ϵ. (5.1)

The error ϵ consists of a normal distributed measurement error. The forward model Jacobian
also called the weighting function, is defined as:

Kij = ∂Fi(x)
∂xj

. (5.2)

5.2. Optimal estimation

The goal of the inversion process is to find an optimal state x̂ and b̂, such that the inversion R
of F fulfills:

x̂ = R(y, b̂, xa, c). (5.3)

The main challenge is that the problem of finding x̂ is ill-posed because the solution is not
unique. The basic idea behind the procedure presented in Rodgers, 2000, is to assume that the
measurement vector y and the atmospheric state vector x are normal distributed with covariance
matrices Sϵ and Sa, and expectation values ȳ(x) = F (x, b) and xa, respectively:

P (y (x)) = 1
(2π)n/2 |Sϵ|1/2

e− 1
2 (y−ȳ)T S−1

ϵ (y−ȳ), (5.4)

P (x) = 1
(2π)n/2 |Sa|1/2

e− 1
2 (x−xa)T S−1

a (x−xa). (5.5)

The mean atmospheric state xa is called apriori state and can be obtained, for example, by
a climatological average from satellite data. The normal distribution allows to find P (x|y)
(probability of x under the condition that y is known) by using Bayes’ Theorem:

P (x|y) = P (y|x)P (x)
P (y) . (5.6)
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The distribution P (y) itself does not depend on x and can simply be thought of as a nor-
malization factor. Maximising P (x|y) becomes equivalent to minimising the cost function
J(x) = −2 ln {P (y|x)P (x)}:

J(x) = [y − F (x)]T S−1
ϵ [y − F (x)] + [x − xa]T S−1

a [x − xa] . (5.7)

The derivative of the cost function is given by:

∇xJ(x) = −K (x)T S−1
ϵ [y − F (x)] + S−1

a (x − xa) . (5.8)

A state vector x is a local extremum if:

∇xJ(x) = 0. (5.9)

To find a local minimum x̂, the Levenberg-Marquardt algorithm is used. It iteratively minimizes
the cost function by:

xi+1 = xi +
(
S−1

a + KT
i S−1

ϵ Ki + γD
)−1 [

KT
i S−1

ϵ (y − F (xi)) − S−1
a (xi − xa)

]
. (5.10)

In the Levenberg-Marquardt algorithm, γ is a factor that must be chosen carefully to enforce
convergence, and D is usually the unit matrix. For γ = 0, the Levenberg-Marquardt algorithm
is equivalent to the Gauss-Newton iteration. The assumption of a normal distributed measure-
ment and state vector is necessary to find an analytical expression for the cost function.

While the measurement error is usually instrument noise, which in general is described well
by a normal distribution, the atmospheric state in nature is not randomly distributed over a
long-term expectation value but instead follows cyclical patterns. On the other hand, when the
apriori state is known so well that remaining offsets to reality follow a normal distribution, there
is no need to perform the inversion. A further issue is that systematical errors in the forward
model, for example, a bias in the vmr of an emission species, can not be handled. This is where
the inversion theory of Gaussian distributed errors finds its limits.

5.3. Error analysis

The apriori covariance matrix is constructed by assuming an exponentially decreasing correlation
between the altitude grid points zi with zac as the distance over which the correlations decreases
by e−1:

(Sa)ij = σa(zi)σa(zj) exp
(

−|zi − zj |
zac

)
. (5.11)

The Jacobian of the inversion is called the gain matrix and is given by:

Gij = ∂Ri

∂yj
. (5.12)

After multiplying the gain matrix by the weighting function, the averaging kernel matrix A is
obtained, an estimate of the sensitivity of the retrieved state to changes in the true state:

A = GK. (5.13)
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The i-th row of the averaging kernel describes how much a value at the altitude grid point zi

depends on the other grid points. The full width at half maximum can be interpreted as altitude
resolution. The weighted sum of the rows results in the measurement response vector mr:

mri = Aixa

xai
. (5.14)

The measurement response vector provides an estimate of how strongly a value of the retrieved
state vector at a particular grid point depends on the measurement or the apriori profile. A mr
value of about 1 indicates that the grid point depends mainly on the measurement, whereas grid
points with mr values below 0.6 contain over 40% apriori information.

The observational error covariance matrix So is defined by mapping the measurement covariance
matrix Sϵ into the state space:

So = GSϵGT . (5.15)

Weighting the apriori covariance matrix Sa with the averaging kernel gives the smoothing error
caused by the finite resolution of the observation system:

Ss = (A − I) Sa (A − I)T . (5.16)

By mapping the residuum
[
y − F (x̂, b̂)

]
into the state space, one gets an estimate of the error

caused by idealizing the atmosphere by the forward model. The modelling error or forward
model error is defined as:

sM = G
[
y − F (x̂, b̂)

]
. (5.17)

In theory, this vector should be evaluated in the true state instead of x̂ and b̂, which is, in
general, not known. According to Rodgers, however, the deviation from the true forward model
error will be in negligible order.

5.4. The atmospheric radiative transfer simulator (ARTS)

The atmospheric radiative transfer simulator (ARTS, S. Buehler et al., 2005; Eriksson et al.,
2011; S. A. Buehler et al., 2018) is probably the most important tool for atmospheric research
in the microwave group. The software is designed to perform forward model simulations with
absolute freedom in setting the model atmosphere. With implemented surface properties, it’s
possible to design ground-based as well as space-born observation systems. Moreover, it facili-
tates the synthetic setup of sensor and back-end properties tuned on the system at hand. Several
OEM options allow us to perform inversions of atmospheric spectra into atmospheric profiles.
The OEM computations are based on the terminology of Rodgers, 2000.

The source code of ARTS is written in C++, and the basic version acts as its own scripting
language. Up to version ARTS 2.5, a MATLAB interface Qpack (Eriksson et al., 2005) is
available but not supported anymore. The TEMPERA instrument performs its operational
retrievals with ARTS 2.5 and Qpack. An interface is also available for Python, called Pyarts.
TEMPERA-C uses ARTS 2.6 with the Pyarts interface.
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6. The oxygen microwave emission band

6.1. The oxygen emission spectrum at 60GHz

The 60GHz oxygen emission band is widely used for temperature retrievals in the troposphere
and the middle atmosphere. It consists of the superposition of a total of 73 fine structure lines
from rotational transitions (Vleck, 1934; Vleck, 1947; Rosenkranz, 1975; Liebe et al., 1992;
Tretyakov et al., 2005; Makarov et al., 2011). This frequency range is weakly affected by other
atmospheric species, so interactions with most of the atmospheric compounds and also scatter-
ing can be neglected. In addition, the oxygen vmr remains nearly constant up to an altitude
of around 80 km. For tropospheric temperature profiles, the slope of the left wing is measured,
usually in several broad bands. TEMPERA was used to measure the left wing of the complex
with 9 filter banks with a bandwidth of 250 MHz and 3 filter banks with 1000 MHz with different
azimuth angles to determine the tropospheric opacity (Stähli et al., 2013).
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Figure 6.1: The oxygen emission complex as observed with a ground-based
instrument at an elevation angle of 60°(Krochin et al., 2022b). The forward
model simulation was performed with ARTS for standard atmosphere winter
conditions. The band measured with TEMPERA is marked with a red box.

By using a high-resolution spectrometer, narrow line features can be resolved to retrieve middle
atmospheric profiles. The fine structure lines originate mainly from regions above the tropopause
because, under tropospheric conditions, these lines get broadened into the continuum. There-
fore, the fine structure line-centers are nearly unaffected by the troposphere.

However, some challenges remain regarding using this complex for temperature retrievals. Since
molecular oxygen has a magnetic dipole, its emission is affected by the Zeeman effect, which
dominates the lineshape of emission lines above 40 km. Line mixing affects the physics of emis-
sion at higher pressures and alters the emission spectra in the troposphere. Furthermore, air
humidity and liquid water influence the observed spectra by thermal emission (Bernet et al.,
2017).
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Figure 6.2: Fine structure spectra (see red box in Fig. 6.1 ) measured with
TEMPERA after two point calibration with the noise diode.

6.2. Line mixing

For ground-based observations, line mixing has a strong influence on the spectrum of the oxygen
emission complex. Line mixing occurs at high pressures as present in the troposphere. Colli-
sions of oxygen with the broadening gas repopulate the rotational quantum states, such that
their distribution deviates from the Boltzmann statistic, which is assumed for calculating the
energy state population. The effect at the frequency range of interest can lead to a deviation of
up to 50K, compared to simulations where line mixing was not taken into account (see Fig. 6.3).

Line mixing was not implemented in the inversion algorithm for temperature retrievals from
TEMPERA measurements. To compensate for that effect, a tropospherical correction and
baseline retrieval were performed (Krochin et al., 2022a; Krochin et al., 2024). Since ARTS
2.5.10 line mixing computations are performed automatically.
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Figure 6.3: The oxygen emission complex was simulated twice with activated
and deactivated line mixing modules. The difference is shown in the bottom
panel.
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6.3. The Zeeman effect in atmospheric oxygen

As a linear and symmetric compound, molecular oxygen (O2) has no electrical dipole moment.
As other neutral compounds can not couple to the electrical field due to the lack of electrical
dipole moment and, therefore, have no rotational emission spectra, the oxygen molecule must
have something else. A closer look at the bonding orbital reveals that there are indeed two
unpaired electrons leading to a permanent magnetic dipole. It is this magnetic dipole that en-
ables molecular oxygen to couple to the EM field and emit and absorb EM radiation. Since the
dipole is magnetic, it couples to the Earth’s magnetic field, leading to a Zeeman splitting effect
in single emission lines. The Zeeman splitting affects the line profile dramatically by splitting
a single line into several hundred ones. The Zeeman splitting or Zeeman broadening dominates
above 40km where atmospheric pressure is low. Below 40 km, pressure broadening is still the
dominating broadening effect.

 

E1

t 

M=0 

M=1 

Magnetic field on 

f 

Magnetic field off 

f 

E2

t 

M=-1

t 

σ-

t 

M =0

 
=0

t 

π

t 

σ+

t 

Figure 6.4: Simplified chart to illustrate the Zeeman effect. The B-field splits
the energy level E2 into three sub-levels σ+, π, and σ−.

The theoretical overview in this section is taken from Larsson et al., 2014; Larsson et al.,
2019. The energy shift ∆E due to coupling to the magnetic field B⃗ of a rotational state
with rotational quantum number N , and total angular momentum quantum number J ∈
[|N − S|, |N − S + 1|, ..., |N + S|] (where S is the spin quantum number) is given by:

∆E = −gJN
MJ |B⃗|µb, (6.1)

where MJ ∈ [−J, −J + 1, ..., J ] is the projection of the total angular momentum quantum num-
ber J on B⃗, µb is the Bohr magneton, and gJN

is called the Landé factor which depends on the
emitting particle and the specific state JN . The frequency shift from the transition J ′′

N − J ′
N ,

where the double prime denotes the higher state and the prime denotes the lower state is:

∆νZ = Hµb

h

(
g′′

J ′′
N

M ′′ − g′
J ′

N
M ′
)

(6.2)

and the line shape of one specific Zeeman line fZ is given by:
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fZ = 1
αD

√
π

w(z), z(ν) = ν − ν0 − ∆νZ + iαL

αD
. (6.3)

Here, w(z) is the Faddeeva function. It has the properties that for z = x+yi, one has ℜ{w(z)} =
fV (x). Summing over all Z of the possible transitions M ′′ − M ′, every Zeeman line Z will have
its strength SZ . For fully polarimetric treatment, fZ is multiplied with the Müller matrix ΦZ ,
which describes the polarization state of the radiation:

KP = nSJ ′′
N J ′

N

∑
Z

SZfZΦZ . (6.4)

Furthermore, SJ ′′
N J ′

N
is the line strength of the un-split line, and KP is the propagation matrix.

It’s an analogue to the absorption cross-section (Eq. 4.9) but in 3-dimensions and accounting
for polarization.

Figure 6.5: The B-field splits one rotational transition in hundreds of transi-
tions (depending of J ′

N and J ′′
N ) with slightly different energy differences � E.

The superposition of the Zeeman split emission lines Eq. 6.4 appears as one
broadened line. This illustration was simulated with ARTS 2.6

6.4. The Stokes vector

In the absence of coupling to a magnetic field, rotational emission lines, in general, are unpo-
larized because the polarization cancels out due to rotational symmetry. However, the coupling
to the Earth’s magnetic field breaks this symmetry, and the observed radiation gets a polar-
ization signature. When the magnetic field lines of B⃗ are perpendicular to the observed beam,
the radiation will be linearly polarized, and a beam along B⃗, will lead to circularly polarized
radiation. Therefore, radiation along a line of sight, which is tilted concerning B⃗ will carry both
components. For observations of all of the polarization components, the Stokes formalism is
suitable. The Stokes vector S = (I, Q, U, V ) is a four-component vector carrying information
about the polarization state of the radiation. The following is a summary of the Stokes formalism.

A local E-field E(t) in front of the antenna is of the form:

E(t) =
(
Ex + Eyei∆ϕ

)
eiωt. (6.5)

The coordinate system is chosen, such that the z direction is along the antenna beam and the
x, y-plane is perpendicular to it (antenna plane), the subscripts denote that the corresponding
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