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Abstract. The oxygen emission band at 60 GHz is a commonly used frequency band for atmospheric temperature sounding.

The fine structure emission lines used to retrieve temperature in the stratosphere and mesosphere are affected by the Zeeman

effect, which has a characteristic influence on the spectral shape of different polarization states. As a consequence of this

effect, a V-Stokes component is generated, indicating symmetry breaking between right and left circular polarized radiation.

In this study, we present the full-rank Stokes vector of the fine structure emission lines at 53.067 GHz and 53.596 GHz,5

measured with a fully polarimetric radiometer. We discuss the advantages of the fully polarimetric approach compared to

single-polarization observations for temperature sounding by comparing both simulations and observations. Our findings show

that using circular polarization in the retrieval algorithm improves both the upper altitude limit and vertical resolution by several

kilometers. Additionally, we introduce an operational calibration method and present calibrated spectra for the four components

of the Stokes polarization vector. We also provide a continuous series of retrieved temperature profiles, demonstrating that the10

calibration is valid for continuous observations.

1 Introduction

Microwave radiometry is a common technique for the continuous monitoring of atmospheric parameters, with the oxygen ab-

sorption band near 60 GHz typically used to retrieve atmospheric temperature profiles. To retrieve tropospheric temperatures,

several broadband channels are used to cover the left wing of the band. By using a high-resolution spectrometer, fine structure15

emission lines can be resolved to retrieve temperatures in the stratosphere and mesosphere.

Due to unpaired electrons in the bonding orbit, the oxygen molecule carries a magnetic dipole moment which couples to the

Earth’s magnetic field. The coupling leads to Zeeman splitting of rotational energy states. In the observed frequency band, this

results in a broadening of the line shape around its center (Gautier (1967); Lenoir (1967, 1968); Liebe (1981); Rosenkranz and20

Staelin (1988)). This Zeeman broadening effect has to be taken into account when calculating the absorption coefficients from

rotational transitions, introducing additional challenges in the radiative transfer calculations. First ground-based observations of

stratospheric emissions with a high spectral resolution discussing the Zeeman effect were published in Waters (1973), and first

spaceborne observations of the Zeeman splitting were observed with the Millimeter Wave Atmospheric Sounder instrument
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(MAS, Schanda et al. (1986); Croskey et al. (1992)), and reported in Hartmann et al. (1996). The Microwave Limb Sounder25

(MLS) on the Upper Atmosphere Research Satellite (UARS, Reber (1990, 1993)) also had channels around 63 GHz to retrieve

atmospheric temperature (Fishbein et al. (1996)). However with a bandwidth of 500 MHz, the Zeeman splitting could not be

resolved. Later, it was noted that retrievals of atmospheric temperatures above an altitude of 45 km are not possible with-

out including the Zeeman effect in the forward model calculations (von Engeln et al. (1998); von Engeln and Bühler (2002);

Shvetsov et al. (2010); Stähli et al. (2013)). The selection of the optimal frequency for this purpose was discussed in Pardo30

et al. (1998). At higher altitudes, the Zeeman line broadening causes an upper altitude limit for temperature retrievals because

it dominates over pressure broadening at mesospheric altitudes. The line broadening caused by the Zeeman effect on the fine

structure lines in the 60 GHz oxygen band was also investigated in Navas-Guzmán et al. (2015). In this study, the line shape

was measured with a linearly polarized receiver and a high-resolution spectrometer at different azimuth angles. Retrievals of

atmospheric temperature profiles from ground-based measurements with linear polarization, including the Zeeman effect in the35

forward model, were published in Krochin et al. (2022a). The upper altitude limit reached with this algorithm was about 50 km.

Coupling to the magnetic field breaks the symmetry of angular momentum transitions, leading to non-zero contributions in

all four Stokes components of the emitted radiation. Consequently, polarimetric observations provide additional information

content compared to single- or dual-polarization measurements. In Rosenkranz and Staelin (1988), it was noted that a better40

vertical resolution for retrievals of atmospheric temperature can be achieved by using circular rather than linearly polarized

measurements. Also, Krochin et al. (2022b) suggested that, observations with a fully polarimetric radiometer, which is a ra-

diometer capable of directly or indirectly measuring all four Stokes parameters or modified Stokes parameters (Randa et al.

(2008)), have a potential to increase the upper altitude limit for temperature retrievals, due to the increased information content,

particularly in the uniquely shaped V-Stokes component. In this manuscript, we directly compare different retrieval algorithms45

to verify the information gain, although the observed impact appears to be lower than expected (see Sec. 5.2).

Fully polarimetric radiometers have been used in passive remote sensing to monitor the ocean wind vector, with implemen-

tations in K-, Ku-, and Ka-bands (Yueh et al. (1995); Laursen and Skou (2001); Lahtinen et al. (2003b)). Tri-polarimetric

receivers, which measure the first three Stokes components, have also been developed for X-, K-, Ku-, and Ka-bands (Piep-50

meier and Gasiewski (2001a, b)). For passive observations of atmospheric oxygen, only dual or single polarization observations

are reported. An example is the Special Sensor Microwave Imager Sounder (SSMI) aboard the Defense Meteorological Satel-

lite Program (DMSP), which received right-hand circular polarization on eight of its channels (Swadley et al. (2008); Kunkee

et al. (2008); Kerola (2006)). The Earth Observing System Microwave Limb Sounder (EOS MLS, Waters et al. (2006)) on the

Aura satellite observed the Zeeman-split fine structure line of oxygen at 118 GHz using two linear polarizations (Schwartz55

et al. (2006)). However, passive observations of all four Stokes components simultaneously have not yet been reported in the

60 GHz Oxygen band. It should be noted that the list above includes only the most relevant articles for the present manuscript

and is not intended to provide an exhaustive overview of Zeeman theory or of all fully polarimetric measurements.
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In this manuscript, we present observations of the Campaign Temperature Radiometer (TEMPERA-C), a fully polarimetric60

ground-based radiometer designed to measure all four Stokes components of two fine-structure oxygen emission lines at 53.067

GHz and 53.596 GHz (Krochin et al. (2022b)). For a test campaign, the instrument was deployed at the Jungfraujoch high-

altitude research station (3571 m.a.s.l) from March 2024 to November 2024 and performed continuous temperature soundings.

For the campaign, an operational calibration method was developed by measuring cross-talk coefficients in the laboratory and

using the assumption that these coefficients remain constant during the campaign. Instrument gain and noise, which are more65

variable parameters, were calibrated continuously with built-in noise diodes and an ambient load calibration target. In addition,

we applied a newly developed method for on-site calibration of the phase offset between linear polarized receiver chains. From

the measured Stokes vector, we computed the left and right-hand circular polarizations (lc,rc), which were then inverted into

temperature profiles using an optimal estimation algorithm. Our study includes results from the instrument calibration and the

temperature retrievals conducted during the test campaign, as well as a comparison between total and circular polarization70

based on synthetic retrievals with simulated spectra. Meanwhile, TEMPERA-C is deployed at the Zimmerwald observatory

and performs routine observations using the developed calibration schemes.

The paper is organized as follows: The definition of the Stokes parameters is given in Sec. 2. Instrument performance and the

measurement site are described in Sec. 3. The calibration procedure is described in detail in Sec. 4, including examples of75

calibrated spectra. Details of the inversion algorithm and the comparison of synthetic retrievals are presented in Sec. 5. The

retrieval results from the measurement campaign are shown in Sec. 6, and the methods and results are discussed in Sec. 7.

Conclusions are given in Sec. 8.

2 Stokes Formalism

To fully characterize the polarization of the observed radiation, we apply the Stokes formalism in this manuscript. The Stokes80

vector is a four-component vector that represents the complete polarization state of an electromagnetic field. Based on the

electromagnetic field components of vertical and horizontal polarization, denoted as Ev and Eh respectively, the four Stokes

parameters I,Q,U , and V are defined as follows:

I =
1

η

(
|Ev|2 + |Eh|2

)
, (1)

Q=
1

η

(
|Ev|2 − |Eh|2

)
, (2)85

U =
2

η
ℜ{⟨EvE

∗
h⟩}, (3)

V =
2

η
ℑ{⟨EvE

∗
h⟩}. (4)
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Here, η is the wave impedance of the medium and ⟨...⟩ indicates the cross correlation. In remote sensing, the modified Stokes

parameters Sv,Sh,S3,S4 are frequently used (Randa et al. (2008)). The first two parameters represent vertically and horizon-

tally polarized radiation. Using the Stokes parameters defined above, the modified Stokes parameters are:90

Sv =
1

2
(I +Q) , (5)

Sh =
1

2
(I −Q) , (6)

S3 = U, (7)

S4 = V. (8)

The third and fourth Stokes parameters, also called U - and V - Stokes, represent the difference between the 45° and −45°95

polarized fields, and between the right-hand and left-hand circularly polarized fields, respectively. For calibration, we will use

the modified Stokes vector TB in units of brightness temperature, which is given by:

TB =


Tv

Th

T3

T4

=


Tv

Th

T45 −T−45

Tlc −Trc

=
λ2

kbη


〈
|Ev|2

〉〈
|Eh|2

〉
2ℜ⟨EvE

∗
h⟩

2ℑ⟨EvE
∗
h⟩

 . (9)

In this equation, λ represents the wavelength and kb is the Boltzmann constant. The characteristic line shapes of the modified

Stokes parameters in units of brightness temperature for the oxygen emission line centered at 53.067 GHz are illustrated in100

Fig. 1. The spectra of the first three Stokes parameters show even symmetry around the line center, while the fourth Stokes

component has an odd symmetry. The line shapes depend on the angle of the line of sight relative to the magnetic field lines.

For example, the maximum power of the fourth Stokes component is expected to be emitted parallel to the field lines, while it

vanishes for emissions in normal direction.

3 Instrumentation105

3.1 Instrument Description

The architecture of the polarimetric receiver is described in Krochin et al. (2022b). A simplified schematic is illustrated in

Fig. 2. Radiation entering the feed-horn is decomposed into the linear polarization components (Ev,Eh) by the Orthomode

Transducer (OMT). The orthogonally polarized signals are directed through two identical receiver chains, with a low noise

amplifier (LNA), bandpass filter, and mixer, which share the same local oscillator (LO). The received signals, which have been110

amplified, filtered, and down-converted, serve as inputs for the digital correlator. This spectrometer is implemented in an Et-

tus "Universal Software Radio Peripheral” device (USRP X310) equipped with two TwinRX daughter boards. Each daughter
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Figure 1. The four components of the modified Stokes vector, simulated for the Zeeman split emission line at 53.067 GHz. The viewing

geometry used in the simulation matches that during the measurement campaign at the Sphinx observatory, which has a sensor altitude of

3571 m.a.s.l, a zenith angle of 30°, and an azimuth angle 75°. The fourth Stokes component is represented in a right-handed geometry and

is sign-inverted compared to the simulation (Sec. 5.1), which uses left-hand geometry. Detailed descriptions of the remaining forward model

parameters can be found in Sec. 5.2.

board contains two coherent input channels, which are tuned to one of the emission lines. The base-band signals are digitized

with a sampling rate of 200 MS/s and 14-bit resolution, and an on-board Field-Programmable Gate Array (FPGA) performs a

real-time Fast Fourier Transform (FFT) analysis. Each of the complex spectra for the two polarisations and frequency bands115

has a bandwidth of 100 MHz and 4096 channels. The integrator on the FPGA accumulates the total power of each linear po-

larization
(〈
|Ev|2

〉
,
〈
|Eh|2

〉)
, as well as the real and imaginary parts of the cross-correlated signals (ℜ⟨EvE

∗
h⟩ ,ℑ⟨EvE

∗
h⟩).

According to Eq. (9), the first two outputs correspond to the first two Stokes parameters, while the latter two outputs represent

the third and fourth Stokes parameters. Since the two daughter boards are tuned independently to different emission lines, this

results in a total of eight spectra.120

The initial results in Krochin et al. (2022b) were obtained with an early prototype of the instrument with simplified optics. In

this publication, we show the results obtained with the final optical design. It includes a corrugated feed-horn with an ultra-

gaussian antenna pattern and a measured cross-polarization below -40 dB (Fig. 3) and an off-axis parabolic reflector which is

designed with a full width half maximum beam width of 3.2° in the far field of the instrument. A rotatable planar mirror is used125

to switch the direction of the beam between the hot and cold calibration targets and sky direction with an adjustable zenith

angle. The rotatable mirror is mounted on a linear translation stage, which is used to change the distance between the receiver

and the targets by a quarter wavelength after each calibration cycle in order to mitigate the effect of standing waves. The initial

feed-horn design was proposed in McKay et al. (2016) and has been further fine-tuned and adapted to our frequency range.

The optics were designed with the commercial software GRASP from Ticra (Fig. 4). For the ambient temperature source, a130
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microwave absorber was placed below the instrument. Another microwave absorber placed in a liquid nitrogen bath acts as a

cold target to calibrate the noise diodes.
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Figure 2. Simplified schematic of the TEMPERA-C front- and back-end (Krochin et al. (2022b)). The subscripts h and v denote the two

pathways for horizontal and vertical polarization. The Stokes vector representation I, Q, U, V is of illustrative purpose. The direct output of

the digital correlator has the representation of the modified Stokes vector (Sec. 2).
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Figure 3. Measured and simulated co- and cross-polar antenna patterns for the feed-horn at 53 GHz were measured without the parabolic

mirror. The E and the H plane are orthogonally polarized antenna planes. The cross-polar field introduces cross-talk between the polarization

components. These measurements were performed using a linearly polarized receiver in the laboratory at the University of Bern.

3.2 TEMPERA-C at the Jungfraujoch High Altitude Research Station

For a test campaign, TEMPERA-C was installed in the Sphinx observatory at the High Altitude Research Station Jungfraujoch

(HFSJG). The Sphinx observatory is located at an altitude of 3571 m.a.s.l. At this altitude, the tropospheric air mass through135

which radiation emitted in the stratosphere and mesosphere must propagate to reach the surface is greatly reduced compared

to observations at sea level. In addition, the brightness temperature in the 60 GHz band is influenced by the water vapour

continuum (Fig. 5), which has a lower intensity due to a decreasing water vapour volume mixing ratio with altitude. In a
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Figure 4. A GRASP model of the TEMPERA-C optics, showing the rotatable planar mirror (1), the focusing parabolic mirror (2), and the

feed-horn (3).

comparison between Bern and the Sphinx observatory, it was found that the ratio between the middle atmospheric signal and

the tropospheric signal amplitude increases from 1.05 to 1.2 for clear sky conditions (Fig. 6). The relative air humidity at140

the time the observations were taken was 85% at the Jungfraujoch (25 March 2024) and 65% in Bern (31 March 2025). The

location is therefore advantageous for ground-based observations in this frequency band to retrieve stratospheric temperature

profiles. During the test campaign, the instrument had an azimuth angle of 75° and a zenith angle of 30°. Since the instrument

was deployed inside one of the Sphinx laboratories, a microwave transparent window was used for the sky observations.

4 Calibration145

4.1 Introductory Remarks

The calibration method presented in this manuscript is primarily based on the methods from Gasiewski and Kunkee (1993)

and Lahtinen et al. (2003a). A significant difference is that we use a digital correlator instead of an analog one. This change

allows us to reduce the number of independent parameters required for the calibration of the full Stokes vector. The number

of calibration parameters can be roughly estimated as follows: an analog correlator typically has four independent detectors,150

resulting in four gain parameters. If we consider the interactions between the detectors, we introduce 12 additional cross-talk

parameters (calculated as 3 × 4). Along with four offset parameters, this results in 20 independent calibration parameters that

need to be estimated. In contrast, our digital correlator processes two independent complex signals from two separate receiver

chains, yielding two complex gain parameters and two complex cross-talk parameters. Adding one offset parameter for each

of the four outputs results in a total of 12 independent real-valued calibration parameters to estimate (calculated as 2 × 2 + 2 ×155

2 + 4).

Our calibration method allows us to separately determine the absolute values and phases of the complex gain and cross-talk

parameters. To measure the complex phase, it is common to use a phase retardation plate, which is positioned between the
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Figure 5. Left wing of the 60 GHz oxygen band, simulated for a ground-based sensor at a zenith angle of 30°. Simulations were performed

for two sensor altitudes: 100 m.a.s.l. and 3500 m.a.s.l. The influence of air humidity is illustrated by including the H2O emission in the figure.
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Figure 6. Comparison of calibrated TEMPERA-C measurements between Bern and the Jungfraujoch high altitude station. The comparison

illustrates two measurements of the fine structure emission line at 53.596 GHz in single polarization taken at the Sphinx observatory and

at the University of Bern, both during clear sky conditions. The left figure shows the direct comparison after calibration as a solid line,

while the contribution from the troposphere (tropospheric background) is depicted as a dashed line. The right figure illustrates the same data

normalized by dividing the spectra by the corresponding tropospheric background.

calibration setup and the antenna and observed at various rotation angles. However, with a digital correlator, we can perform160

full polarimetric calibration with a simpler setup that does not require a retardation plate. Additionally, we introduce a method

for measuring the instrument’s phase offset directly from sky observations, which can be executed automatically at the mea-

surement site without additional equipment.

In our study, we define vertical and horizontal polarization relative to the linear polarization plane of the OMT. We do not165

estimate the rotation of the polarization plane with respect to the sky, as our focus is on observing the circularly polarized

signal, which is independent of the polarization plane.
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The next section describes the laboratory-based calibration setup used to determine the cross-talk parameters. Section 4.3 intro-

duces the mathematical theory behind the calibration method. Section 4.4 discusses the estimation of the cross-talk parameters170

in the laboratory, while Sec. 4.5 describes the on-site calibration of the instrument gain and noise. The on-site calibration of

the phase offset is presented in Sec. 4.6. Finally, the cross-talk correction of the auto-correlated components is described in

Sec. 4.7.

4.2 Laboratory Setup

The setup for measuring the cross-talk parameters follows the configuration outlined in Gasiewski and Kunkee (1993) (Fig. 7).175

A cold reference absorber is positioned at a 90° angle to a hot reference absorber. The feed-horn is aligned such that its line

of sight is perpendicular to the plane of the cold absorber. A polarizing wire grid, oriented at a 45° angle to both the hot and

cold references, is installed in between. The entire setup can be rotated around the vertical axis by an angle denoted as α. For

the cold reference, we use a microwave absorber immersed in liquid nitrogen, while the hot reference is an identical absorber

at room temperature. The antenna temperatures T1,T2 of a dual-polarized receiver with the polarization plane aligned to the180

polarizing grid (α= 0) are given by:

T1 =r∥ [(1− rl)Thot + rlTbg] +
(
1− r∥

)
[(1− rl)Tcold + rlTbg] , (10)

T2 =t⊥ [(1− rl)Tcold + rlTbg] + (1− t⊥) [(1− rl)Thot + rlTbg] , (11)

where r∥ is the parallel-polarized reflection coefficient of the polarizing grid, t⊥ the perpendicularly-polarized transmission

coefficient, rl the absorber reflectivity, Thot and Tcold the physical temperatures of the hot and cold target, respectively, and185

Tbg the background brightness temperature.

4.3 Mathematical Basis and Notation

To derive the calibration equation, a linear relation is assumed between the output of the instrument’s spectrometer r and the

brightness temperature in front of the antenna TB (Eq. (9)):

r =


ra

rb

r3

r4

=


gvv gvh gv3 gv4

ghv ghh gh3 gh4

g3v g3h g33 g34

g4v g4h g43 g44




Tv

Th

T3

T4

+n= gTB +n, (12)190

where g is the gain matrix and n the instrument noise. The instrument noise can be further decomposed into an offset parameter

and a zero-mean noise component. However, this separation will not be considered in the following analysis. The goal of the

calibration process is to determine the elements of g and n and calculate TB by matrix inversion. In the work by Lahtinen et al.

(2003a), the elements of the calibration matrix are treated as independent variables. To determine the 20 unknown variables,
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Figure 7. Measurement setup according to Gasiewski and Kunkee (1993). The wire grid is positioned at a 45° angle between the hot-load

and cold-load. The rotation of the grid by the angle α occurs around the axis indicated by the black straight arrow. The optical paths for the

two orthogonally polarized receiver chains, labeled as a and b, are depicted for the case when α= 0.

a set of 5 observations of a full-rank Stokes vector is required. Three of the five observations can be made at three different195

angles α of the polarizing grid, while an additional observation is made using an unpolarized calibration target. Using a phase-

retardation plate for all observations, the fifth observation can be obtained by varying the angle of the retardation plate. This

plate adds a phase offset between the linearly polarized components depending on its angle relative to the polarization plane,

thereby generating a V-Stokes component necessary to determine the gi4 and g4i elements of the gain matrix.

200

However, the calibration method presented in this manuscript does not use a phase-retardation plate. To determine the full gain

matrix, we rely on the fact that for our instrument, the elements of g are not independent. We assume that the cross-talk is

only induced by the antenna cross-polarization and OMT leakage, and can be described using a pair of complex cross-talk

parameters ca, cb. Consequently, the gain matrix elements are functions of two complex gains and two complex cross-talk

parameters. The definition of the cross-talk parameters is as follows. The E-field in the linear polarized basis relative to the205

OMT (v,h) in front of the antenna is:

E = Evev +Eheh =
(
|Ev|ev + |Eh|e∆ϕieh

)
eωti. (13)

For an ideal receiver with zero cross-talk, the off-diagonal elements of the gain matrix vanish. In this case, the signals in

receiver chains a and b are simply Ea = Ev and Eb = Eh and the calibration equation would be:
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ra =
〈
(GaEa)(GaEa)

∗〉
+na = |Ga|2

〈
|Ev|2

〉
+na, (14)210

rb =
〈
(GbEb)(GbEb)

∗〉
+nb = |Gb|2

〈
|Eh|2

〉
+nb, (15)

r3,4 =
〈
(GaEa)(GbEb)

∗〉
+ o3,4 = ⟨GaG

∗
b EvE

∗
h⟩+n3,4. (16)

In these equations, we introduced the symbol G to represent the complex gain, which has units that are the square root of the

units of the gain matrix elements in Eq. (12). Assuming that the cross-talk is resulting from the cross-polarization components

of the feed-horn and the cross-leakage of the OMT, a fraction ca of the signal Eh enters the receiver chain a and vice versa.215

The signals received in chain a and b are then:

Ea =(Ev + caEh), (17)

Eb =(Eh + cbEv). (18)

Using the above obtained results, the calibration equation becomes:

ra =
〈
(GaEv +GacaEh)(GaEv +GacaEh)

∗〉
+na, (19)220

=|Ga|2 ⟨EvE
∗
v ⟩+ |Ga|2|ca|2 ⟨EhE

∗
h⟩+ |Ga|2 ⟨c∗aEvE

∗
h + caE

∗
vEh⟩+na, (20)

=|Ga|2
[
⟨EvE

∗
v ⟩+ |ca|2 ⟨EhE

∗
h⟩+2ℜ{⟨c∗aEvE

∗
h⟩}

]
+na, (21)

rb =|Gb|2
[
⟨EhE

∗
h⟩+ |cb|2 ⟨EvE

∗
v ⟩+2ℜ{⟨c∗bEhE

∗
v ⟩}

]
+nb, (22)

225

r3,4 =
〈
(GaEv +GacaEh)(GbEh +GbcbEv)

∗〉
+n3,4, (23)

=⟨GaG
∗
b (1+ cac

∗
b)EvE

∗
h⟩+ ⟨GaG

∗
b caEhE

∗
h⟩+ ⟨GaG

∗
b c

∗
bEvE

∗
v ⟩+n3,4. (24)

In the first two equations, we applied basic rules of complex algebra. The right-hand side of rb was derived in the same manner

as ra. The relationship between the complex gain G and the one in Eq. (12) is:

g =


gvv gvh gv3 gv4

ghv ghh gh3 gh4

g3v g3h g33 g34

g4v g4h g43 g44

=


|Ga|2 |Ga|2|ca|2 |Ga|2ℜ{ca} −|Ga|2ℑ{ca}

|Gb|2|cb|2 |Gb|2 |Gb|2ℜ{cb} −|Gb|2ℑ{cb}
ℜ{GaG ∗

b ca} ℜ{GaG ∗
b c

∗
b} 1

2ℜ{GaG ∗
b (1+ cac

∗
b)} 1

2ℑ{GaG ∗
b (1+ cac

∗
b)}

ℑ{GaG ∗
b ca} ℑ{GaG ∗

b c
∗
b} 1

2ℑ{GaG ∗
b (1+ cac

∗
b)} 1

2ℜ{GaG ∗
b (1+ cac

∗
b)}

 . (25)230

The matrix in Eq. (25) contains 8 unknown parameters: four corresponding to the real and imaginary parts of the complex

gain coefficients Ga and Gb, and four for the complex cross-talk parameters ca and cb. The gain matrix coefficients related

11



to the fourth Stokes component (V-Stokes) can be expressed as functions of Ga,Gb, ca, cb. Along with the four-component

noise vector n, the original system of 20 unknown variables has been reduced to one with 12. To determine the coefficients

Ga,Gb, ca, cb, it is sufficient to solve the system of equations generated by four observations of the first three Stokes components.235

The assumption leading to the equations (19)-(24) can alternatively be formulated as that the cross-talk is generated before the

signal enters the LNA. Additional sources of cross-talk contributions are theoretically the path through the LO or inside the

digital correlator. We verified the reliability of this assumption by estimating the upper limit for the total cross-leakage between

the receiver chains through alternative pathways. This was done by alternately switching on the noise diode in one receiver240

chain and measuring the reaction in the other one. The measured reaction was below the detection limit, providing confidence

that our assumptions are valid for our receiver configuration and components. Fig. 8 illustrates an upper limit for the receiver

chain leakage calculated with:

la→b =
rhot+NDa
b − rhotb

rhot+NDa
a − rhota

. (26)
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Figure 8. Upper limits of the leakage parameters (Eq. (26)). The RF 1 and RF 2 center frequencies are tuned to 53.07 GHz and 53.6 GHz,

respectively. The subscripts a and b denote the two orthogonal polarized receiver chains.

4.4 Laboratory Measurements of Cross-Talk Parameters245

As described in the preceding section, four observations are necessary to solve the system of equations for the 12 calibration

parameters. The observations must satisfy orthogonality conditions for the system to be solvable. In general, orthogonality

is achieved by observing three different angles of the calibration setup α, whose differences are not precisely 180°, and an

additional observation of the unpolarized absorber. For our calibration, we chose the angles α = [0°, 45°, 90°], as this results

in particularly elegant calibration equations. An absorber at room temperature served as the unpolarized target. The Stokes250

components for the various angles are:
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Tα=0◦

v = Tα=90◦

h =T1, (27)

Tα=90◦

v = Tα=0◦

h =T2, (28)

Tα=45◦

v = Tα=45◦

h =
1

2
(T1 +T2), (29)

T
(α=0◦,90◦)
3 =0, (30)255

T
(α=45◦)
3 =T1 −T2, (31)

T4 =0. (32)

Next, we substitute the equations above into Eqs. (19)-(24). In addition, we decompose the complex cross-talk coefficients ca,b

into their absolute values and complex phases, which is expressed as follows:

ca,b = |ca,b|eδa,bi. (33)260

The unpolarized target emits equally for both polarizations, such that T hot
v = T hot

h = Thot, where Thot is the physical temper-

ature of the target. Considering the a-polarization chain (Eq. (21)) the spectrometer outputs rαa , r
hot
a result in:

r(α=0)
a =|Ga|2T1 + |Ga|2|ca|2T2 +na, (34)

r(α=90)
a =|Ga|2T2 + |Ga|2|ca|2T1 +na, (35)

r(α=45)
a =

1

2
|Ga|2

(
1+ |ca|2

)
(T1 +T2)+ |Ga|2|ca|(T1 −T2)cos(δa)+na, (36)265

rhota =|Ga|2
(
1+ |ca|2

)
Thot +na. (37)

The principal brightness temperatures T1 and T2 are given in Eq. (10) and Eq. (11). With knowledge of the absorber and

background temperatures, as well as the grid and absorber reflectance parameters, equations (34) - (37) can be solved for the

parameters |Ga|, |ca|, δa. The calibration equations for receiver chain b can be deduced analogously. Figure 9 summarizes the

calibration coefficients of both receiver chains, measured in the laboratory at the University of Bern.270

4.5 On-Site Calibration of Instrument Gain and Noise

During the test campaign, we performed on-site calibrations, assuming that the cross-talk coefficients |ca|, |ca|, δa, δb remain

constant. The instrument gain |Ga|2, |Gb|2 and instrument noise na,nb were calibrated within a cycle of 9 seconds with the

internal noise diodes. The calibration cycle is to steer the mirror on the hot-target rhot for 3 seconds, switch on the noise diode275

for another 3 seconds (rhot+ND), and finally, for the remaining 3 seconds, pointing towards the sky direction rsky. The adapted

two-point calibration equation is:
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Figure 9. Cross-talk parameters calculated according Eq. (34)-(37). The RF 1 and RF 2 center frequencies are tuned to 53.07 GHz and

53.6 GHz, respectively. The subscripts a and b denote the two orthogonally polarized receivers, while x serves as a placeholder for either a

or b.

rhot+ND
a =|Ga|2 (Thot +TND)+ |Ga|2|ca|2Thot +na, (38)

rhota =|Ga|2
(
1+ |ca|2

)
Thot +na. (39)

The calibration equation for the receiver channel b is identical. Solving for Ga and na yields:280

|Ga|2 =
rhot+ND
a − rhota

TND
, (40)

na =
Thot(r

hot
a − rhot+ND

a )(1+ |ca|2)
TND

+ rhota . (41)

The hot-target temperature Thot is constantly monitored with three temperature sensors. The noise diode temperature TND was

stabilized with Peltier cooling modules and calibrated with liquid nitrogen on the first and last day of the campaign.

4.6 On-Site Calibration of Cross-Correlated Components285

In addition to the classical two-point calibration, we also evaluated the cross-correlated parameters. For this calculation we

consider Eq. (24):

r3,4 = ⟨GaG
∗
b (1+ c∗acb)EvE

∗
h⟩+ ⟨GaG

∗
b caEhE

∗
h⟩+ ⟨GaG

∗
b c

∗
bEvE

∗
v ⟩+n3,4. (42)

The estimation of the absolute values |Ga|, |Gb| is described in the preceding section. The subsequent step is to measure the

complex phase ∆ϕ between the receiver chains, while the complex phase of the individual gains is of no importance. In the290

equation above, the factor c∗acb ≪ 1 was omitted, focusing solely on first-order cross-talk effects. Then, the first term on the

right-hand side can be rewritten as follows:
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⟨GaG
∗
b EvE

∗
h⟩= |Ga||Gb|

〈
ei∆ϕEvE

∗
h

〉
. (43)

The instrument noise is uncorrelated (independent random noise) and is expected to be zero in the cross-correlated channels.

Any remaining signal offset can be removed by subtracting the spectrum of the hot target. The hot target is unpolarized,295

resulting in the following condition:

〈
Ehot

v Ehot∗
h

〉
= 0. (44)

Therefore, the difference between sky and hot-load spectrum (Eq. 39) is:

rsky3,4 − rhot3,4 = |Ga||Gb|
〈
ei∆ϕEsky

v Esky∗
h

〉
+RX , (45)

with the residual term RX , expressed by:300

RX =
〈
GaG

∗
b

(
c∗a

[
Esky

h Esky∗
h −Ehot

h Ehot∗
h

]
+ cb

[
Esky

v Esky∗
v −Ehot

v Ehot∗
v

])〉
. (46)

The residual term RX was found to be very small and fitted under the assumption that the V-Stokes component vanishes for

frequencies exceeding 17.5 MHz from the center frequency. It was subsequently removed from the spectrum. (see Fig. 10).

Firstly, the complex phase ∆ϕ can be estimated from the measurements of the rotatable polarizing grid (Sec.4.4) by using the305

relation T4 = 0 for radiation passing through an ideal polarizing grid. This was reached by iteratively finding the zero point of

the function:

∫
∆ν

V (ν,∆ϕ)dν =0, (47)

V (ν,∆ϕ) =
1

|Ga||Gb|
ℑ
{(

r
(α=0)
3,4 − rhot3,4

)
e∆ϕi

}
, (48)

where the integral covers the entire bandwidth ∆ν.310

Secondly, we have developed a method to estimate ∆ϕ on the campaign site, utilizing symmetry properties of the sky mea-

surements. The V-Stokes component of the observed emission lines is anti-symmetric around the line center, whereas the

U-Stokes component is symmetric. For the optimal value of ∆ϕ, the U-Stokes achieves the best symmetry, while the V-Stokes

approaches the best anti-symmetry. The optimal ∆ϕ can be determined by dividing the frequency band with bandwidth ∆ν315

into two parts, through the line-center frequency νc, and defining a norm NV for example by:
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Figure 10. Step-by-step correction of the V-Stokes component (Eq. (52)). Step 1 is after subtracting rhot3,4 , step 2 is after rotating by ∆ϕ, and

step 3 is after removing RX by interpolation. The illustration is provided for the emission line centered at 53.067 GHz. The correction for

the other line centered at 53.596 GHz follows analogously.

NV (∆ϕ) =

√√√√√ ∆ν/2∫
0

[V (νc + ν,∆ϕ)−V (νc − ν,∆ϕ)]
2
, (49)

V (ν,∆ϕ) =
1

|Ga||Gb|
ℑ
{(

rsky3,4 − rhot3,4

)
e∆ϕi

}
. (50)

The angle with the highest anti-symmetry is where the maximum of NV is located. With this method, the optimal angle was

∆ϕ= 0.65π± 0.01π, while the same coefficient estimated with the polarized grid was ∆ϕ= 0.64π± 0.01π. After estimating320

∆ϕ, the two Stokes components T3 and T4 can be calculated:

T sky
3 =

2

|Ga||Gb|
ℜ
{(

rsky3,4 − rhot3,4

)
e∆ϕi −RX

}
, (51)

T sky
4 =

2

|Ga||Gb|
ℑ
{(

rsky3,4 − rhot3,4

)
e∆ϕi −RX

}
. (52)

The function NV (∆ϕ) and T sky
4 spectra for different ∆ϕ are illustrated in Fig. 11. The complete set of calibrated components of

the modified Stokes vector, along with the corresponding instrument noise, is illustrated in Fig. 12. Alternatively, the calibrated325

Stokes components in the representation TB = [TI ,TQ,TU ,TV ] are illustrated in Fig. B1.

4.7 On-Site Calibration of Auto-Correlated Components

Finally, we also investigated the campaign calibration for auto-correlated parameters to correct the sky measurements, substi-

tuting the previously obtained calibration results into Eq. (21)

ra = |Ga|2T sky
v + |Ga|2|ca|2T sky

h + |Ga|2|ca|ℜ
{(

T sky
3 +T sky

4 i
)
eδai

}
+na. (53)330
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(a)

(b) (c)

(e)(d)

Figure 11. Panel (a) illustrates NV as a function of ∆ϕ (Eq. (49)), while panels (b-e) show calibrated T sky
4 specta (Eq. (52)) for various

values of ∆ϕ. The mixing of U- and V-Stokes components varies with dependence on ∆ϕ.

(a) (b)

(c) (d)

(e) (f)

Figure 12. TEMPERA-C calibrated and corrected spectra in representation of the modified Stokes vector and instrument noise temperatures

measured at the Sphinx observatory. These measurements were taken during nighttime on March 25, 2024, with an integration time of

30 minutes. Panels (a, c, e) display the spectra for the emission line centered at 53.067 GHz, with RF 1 frequency tuned to 53.07 GHz. Panels

(b, d, f) show the spectra for the emission line centered at 53.596 GHz, with RF 2 frequency tuned to 53.6 GHz.

Since |ca|2 ≪ 1, the second term on the right-hand side was again omitted, leading to:

T sky
v =

ra −na

|Ga|2
− |ca|

[
T sky
3 cos(δa)−T sky

4 sin(δa)
]
. (54)

For T sky
h , the correction equation is analogous. The first term on the right-hand side represents the uncorrected brightness

temperature, while the second term is the correction term. The components T sky
3 and T sky

4 were corrected beforehand (Sec
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4.6). The effect of subtracting the correction term is illustrated in Fig. 13. The uncorrected line spectrum shows an asymmetry335

caused by the contribution of |ca|T sky
4 sin(δa), as this spectrum is antisymmetric around the line center. This asymmetry is

eliminated by subtracting the correction term.
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Figure 13. Tsky,h before and after the correction according (54) illustrated for the emission line with centered at 53.067 GHz. The uncorrected

line spectrum shows an asymmetry around the line center, which is eliminated after applying the correction.

The cross-talk parameters ca, cb were measured once in the laboratory (Sec. 4.4) and are assumed to remain constant. Instrument

gain and noise were calibrated on site (Sec. 4.5) with the built-in noise diodes. The noise equivalent differential temperature340

(NEDT) after 30 min of integration is within the range of ∆Tv,h = 0.24±0.005 K for the auto-correlated components and

∆Tv,h = 0.16±0.004 K for the cross-correlated components. A bias was found between T sky
v and T sky

h , with a magnitude in

a range identical to the NEDT. This bias was not constant and frequently changed sign. However, this is not critical for the

retrievals, as the combination Tlc,rc =
1
2 (Tv +Th ±T4) cancels the bias.

5 Simulations345

5.1 The Inversion Algorithm

For our simulations, we use the Atmospheric Radiative Transfer Simulator (ARTS, Buehler et al. (2005); Eriksson et al. (2011);

Buehler et al. (2018, 2024)) and the Zeeman algorithm implemented in ARTS (Larsson et al. (2014, 2019)), which is essential

for performing radiative transfer calculations above the troposphere. The forward model and retrieval were simulated using

ARTS 2.6 (Buehler et al. (2024)) with the Python interface. The mathematical framework is based on Rodgers (2000), with a350

detailed overview of the optimal estimation method provided in Appendix A.
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The model is configured in a stratified atmosphere on a 10×10 latitude-longitude grid with the dimensions 0.2°×0.2°. The alti-

tude grid has a spacing of 1 km and extends from 0 km to 70 km. A priori temperature and water vapour profiles are generated

using a long-time average of European Centre for Medium-Range Weather Forecasts (ECMWF) profiles. The oxygen volume355

mixing ratio is set to a constant value of 21%. The azimuth and zenith angles are 75° and 30° (60° elevation), respectively. The

Zeeman broadening effect is implemented for radiative transfer simulations in the middle atmosphere (Larsson et al. (2019);

Krochin et al. (2022b)). For the Earth’s magnetic field, the International Geomagnetic Reference Field (IGRF) model is imple-

mented in ARTS.

360

In the troposphere, both the line-mixing effect and pressure broadening are considered. In previous versions of ARTS, line-

mixing could not be applied in the oxygen band. A tropospheric correction was performed instead of direct radiative transfer

simulations. In the current retrieval version, the troposphere is included in the forward model. For temperature sensing in the

middle atmosphere, precise knowledge of the tropospheric temperature profile is not necessary, as only the total tropospheric

opacity is relevant. This opacity is dominated by the lowest few kilometers in the troposphere. In our forward model, the values365

for surface temperature, pressure, and humidity are taken from the Jungfrau Ostgrat weather station, located 650 m from the

Sphinx Observatory with a 240 m difference in altitude. For the a priori profile, the values for the measurement platform are

linearly extrapolated using the ECMWF grid point data at 4 km and the measurements from the Ostgrat station. A remaining

baseline offset is addressed through a baseline correction retrieval, which is a polynomial fit added to the spectrum, where

the polynomial coefficients are retrieved as part of the state vector. This method allows for a more accurate estimation of370

tropospheric opacity compared to the previous correction (Ingold and Kämpfer (1998)), although the retrieved profiles in the

troposphere remain idealized and unsuitable for higher-level data products.

The forward model is simulated using a pencil beam with a rectangular channel response. The instrument noise is treated as an

uncorrelated random variable with a normal distribution and a constant mean value for each channel. The measured channel

noise ranges from 0.2 K ≤∆Ta ≤ 0.3 K with minor variations between the receiver chains. The apriori covariance matrix Sa375

contains constant diagonal values σ2
a for all altitudes. The covariance for off-diagonal elements was calculated with:

Sa(ij) = σ2
a exp

(
|zi − zj |

zc

)
(55)

where the correlation length was chosen to zc = 1 km.

5.2 Investigating the Advantage of Polarimetric Measurements

In this section, we investigate whether the information gain due to the dual-circular-polarized approach has an impact on380

the temperature retrieval. For this purpose, we compare the vertical resolution and measurement response vector between

retrievals performed with a single total intensity spectrum and two circularly polarized spectra obtained by simulations and

measurements.
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Assuming a standard atmosphere as a reference case, an atmospheric spectrum was simulated by running the forward model385

for a certain state space vector xf . After adding normally distributed noise, the spectrum was inverted using the same forward

model, where the apriori state was set with an offset ∆x from the initial state vector xa = xf+∆x. This routine was performed

with the total intensity spectrum and also with the two circularly polarized states. Compared to the retrieval algorithm with

measurements, this setup is an idealization since the measurement vector is produced by the model atmosphere and, therefore,

is unbiased against the forward model. For this reason, the baseline retrieval was not part of the retrieval quantities in this390

configuration. The vertical resolution and measurement response of both retrievals are compared in Fig. 14. In this specific

case, the instrument noise was set to σe = 0.2 K and the apriori error σa = 30 K. For the offset vector ∆x, a Gaussian function

was chosen with a peak of ∆xmax = 6 K at 50 km and a cutoff for values above 8 km from the peak.

The vertical resolution of the dual-circular-polarized retrieval is slightly higher by roughly 3% to 6% above 35 km. A small395

stretch is visible in the measurement response profile, but it seems insignificant. Different combinations of σe,σa,∆xmax were

tested, but no combination with more significant differences was found. The error and offset parameters used for the ideal

case study were σe = [0.1,0.2,0.4,0.8] K, σa = [24,28,30] K and offset values of ∆xmax = [−10,−6,−3,0,3,6,10] K. The

increase in vertical resolution of the dual-circular-polarized retrievals between 35 km and 70 km was on average 4.7%±0.5%

without clear dependence on the retrieval parameters. The absolute vertical resolution is higher for lower instrument noise in400

all cases. Altitudes with a Measurement Response (MR) of 1 were between 68 to 69 km for the lowest instrument noise and

63 to 64 km for the highest. In about half of the cases, this altitude was one grid point higher in the dual-circular-polarized

retrieval and equal to total intensity retrieval otherwise. Therefore, the altitude grid spacing of 1 km can be seen as an upper

boundary for the increase of the upper altitude range for dual-circular-polarized retrievals compared to total intensity retrievals.

These results are also summarized in Tab. 1-4.405

σa\σe [K] 0.1 0.2 0.4 0.8

24 5.1/8.2/13.6 5.6/9.1/14.6 6.2/10.3/10.3 6.9/11.3/16.5

28 5.1/8.0/13.4 5.4/8.9/14.3 6.1/10.0/15.1 6.6/10.9/16.2

30 5.1/8.0/13.3 5.5/8.9/14.3 6.0/9.9/15.1 6.6/10.9/ 16.1
Table 1. Vertical resolution total intensity retrieval min/mean/max [km]

σa\σe [K] 0.1 0.2 0.4 0.8

24 5.1/7.6/13.0 5.6/8.4/14.1 6.2/9.3/15.0 6.7/10.3/16.1

28 5.1/7.5/12.8 5.5/8.2/13.9 6.0/9.1/14.8 6.6/10.1/15.7

30 5.0/7.4/12.8 5.5/8.1/13.7 6.0/9.0/14.7 6.6/10.0/15.6
Table 2. vertical resolution circular polarization retrieval min/mean/max [km]
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σa\σe [K] 0.1 0.2 0.4 0.8

24 4.56 4.38 4.74 4.45

28 4.77 4.73 4.94 5.18

30 4.69 4.65 5.00 5.22
Table 3. Relative increase (%) in vertical resolution retrieving two circular polarized spectra compared to one total intensity spectrum.

σa\σe [K] 0.1 0.2 0.4 0.8

24 68/69 67/68 66/66 63/64

28 69/69 68/68 66/67 64/65

30 69/69 68/68 66/67 64/65
Table 4. Upper altitude limits [km] of total polarization / circular polarization retrievals

In Krochin et al. (2022b), we have argued that the upper altitude limit of temperature retrievals can be increased by using

polarimetric measurements compared to single-polarization measurements. The argument was that the increased information

content could compensate for the Zeeman broadening, which dominates at lower pressures. However, our retrieval test case,

designed with a synthetic idealized atmospheric profile, as shown in this manuscript, indicates that the upper altitude limit

can be slightly improved by using dual-circular-polarized retrievals in comparison to total intensity retrievals, but the main410

improvement is mostly due to the updated version of ARTS and the improved retrieval algorithm. In Krochin et al. (2022a),

the upper altitude limit for temperature retrievals of TEMPERA was 50 km. The retrieval was performed with the tropospheric

correction and an older ARTS version (ARTS 2.4). The ARTS version used in the current study is 2.6, which has updated

Zeeman splitting coefficients and implemented line-mixing calculation. Also, the instrument noise of TEMPERA was higher

than in the current study. In addition, in the current study, the measurement error for total intensity retrievals is reduced by415

a factor of
√
2 in contrast to earlier studies. Retrieving the right and left circular polarized spectra, both having a constant

measurement error of σe, the effective measurement error is 1√
2
σe because two independent measurements are used. This has

to be taken into account when comparing retrievals with one against those with multiple spectra. In this study, the measurement

error 1√
2
σe was used for the total intensity retrieval when σe was used for the dual-circular-polarized retrieval.

420

Even though the gain in altitude range and vertical resolution in this case study is smaller than expected, fully polarimetric

measurements are still of use for ground-based remote sensing. By simultaneously measuring two polarization states, the in-

strument noise is reduced by a factor of
√
2. This also means a reduction of integration time by a factor of 2 for the same

instrument noise compared to single-polarization instruments. An advantage of using circular polarization over linear polariza-

tion is that when linear polarization is used in the retrieval algorithm, the polarization plane must be known. This is challenging425

because the polarization plane can rotate due to the use of mirrors that guide the atmospheric signal into the receiver, potentially

leading to errors in the measurement. In contrast, for circular polarization, receiver chains with cross-correlation do not require

knowledge of the polarization plane. However, to obtain the two circular polarized states, a full rank Stokes vector has to be
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measured. Specifically, the first, second, and fourth components of the modified Stokes vector are necessary to compute the

two circular states, while the third Stokes component is essential for calibration.430
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Figure 14. Results of the comparison with idealized conditions where the retrieval algorithm was tested with simulated spectra of total

intensity TI and dual-circularly-polarized states (Tlc,Trc). The plot illustrates the vertical resolution (dz), measurement response (MR),

forward model (xf ), a priori (xa), and retrieved temperature profiles (x), along with the corresponding differences between the results for

TI and Tlc,Trc.

6 Results

6.1 Retrieval Performance

For the inversion of the measurements, the a priori error was set to a constant value of σa = 30 K across all altitudes, while

the measurement error was set to σe = 0.5 K for all channels. Lower values for the measurement error resulted in convergence

problems, typically because systematic offsets and forward model errors are not accounted for by the measurement error. The435

retrieved temperature profiles have an effective altitude range, i.e., the range where the measurement response is above 0.6, of

20 km to 60 km, and a vertical resolution, which is defined by the full width at half maximum of the rows of the averaging

kernel matrix, below 15 km within this range. Between 20 km to 50 km, the vertical resolution is even better than 10 km.

Characteristics of residuals were noted, particularly for right-hand circularly polarized spectra, while residuals for left-hand

circularly polarized spectra were comparable to the noise floor. The asymmetric shape of the retrieval residuals requires fur-440

ther investigation (Sec. 7). Oscillations, attributed to numerical artifacts, in the temperature profile around 40 km (Fig.15) are

related to convergence issues and are also discussed in Sec. 7.
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For comparison, the same retrieval algorithm was used to invert the total intensity spectrum. The direct comparison of the

inversions of the total intensity spectrum against the circularly polarized spectra is shown in Fig. 16. This procedure results in445

the retrieval of two circularly polarized states that involve two independent spectra, effectively reducing the measurement error

by a factor of
√
2. To isolate the pure effect of the different polarization states, the measurement error of the total intensity

spectrum was adjusted by dividing it by
√
2. This ensures that the difference in the retrieval results arises only from the distinct

information provided by the polarization states, rather than from reduced noise due to two independent measurements of right

and left-hand circular polarization. The comparison reveals an average vertical resolution improvement of approximately 8%450

for dual-circular-polarized retrievals, with differences exceeding 10% in the range between 40 to 50 km. The measurement

response remains similar between the two approaches, though a vertical stretch was observed in the dual-circular-polarized

case. The upper altitude limit is also comparable, at 61 km for total intensity and 63 km for dual-circular polarization. In the

retrieved profiles, the absolute difference can reach up to 5 K. The forward model residuals were consistent across both retrieval

algorithms (Fig. B2).455
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Figure 15. Overview of the retrieval result from spectra observed on March 25, 2024, at the Sphinx observatory. Line centers of the RF1

and RF2 spectra are at 53.067 GHz and 53.596 GHz, respectively. The residuals were calculated by ∆y = y− yf and smoothed with a

moving window median. For illustrative purposes, every second row of the Averaging Kernel Matrix (AVK) was omitted in the figure, and

the remaining rows were multiplied by a factor of 6 to match the Measurement Response (MR).

6.2 Continuous Temperature Series

The instrument was deployed as a breadboard to the Sphinx observatory and performed continuous temperature measurements

covering the period from the 25th of March 2024 to the 12th of November 2024. The level 1 dataset contains data gaps due to

electricity cut-offs. Additional data gaps in the level 2 data are due to weather conditions. At 3571 m.a.s.l, snowfall frequently

disturbs the measurements. While during light snowfall, temperature retrievals were occasionally possible, spectra measured460

during heavy snowfall did not contain enough stratospheric signal to be analyzed. Also, the accumulation of snow and ice
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Figure 16. Same as Fig. 14 with measurements which were taken on March 25, 2024, at the Sphinx observatory.

particles on the microwave window affected the instrument’s performance. We assume that this frost formation and wetting

of the microwave transparent window were major causes for disturbed measurements during these weather conditions. During

easterly wind conditions, frontal on the window, it was found that the likelihood for disturbances was higher than when the

wind came from other directions. Ice particles and snowfall can have different effects on the polarization of the received radi-465

ation, which has to be further investigated. Other weather conditions disturbing the measurements were, as usual, heavy cloud

coverage and rainfall. The temperature profile time series is illustrated in Fig. 17. Towards the end of August, the LO had reset

after a power cut-off and had to be reprogrammed on-site, preventing the collection of data for the rest of the month.

Figure 17. Series of the profiles of retrieved atmospheric temperature during the Jungfraujoch campaign. The dataset of retrieved temperature

profiles shows dynamical features, such as thermal tides.
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7 Discussion470

In this manuscript, we have shown that a digital correlating radiometer can be calibrated without using a phase-retardation plate

and that the U and V Stokes components can be calibrated on-site with a simple two-point calibration, provided the spectra

exhibit symmetry properties. The uncertainties in the calibration results are mainly due to the non-ideal performance of the

polarizing grid and insufficient determination of the grid coefficients t⊥, r∥, rl in our laboratory calibration. Also, tuning the

grid rotation angle with the required precision was challenging. Cross-talk parameters were assumed to remain constant during475

the campaign. A comparison of calibrated spectra during clear weather conditions at the beginning and the end of the campaign

did not reveal any significant differences apart from those due to different atmospheric states.

The results of the retrieval algorithm show an effective altitude range of 20 km to 60 km. A direct comparison of retrievals with

spectra of total intensity against circular polarization indicated an increase in vertical resolution of about 8% on average in480

the effective altitude range and an upper altitude limit increase of about 2 km in the dual-circular-polarized case. However, the

improvement compared to total intensity retrievals is less than expected. Another advantage of fully polarimetric instruments

is that the integration time can be reduced by a factor of 2, while the rotation of the polarization plane in the optics does not

need to be determined because circular polarization is independent of the polarization plane.

485

The characteristic shapes of the residuals of the right-hand polarized spectra suggest a relation to the correction term from

Eq. (54), because of the similarity in shape and order of magnitude (Fig. B2). However, a bias in the calibration of the linear

polarized components would result in symmetric residuals for both left and right-hand circular polarized spectra, meaning

both would show identical characteristics. Conversely, a bias in the calibration of the fourth Stokes component would produce

precisely anti-symmetric residuals, with mirrored shapes. Neither of these scenarios applies, as only the right-hand circular490

residuals have a characteristic shape and are above the noise floor. Using the same argument, also issues with spectroscopic

parameters can be excluded as a cause for the residuals. To further support our argument, we ran the retrieval algorithm without

applying the corrections according to Eq. (54). The results showed no significant changes in the forward model residuals

(Fig. B2).

Recently, several errors were identified in the Zeeman effect forward model calculations, primarily impacting the Q- and U-495

Stokes parameters. Additionally, the circular polarization has been modeled using a left-hand geometry instead of a right-hand

geometry, which reverses the signs of the energy shifts and consequently affects the sign of the V-Stokes component. For the

temperature retrievals, this should not pose any issues, provided that the inverted sign convention is applied when incorporating

the measurements into the retrieval algorithm. A possible explanation for the observed asymmetry in the residuals, based on

the radiative transfer forward model simulations, may involve a difference in refractive indices, leading to distinct propagation500

paths for the circular polarizations. A similar effect might also result from the antenna’s cross-polarization, potentially causing

a minor offset in the beam pointing. Errors within the Zeeman effect simulation were not further investigated, as the algorithm
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is expected to be updated with the upcoming release of the next ARTS version.

The oscillations in temperature are associated with a convergence issue. Ensuring that the retrieval converges to a state space505

vector without oscillations has proven to be a general challenge, where many different convergence criteria were tested. Per-

forming the retrieval with only one of the two emission lines showed a much better convergence towards a plausible state space

vector. Therefore, we assume that the convergence issue is caused by a baseline offset between the two measured emission

lines. Potential reasons for these offsets include uncertainties at the lowest levels of the model atmosphere, complications with

radiative transfer calculations, particularly line mixing, which is an important factor in the troposphere, and biases of the cali-510

bration target temperatures.

Besides strong precipitation, the wind direction had a big influence on the measured spectra. We assume that wetting and

frosting of the microwave transparent window has the biggest effect in changing the polarization state. However, data has yet

to be validated and further analyzed to fully understand the influence of different weather conditions.515

The test campaign was carried out at a fixed azimuth direction. For future observations, it is important to investigate the change

in line shape for different angles to the magnetic field. Meanwhile, TEMPERA-C is integrated into a weather-proof housing

and did undergo environmental testing at the University of Bern before it was deployed at the Zimmerwald observatory for

operational temperature soundings, using the calibration results and developed methods from the Sphinx observatory test cam-520

paign. The outdoor platform at the Zimmerwald observatory is suitable for TEMPERA-C to perform systematic azimuthal

scans. This new data will provide a pathway for magnetic field retrievals using all four Stokes components at various azimuth

directions.

8 Conclusion525

In this study, we present theoretical calculations implementing a state-of-the-art atmospheric radiative transfer model and lab-

oratory measurements to calibrate a fully polarimetric radiometer. We demonstrate all steps of the simplified calibration pro-

cedure and evaluate cross-talk coefficients to obtain all four Stokes components for two oxygen emission lines at 53.067 GHz

and 53.596 GHz. A polarizing grid in combination with unpolarized hot and cold targets was used to determine the cross-talk

between the receiver channels and to assess asymmetries in the receiver chains for each polarization. We have also shown how530

the observed spectra of the U- and V-Stokes components of the Zeeman-affected emission lines can be used to measure the

phase offset between the orthogonally polarized receiver chains.

The laboratory calibration results are applied to observations conducted with a breadboard setup of the new TEMPERA-C

instrument. We analyzed the measurements with a new retrieval algorithm, including the latest update to Zeeman line splitting535
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in ARTS. Our retrieval also accounts for line mixing effects, altering the baseline of each spectral line for the temperature

retrieval. Furthermore, the new algorithm omits a classical tropospheric correction and estimates the tropospheric opacity di-

rectly from reanalysis data. The biggest advantage of the new retrieval compared to previous versions presented in Krochin

et al. (2024) is the information gain due to the separation of left and right-hand circular polarization, which results in twice the

temporal resolution. The extension of the altitude coverage at which temperatures can be retrieved results in 4-5 km compared540

to older retrieval versions.

During a test campaign at the Jungfraujoch high-altitude research station at the Sphinx observatory at an altitude of 3571 m.a.s.l,

we performed several on-site calibrations and evaluated the stability of our laboratory calibration coefficients. The data quality

obtained during the test campaign also highlighted the benefit of a high altitude station by increasing the signal-to-noise ratio545

of the observed emission lines. We recorded a nearly continuous time series of 8 months with our breadboard setup. Data gaps

were mostly due to snow and water accumulation at the microwave window and due to power outages at the station due to

ongoing construction.

27



Appendix A: Formalism of the optimal estimation method

For an atmospheric state vector x, the forward model F generates a spectrum y:550

y = F (x,b)+ ϵ, (A1)

where b is set of additional forward model parameters and ϵ the measurement error. For normal distributed random variables

(x,y) and the usage of Bayes’ theorem, the x maximizing the density function P (x|y) (probability to measure x under the

condition that y is known) simultaneously minimizes the cost function:

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

T
S−1
a [x−xa] . (A2)555

The minimum of the cost function can be found by computing the x for which the gradient of the cost function becomes zero:

∇xJ(x) = 0. (A3)

xa is the apriori profile, Sa the apriori error covariance matrix, and Se is the measurement error covariance matrix. The local

minimum of the cost function is calculated by iteratively decreasing its gradient using the Levenberg-Marquardt algorithm:

xi+1 = xi +
(
S−1
a +KT

i S
−1
ϵ Ki + γI

)−1 [
KT

i S
−1
ϵ (y−F (xi))−S−1

a (xi −xa)
]
. (A4)560

K is the forward model Jacobian, also called the weighting function, defined as:

Kij =
∂yi

∂xj
. (A5)

A widely used quantifier of the retrieval algorithm is the Averaging Kernel Matrix (AVK) defined by:

A=GK. (A6)

Where G is the Jacobian of the inverse model x̂= F−1(y), also called gain matrix or contribution function:565

Gij =
∂x̂i

∂yj

. (A7)

The vertical resolution of the retrieval algorithm can be estimated with the full-width-at-half-maximum of the rows of A. The

weighted sum over the rows of A is the measurement response:
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mri =
Aixa

xai
. (A8)

The observational error covariance matrix So is defined by mapping the measurement error covariance matrix Sϵ into the state570

space:

So =GSϵG
T. (A9)

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
. (A10)575
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Appendix B
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Figure B1. TEMPERA-C calibrated and corrected spectra in the representation [TI ,TQ,TU ,TV ] measured at the Sphinx observatory. The

measurement was taken on March 25, 2024, at night. The integration time is 30 min. RF 1 and RF 2 line centers are at 53.067 GHz and

53.596 GHz, respectively.
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Figure B2. Forward model residuals from different retrieval algorithms calculated by ∆y = y− yf and smoothed with a moving window

median, alongside the calibrated correction terms (Eq. (54)). The total intensity and dual-circular-polarization retrievals were executed once

with cross-talk correction and once without the cross-talk correction. The dual-circular-polarization retrieval produces two residuals, one for

the left-hand-circularly polarized spectrum and another for the right-hand-circularly polarized spectrum. RF 1 and RF 2 line centers are at

53.067 GHz and 53.596 GHz, respectively.

Author contributions. WK developed the calibration scheme, performed the calibration, implemented the retrieval, and performed the data

analysis of TEMPERA-C observations. WK and GS conceptualized the content of the manuscript. AM guided and supported the preparation580

of the paper. All authors contributed to the editing of the manuscript.

Competing interests. The authors declare that they have no competing interests.

31



Acknowledgements. This research has been supported by the Schweizerischer Nationalfonds zur Förderung der Wissenschaftlichen Forschung

(grant no. 200021-200517 / 1), and the Swiss Polar Institute (SPI) supports the development of the TEMPERA-C radiometer. We would like

to thank the International Foundation High Altitude Research Stations Jungfraujoch and Gornergrat (HFSJG), 3012 Bern, Switzerland, for585

enabling us to carry out our experiments at the Jungfraujoch High Altitude Research Station. We thank the ARTS developer team for their

support and Richard Larsson for implementing the Zeeman and line-mixing effect in ARTS. 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.

32



References

Buehler, S. A., Eriksson, P., Kuhn, T., von Engeln, A., and Verdes, C.: ARTS, the Atmospheric Radiative Transfer Simulator, Journal of590

Quantitative Spectroscopy and Radiative Transfer, 91(1), 65–93, https://doi.org/10.1016/j.jqsrt.2004.05.051, 2005.

Buehler, S. A., Mendrok, J., Eriksson, P., Perrin, A., Larsson, R., and Lemke, O.: ARTS, the Atmospheric Radiative Transfer Simulator

– version 2.2, the planetary toolbox edition, Geoscientific Model Developement, 11, 1537–1556, https://doi.org/10.5194/gmd-11-1537-

2018, 2018.

Buehler, S. A., Larsson, R., Lemke, O., Pfreundschuh, S., Brath, M., Adams, I., S. Fox, F. R., Czarnecki, P., and Eriksson, P.: The Atmospheric595

Radiative Transfer Simulator ARTS, Version 2.6 — Deep Python Integration, Journal of Quantitative Spectroscopy and Radiative Transfer,

Preprint, https://doi.org/10.2139/ssrn.4815661, 2024.

Crameri, F., Shephard, G. E., and Heron, P.: The misuse of colour in science communication, Nature Communications, 11,

https://doi.org/10.1038/s41467-020-19160-7, 2020.

Croskey, C., Kampfer, N., Belivacqua, R., Hartmann, G., Kunzi, K., Schwartz, P., Olivero, J., Puliafito, S., Aellig, C., Umlauft, G., Walt-600

man, W., and Degenhardt, W.: The Millimeter Wave Atmospheric Sounder (MAS): a shuttle-based remote sensing experiment, IEEE

Transactions on Microwave Theory and Techniques, 40, 1090–1100, https://doi.org/10.1109/22.141340, 1992.

Eriksson, P., Buehler, S. A., Kuhn, T., von Engeln, A., and Verdes, C.: ARTS, the atmospheric radiative transfer simulator, Version 2, Journal

of Quantitative Spectroscopy and Radiative Transfer, 112, 1551–1558, https://doi.org/10.1016/j.jqsrt.2011.03.001, 2011.

Fishbein, E. F., Cofield, R. E., Froidevaux, L., Jarnot, R. F., Lungu, T., Read, W. G., Shippony, Z., Waters, J. W., McDermid, I. S.,605

McGee, T. J., Singh, U., Gross, M., Hauchecorne, A., Keckhut, P., Gelman, M. E., and Nagatani, R. M.: Validation of UARS Mi-

crowave Limb Sounder temperature and pressure measurements, Journal of Geophysical Research: Atmospheres, 101, 9983–10 016,

https://doi.org/https://doi.org/10.1029/95JD03791, 1996.

Gasiewski, A. J. and Kunkee, D. B.: Calibration and Applications of Polarization-Correlating Radiometers, IEEE Transactions on Microwave

Theory and Techniques, 41, 767–773, https://doi.org/10.1109/22.234509, 1993.610

Gautier, D.: INFLUENCE OF TERRESTIAL MAGNETIC FIELD ON MILLIMETRIC WAVES IN MOLECULAR OXYGEN IN ATMO-

SPHERE, ANNALES DE GEOPHYSIQUE, 23, 535+, 1967.

Hartmann, G. K., Degenhardt, W., Richards, M. L., Liebe, H. J., Hufford, G. A., Cotton, M. G., Bevilacqua, R. M., Olivero, J. J., Kämpfer, N.,

and Langen, J.: Zeeman splitting of the 61 Gigahertz oxygen (O2) line in the mesosphere, Geophysical Research Letters, 23, 2329–2332,

https://doi.org/https://doi.org/10.1029/96GL01043, 1996.615

Ingold, T. and Kämpfer, N.: Weighted mean tropospheric temperature and transmittance determination at millimeter-wave frequencies for

ground-based applications, Radio Science, 22, 905–918, https://doi.org/10.1029/98RS01000, 1998.

Kerola, D. X.: Calibration of Special Sensor Microwave Imager/Sounder (SSMIS) upper air brightness temperature measurements using a

comprehensive radiative transfer model, Radio Science, 41, https://doi.org/https://doi.org/10.1029/2005RS003329, 2006.

Krochin, W., Navas Guzmán, F., Kuhn, D., Murk, A., and Stober, G.: Continuous temperature soundings at the stratosphere and lower620

mesosphere with a ground-based radiometer considering the Zeeman effect, Atmospheric Measurement Techniques, 15, 2231–2249,

https://doi.org/10.5194/amt-15-2231-2022, 2022a.

Krochin, W., Stober, G., and Murk, A.: Development of a Polarimetric 50-GHz Spectrometer for Temperature Sounding in the Middle

Atmosphere, IEEE Journal of selected topics in applied earth observations and remote sensing, 15, https://doi.org/10.48350/186172,

2022b.625

33

https://doi.org/10.1016/j.jqsrt.2004.05.051
https://doi.org/10.5194/gmd-11-1537-2018
https://doi.org/10.5194/gmd-11-1537-2018
https://doi.org/10.5194/gmd-11-1537-2018
https://doi.org/10.2139/ssrn.4815661
https://doi.org/10.1038/s41467-020-19160-7
https://doi.org/10.1109/22.141340
https://doi.org/10.1016/j.jqsrt.2011.03.001
https://doi.org/https://doi.org/10.1029/95JD03791
https://doi.org/10.1109/22.234509
https://doi.org/https://doi.org/10.1029/96GL01043
https://doi.org/10.1029/98RS01000
https://doi.org/https://doi.org/10.1029/2005RS003329
https://doi.org/10.5194/amt-15-2231-2022
https://doi.org/10.48350/186172


Krochin, W., Stober, G., and Murk, A.: Thermal tides in the middle atmosphere at mid-latitudes measured with a ground-based microwave

radiometer, Atmospheric Measurement Techniques, 17, 5015–5028, 2024, https://doi.org/10.5194/amt-17-5015-2024, 2024.

Kunkee, D. B., Poe, G. A., Boucher, D. J., Swadley, S. D., Hong, Y., Wessel, J. E., and Uliana, E. A.: Design and Evalua-

tion of the First Special Sensor Microwave Imager/Sounder, IEEE Transactions on Geoscience and Remote Sensing, 46, 863–883,

https://doi.org/10.1109/TGRS.2008.917980, 2008.630

Lahtinen, J., Gasiewski, A., Klein, M., and Corbella, I.: A calibration method for fully polarimetric microwave radiometers, IEEE Transac-

tions on Geoscience and Remote Sensing, 4, 588 – 602, https://doi.org/10.1109/TGRS.2003.810203, 2003a.

Lahtinen, J., Pihlflyckt, J., Mononen, I., Tauriainen, S., Kemppinen, M., and Hallikainen, M.: Fully polarimetric microwave radiometer

for remote sensing, IEEE Transactions on Geoscience and Remote Sensing, 41, 1869–1878, https://doi.org/10.1109/TGRS.2003.813847,

2003b.635

Larsson, R., Buehler, S. A., Eriksson, P., and Mendrok, J.: A treatment of the Zeeman effect using Stokes formalism and its implementation

in the Atmospheric Radiative Transfer Simulator (ARTS), Journal of Quantitative Spectroscopy and Radiative Transfer, 133, 445–453,

https://doi.org/10.1016/j.jqsrt.2013.09.006, 2014.

Larsson, R., Lankhaar, B., and Eriksson, P.: Updated Zeeman effect splitting coefficients for molekular oxygen in planetary applications,

Geoscientific Model Developement, 224, 431–438, https://doi.org/10.1016/j.jqsrt.2018.12.004, 2019.640

Laursen, B. and Skou, N.: Wind Direction over the Ocean Determined by an Airborne, Imaging, Polarimetric Radiometer System, IEEE

Transactions on Geoscience and Remote Sensing, 39, 1547 – 1555, https://doi.org/10.1109/36.934086, 2001.

Lenoir, W. B.: Propagation of Partially Polarized Waves in a Slightly Anisotropic Medium, Journal of Applied Physics, 38, 5283–5290,

https://doi.org/10.1063/1.1709315, 1967.

Lenoir, W. B.: Microwave spectrum of molecular oxygen in the mesosphere, Journal of Geophysical Research, 73, 361–376,645

https://doi.org/10.1029/JA073i001p00361, 1968.

Liebe, H. J.: Modeling attenuation and phase of radio waves in air at frequencies below 1000 GHz, Radio Science, 16, 1183–1199,

https://doi.org/https://doi.org/10.1029/RS016i006p01183, 1981.

McKay, J. E., Robertson, D. A., Speirs, P. J., Hunter, R. I., Wylde, R. J., and Smith, G. M.: Compact Corrugated Feedhorns

With High Gaussian Coupling Efficiency and −60 dB Sidelobes, IEEE Transactions on Antennas and Propagation, 64, 2518–2522,650

https://doi.org/10.1109/TAP.2016.2543799, 2016.

Navas-Guzmán, Kämpfer, N., Murk, A., Larsson, R., Buehler, S. A., and Eriksson, P.: Zeeman effect in atmospheric O2 measured by ground-

based microwave radiometry, Atmospheric Measurement Techniques, 8, 1863–1874, https://doi.org/10.5194/amt-8-1863-2015, 2015.

Pardo, J., Gérin, M., Prigent, C., Cernicharo, J., Rochard, G., and Brunel, P.: REMOTE SENSING OF THE MESOSPHERIC TEMPERA-

TURE PROFILE FROM CLOSE-TO-NADIR OBSERVATIONS: DISCUSSION ABOUT THE CAPABILITIES OF THE 57.5–62.5GHz655

FREQUENCY BAND AND THE 118.75GHz SINGLE O2 LINE, Journal of Quantitative Spectroscopy and Radiative Transfer, 60, 559–

571, https://doi.org/https://doi.org/10.1016/S0022-4073(97)00235-5, 1998.

Piepmeier, J. R. and Gasiewski, A. J.: Digital Correlation Microwave Polarimetry: Analysis and Demonstration, IEEE Transactions on

Geoscience and Remote Sensing, 39, 2392 – 2410, https://doi.org/10.1109/36.964976, 2001a.

Piepmeier, J. R. and Gasiewski, A. J.: High-resolution passive polarimetric microwave mapping of ocean surface wind vector fields, IEEE660

Transactions on Geoscience and Remote Sensing, 39, 606–622, https://doi.org/10.1109/36.911118, 2001b.

34

https://doi.org/10.5194/amt-17-5015-2024
https://doi.org/10.1109/TGRS.2008.917980
https://doi.org/10.1109/TGRS.2003.810203
https://doi.org/10.1109/TGRS.2003.813847
https://doi.org/10.1016/j.jqsrt.2013.09.006
https://doi.org/10.1016/j.jqsrt.2018.12.004
https://doi.org/10.1109/36.934086
https://doi.org/10.1063/1.1709315
https://doi.org/10.1029/JA073i001p00361
https://doi.org/https://doi.org/10.1029/RS016i006p01183
https://doi.org/10.1109/TAP.2016.2543799
https://doi.org/10.5194/amt-8-1863-2015
https://doi.org/https://doi.org/10.1016/S0022-4073(97)00235-5
https://doi.org/10.1109/36.964976
https://doi.org/10.1109/36.911118


Randa, J., Lahtinen, J., Camps, A., Gasiewski, A., Hallikainen, M., Leine, D., Martin-Neira, M., Piepmeier, J., Rosenkranz, P., Ruf, C., Shiue,

J., and Skou, N.: Recommended Terminology For Microwave Radiometry, https://tsapps.nist.gov/publication/get_pdf.cfm?pub_id=33079,

2008.

Reber, C. A.: The Upper Atmosphere Research Satellite, Eos, Transactions American Geophysical Union, 71, 1867–1878,665

https://doi.org/https://doi.org/10.1029/90EO00373, 1990.

Reber, C. A.: The upper atmosphere research satellite (UARS), Geophysical Research Letters, 20, 1215–1218,

https://doi.org/https://doi.org/10.1029/93GL01103, 1993.

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

2000.670

Rosenkranz, P. W. and Staelin, D. H.: Polarized thermal microwave emission from oxygen in the mesosphere, Radio Science, 23, 721–729,

https://doi.org/https://doi.org/10.1029/RS023i005p00721, 1988.

Schanda, E., Künzi, K., Kämpfer, N., Hartmann, G., Degenhart, W., Keppler, E., Loidl, A., Umlauft, G., Vasyliunas, V., Zwick,

R., Schwartz, P., and Bevilacqua, R.: Millimeter wave atmospheric sounding from space shuttle, Acta Astronautica, 13, 553–563,

https://doi.org/https://doi.org/10.1016/0094-5765(86)90057-3, 1986.675

Schwartz, M., Read, W., and Van Snyder, W.: EOS MLS forward model polarized radiative transfer for Zeeman-split oxygen lines, IEEE

Transactions on Geoscience and Remote Sensing, 44, 1182–1191, https://doi.org/10.1109/TGRS.2005.862267, 2006.

Shvetsov, A. A., Fedoseev, L. I., Karashtin, D. A., Bol’shakov, O. S., Mukhin, D. N., Skalyga, N. K., and Feigin, A. M.: Measurement of

the middle-atmosphere temperature profile using a ground-based spectroradiometer facility, Radiophysics and Quantum Electronics, 53,

321–325, https://doi.org/10.1007/s11141-010-9230-z, 2010.680

Stähli, O., Murk, A., Kämpfer, N., Mätzler, C., and Eriksson, P.: Microwave radiometer to retrieve temperature profiles from the surface to

the stratopause, Atmospheric Measurement Techniques, 6, 2477–2494, https://doi.org/10.5194/amt-6-2477-2013, 2013.

Swadley, S. D., Poe, G. A., Bell, W., Hong, Y., Kunkee, D. B., McDermid, I. S., and Leblanc, T.: Analysis and Characterization of the

SSMIS Upper Atmosphere Sounding Channel Measurements, IEEE Transactions on Geoscience and Remote Sensing, 46, 962–983,

https://doi.org/10.1109/TGRS.2008.916980, 2008.685

von Engeln, A. and Bühler, S.: Temperature profile determination from microwave oxygen emissions in limb sounding geometry, Journal of

Geophysical Research: Atmospheres, 107, ACL 12–1 – ACL 12–15, https://doi.org/10.1029/2001JD001029, 2002.

von Engeln, A., Langen, L., Wehr, T., Bühler, S., and Künzi, K.: Retrieval of upper stratospheric and mesospheric temperature profiles from

Millimeter-Wave Atmospheric Sounder data, Journal of Geophysical Research, 103, 31,735–31,748„ 1998.

Waters, J.: GROUND-BASED MEASUREMENT OF MILLIMETER-WAVELENGTH EMISSION BY UPPER STRATOSPHERIC O2,690

NATURE, 242, 506–508, https://doi.org/10.1038/242506a0, 1973.

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.,695

and Walch, M.: The Earth observing system microwave limb sounder (EOS MLS) on the aura Satellite, IEEE Transactions on Geoscience

and Remote Sensing, 44, 1075–1092, https://doi.org/10.1109/TGRS.2006.873771, 2006.

Yueh, S., Wilson, W., Li, F., Nghiem, S., and Ricketts, W.: Polarimetric measurements of sea surface brightness temperatures using an aircraft

K-band radiometer, IEEE Transactions on Geoscience and Remote Sensing, 33, 85–92, https://doi.org/10.1109/36.368219, 1995.

35

https://tsapps.nist.gov/publication/get_pdf.cfm?pub_id=33079
https://doi.org/https://doi.org/10.1029/90EO00373
https://doi.org/https://doi.org/10.1029/93GL01103
https://doi.org/doi.org/10.1142/3171
https://doi.org/https://doi.org/10.1029/RS023i005p00721
https://doi.org/https://doi.org/10.1016/0094-5765(86)90057-3
https://doi.org/10.1109/TGRS.2005.862267
https://doi.org/10.1007/s11141-010-9230-z
https://doi.org/10.5194/amt-6-2477-2013
https://doi.org/10.1109/TGRS.2008.916980
https://doi.org/10.1029/2001JD001029
https://doi.org/10.1038/242506a0
https://doi.org/10.1109/TGRS.2006.873771
https://doi.org/10.1109/36.368219

