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Abstract

TEMPERA is a new ground-based radiometer which measures in a frequency range
from 51-57 GHz radiation emitted by the atmosphere. The instrument operates ther-
mally stabilized inside a lab. With this instrument it is possible to measure temperature
profiles from ground to about 50 km. This is the first ground-based instrument with
the capability to retrieve temperature profiles simultaneously for the troposphere and
stratosphere. The measurement is done with a filterbank in combination with a digital
Fast-Fourier-Transform spectrometer. A hot load and a noise diode are used as stable
calibration sources. The optics consist of an off-axis parabolic mirror to collect the sky
radiation. Due to the Zeeman effect on the emission lines used, the maximum height
for the temperature retrieval is about 50 km. The effect is apparent in the measured
spectra. The performance of TEMPERA is validated by comparison with nearby ra-
diosonde and satellite data from the Microwave Limb Sounder on the Aura satellite. In
this paper we present the design and measurement method of the instrument followed
by a description of the retrieval method, together with a validation of TEMPERA data
over its first year, 2012.

1 Introduction

Temperature is a key parameter for dynamical, chemical and radiative processes in the
atmosphere. There exist several techniques to measure atmospheric temperature pro-
files like radiosonde, FTIR, LIDAR or satellite and ground-based microwave radiome-
ters. The advantage of ground-based radiometry is the high time resolution at a fixed
location that allows to observe local atmospheric dynamics over a long time period.

In the troposphere the atmospheric temperature is important for weather fore- and
now-casting. Ground-based microwave radiometers for tropospheric temperature pro-
files are well established and exist in different configurations. Examples are MICCY
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(Crewell et al., 2001), RPG-HATPRO (Rose et al., 2005), Radiometrics MP-3000A
(Ware et al., 2003) and ASMUWARA (Martin et al., 2006).

In the stratosphere temperature can influence chemical processes, and the vertical
temperature distribution is important for atmospheric studies to investigate for example
ozone or water vapor. The middle atmospheric temperature profile also can be affected
by dynamical processes such as during Sudden Stratospheric Warming (SSW) events
when the temperature in the stratosphere can change by several tens of degrees within
a very short time. Therefore it is necessary to obtain temperature profiles with a good
temporal and spatial resolution. At present, data of stratospheric temperature profiles
are mostly obtained by remote sensing methods using radiometers on satellites (e.g.
MLS instrument on the Aura satellite as described in Waters et al. (2006), AMSU-
A instrument on the Aqua satellite as described in Aumann et al. (2003) and SABER
instrument on the TIMED satellite as described in Remsberg et al., 2003). Satellite
instruments do not measure always at the same place, and therefore ground-based
microwave radiometers are a good complement. With ground-based instruments it is
possible to investigate fast local atmospheric processes.

The possibility of ground-based measurements of stratospheric thermal emission
from high-rotational, magnetic dipole transitions of molecular oxygen around 53 GHz
was firstly shown in Waters (1973). It is interesting to note that no realization of
a ground-based stratospheric temperature radiometer was reported in the literature for
several decades. A recent realization of such an instrument was described by Shvetsov
et al. (2010).

In this paper we describe the construction, calibration and utilization of a new ground-
based TEMPERature RAdiometer, called TEMPERA, that is able to monitor tempera-
ture structures from ground to the upper stratosphere.

Other microwave radiometers in our group, like MIAWARA (Deuber et al., 2004)
and MIAWARA-C (Straub et al., 2010) for water vapor profiles and GROMOS (Calis-
esi et al., 2001) for ozone profiles, can now use local atmospheric temperature pro-
files from TEMPERA. Most of these instruments and TEMPERA are located in Bern,
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Switzerland (575m a.s.l., 46.95° N/7.44° E). Two of them, MIAWARA and GROMOS,
are operated within NDACC (Network for the Detection of Atmospheric Composition
Change).

In the following section of this paper we present the measurement method and the
instrumental set-up of TEMPERA. In the third section we describe the temperature
retrieval. In the fourth section a validation of the TEMPERA data and comparison with
radiosonde and satellite data is presented.

2 Measurement method and instrument description
2.1 Measurement method

TEMPERA measures thermal radiation from 51-57 GHz in the oxygen-emission region
of the microwave spectrum. Oxygen is a well-mixed gas, whose fractional concentra-
tion is independent of altitude below approx. 80 km. Therefore the radiation contains
information primarily on atmospheric temperature.

For tropospheric temperature profiles we measure with a filterbank at 12 frequencies
from 51-57 GHz on the wing of the 60 GHz oxygen emission complex. In addition,
with a digital Fast-Fourier-Transform (FFT) spectrometer, we get information on the
temperature profile in the stratosphere by measuring two pressure-broadened emission
lines centered at 52.5424 and 53.0669 GHz.

In microwave radiometry the measured intensity of radiation is often expressed as
brightness temperature Tz according to the Rayleigh—Jeans-approximation of Planck’s
law. A ground-based microwave radiometer measures a superposition of emission and
absorption of radiation at different altitudes. The intensity / can be described with the
radiative transfer equation:

So

I(v,0) = lpe~ "5 4 / Bv,T(s))e "™ a(v,s)ds, (1)

0
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where /(v,0) is the measured intensity at frequency v from an observation position 0
at the earth surface, /; is the microwave background intensity, s, is the position of the
upper boundary of the atmosphere, T(s) is the physical temperature and a(v, s) is the
frequency dependent absorption coefficient both along the integration path s. B(v,T) is
the Planck function:

3
B,T) =22 ] @

h ’
02 ek_;_1

where h is the Planck’s constant, k is the Boltzmann’s constant and c is the speed of
light.
The opacity or optical depth 7 is defined as:

S

T(v,8) = /a(v, s')ds’. (3)
0

Finally with the Rayleigh—Jeans limit (valid for the case hv « kT) we can calculate
the measured brightness temperature 7g:

12
T, =—/ 4
B(V’O) Y (V’O)’ ( )
where 1 is the wavelength.
The measured spectrum Tg(v,0) is used to retrieve the temperature profile as de-
scribed in Sect. 3.1.

2.2 Instrumental description

TEMPERA is a heterodyne receiver at a frequency range of 51-57 GHz. Figures 1

and 2 give an overview of the instrument and its specifications. Our instrument con-

sists of three parts: the frontend to collect and detect the microwave radiation with two
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backends, a filterbank and a digital FFT spectrometer for the spectral analysis. The ra-
diation is directed into the corrugated horn antenna using an off-axis parabolic mirror.
The antenna beam has a Half Power Beam Width (HPBW) of 4°. The signal is then am-
plified and downconverted to an intermediate frequency for further spectral analysis.
A noise diode in combination with an ambient hot load is used for calibration. The re-
ceiver noise temperature Ty is in a range from 475-665 K. An overview of the technical
specifications is given in Table 1.

For the tropospheric measurements we use a filterbank with 4 channels. In the end
we measure at 12 frequencies which are listed in Table 2 by adjusting the local oscillator
(LO) frequency with a synthesizer. For every measured zenith angle the LO frequency
is changed three times. In this way we cover uniformly the range from 51-57 GHz at
positions between the emission lines (see Fig. 3). The lower 9 channels have a band-
width of 250 MHz and the channels 10-12 have a bandwidth of 1 GHz to enhance the
sensitivity in the flat spectral region.

The second backend is used for stratospheric measurements and contains a digital
FFT spectrometer (Acqiris AC 240) for the two emission lines centered at 52.5424 and
53.0669 GHz. The input signal is coupled from the main signal before the filterbank.
It passes an IQ-Mixer before being fed to the spectrometer. When the LO frequency
is changed by the synthesizer in the frontend the second synthesizer, which is placed
in front of the 1Q-Mixer, also changes the frequency. With this method we can always
measure the same range with the FFT spectrometer. Further this allows us to measure
the tropospheric and stratospheric part at the same time. With the FFT spectrometer in
combination with the IQ-Mixer we can measure the two emission lines with a resolution
of 30.5kHz and a bandwidth of 960 MHz. The receiver noise temperature Ty for the
receiver-spectrometer combination is around 480 K. The details are listed in Table 2.

An example of a measured spectrum is shown in Fig. 4. The zoomed lines show the
influence of the Zeeman effect by the broadened line shape in the center with a kind of
a plateau (round line shape around the line center: +1MHz).
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TEMPERA operates from a temperature-stabilized laboratory at the ExWi Building of
the University of Bern (Bern, Switzerland: 575 m a.s.l.; 46.95° N/7.44° E, view direction
in azimuth: south-east (131.5%)). A styrofoam window allows views of the atmosphere
over the zenith angle (za) range from 30° to 70°. The operation of the instrument in-
side a laboratory has the advantage that the radiometer is protected against adverse
weather conditions. The frontend itself has additional temperature stabilization with
Peltier elements in combination with a ventilation system leading to a stabilization of
the frontend plate within £0.2K.

2.3 Measurement cycle

Measurements are performed in periodic cycles with periods of 60 s. Each cycle starts
with hot load calibration in combination with a noise diode (see also Sect. 2.4) for 9s
followed by the atmosphere measurements. They consist of two parts: firsta 15 s period
at a zenith angle za = 30° to observe with the FFT spectrometer and simultaneously
with the filterbank, and second, a tipping curve in 3s periods and angular steps in 5°
up to za = 70°.

After calibration, the output of each measurement cycle is a set of 108 brightness
temperatures of the filterbank at 12 frequencies and at 9 zenith angles and a calibrated
spectrum at the two emission lines from the FFT spectrometer consisting of 32768
channels covering the bandwidth of 960 MHz.

For the retrieval we use a mean of 15 measurement cycles for the troposphere and
120 measurement cycles for the stratosphere leading to a time resolution of 15 min for
tropospheric profiles and 120 min for stratospheric profiles.

2.4 Calibration

Under the assumption of linearity between the antenna temperature 7, and the
detector-output voltage V4,, and furthermore under the assumption of a perfect an-
tenna that the brightness temperature Tg is equal to 7, the following relation is valid:
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g
where g is the effective gain factor and Ty is the receiver noise temperature.

The calibration parameters g and Ty are obtained from the known radiation of an
ambient hot load in combination with a noise diode.

To calibrate the noise diode we use a hot and a cold load. The cold load is a mi-
crowave absorber dipped in liquid nitrogen. Both loads are pyramidal microwave ab-
sorbers. With this calibration the so-called excess-noise diode temperature Typ is de-
termined:

Vinp — V4
Tno =(Tu=Te) ———— (6)
nD = UH Vo — Vo

where Ty is the physical temperature of the hot load, 7 is the physical temperature
of the cold load (around 77 K at a altitude of 575 m, depending on pressure), V is the
detector-output voltage, index H means hot load, HND hot load with the noise diode
switched on, and C cold load, respectively.

The excess-noise diode temperature Typ is in a range from 40-75K depending on
the frequency.

With Typ we can finally calculate g and Ty:

V4 -
g=—2—" (7)
ND
Vo (Toy + o) = Vo - T,
Ty = b (Th+Tnp) = Vanp - T ®)
Vino — W

The excess-noise diode temperature Typ is normally stable over several weeks
(ATy\p < 0.3K for all frequencies). Therefore we repeat its calibration with liquid nitro-
gen every month.
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3 Temperature retrieval
3.1 Retrieval

Our temperature retrieval is based on the Optimal Estimation Method (OEM) (Rodgers,
2000). The forward model F as expressed by Egs. (1) and (4) is used to simulate our
measured brightness temperature. Here we express it in the following equation:

y=F(x,b)+e€ (9)

where the vector y is the measured spectrum (brightness temperature), x is the true
temperature profile, b contains some additional forward model parameters, and e is
the measurement noise. In our case F is non-linear. To retrieve the temperature profile
from the measured brightness temperature Eq. (9) has to be inverted. This is an ill-
posed problem because the solution is not unique. To handle this problem we have to
find an optimal solution that is defined by the zero of the gradient of the cost function
J:

J=ly - FOS; 'y - FOOT+Ix - x.I' S5 'Ix - x,] (10)

where X, is the a-priori temperature profile, S, is the a-priori covariance matrix and S,
is the measurement error-covariance matrix.

This principle is based on Bayes’ probability theorem, giving the solution with the
highest probability and constraining the solution to realistic profiles with a-priori knowl-
edge. To find the zero of the derivative we use the Gauss—Newton iterative method
leading to:

-1
Xiv =%+ (83" +KIS'K ) [KTSZ" (v - F(x)) - 87" (x; - x| (1)
where x; is the retrieved temperature profile at iteration / and K is the weighting function

(K = 0F/9x).
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The radiative transfer calculations are done with the Atmospheric Radiative Trans-
fer Simulator 2 (ARTS2, Eriksson et al., 2011). The inversion is treated in Qpack2
(Eriksson et al., 2005).

The retrieval is calculated on a pressure grid. In this paper all data are plotted in
geometric height in km for practical reasons. For the conversion from a pressure grid
to a kilometer grid we used radiosonde and ECMWF (European Centre for Medium-
Range Weather Forecasts) data.

In the OEM method an often used tool is the averaging kernel matrix A (Rodgers,
2000) that describes the response of the retrieved temperature profile X to a change in
the “true” profile x.

ox
A=DK, = Ix (12)
where K, = 8F/dx is the weighting function matrix and D, = 8x/dy the contribution
function.

The rows of A are called the averaging kernels (AVK). Every row describes the sen-
sitivity of the retrieval for a certain height level to a perturbation at other levels. The
sum of the AVK is called the Measurement Response (MR) which describes the con-
tribution of measurement to the retrieved profile at a certain height. The full-width at
half-maximum (FWHM) of the AVK is often used as a height resolution of the retrieval.

To compare profiles from a ground-based radiometer with a reference profile from
collocated radiosonde and satellite there exist different methods. One possibility is to
interpolate the reference profiles at levels of the radiometer and compare it directly.
A second method is to convolve the interpolated reference profile x, with the Averaging
Kernel A of the radiometer to take into account the different height resolutions:

Xe=Xa+A(X, - X,) (13)
where X, is the a-priori profile of the radiometer.
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3.2 Forward model parameters

In the radiative transfer calculations we use the models of Rosenkranz and Liebe for the
absorption coefficient calculations: Rosenkranz (1998) for H,O, Rosenkranz (1993) for
O, and Liebe et al. (1993) for N,. The used line parameters for the oxygen (O,) spectral
lines are listed in Table 3.

In the forward model a water-vapour profile with an exponential decrease is included.
This profile is calculated with the measured surface water vapor density from the ExWi-
Weather station (placed next to TEMPERA) and assuming a scale height of 2500 m.
Further descriptions can be found in Bleisch et al. (2011). For other species like oxygen
(O,) and nitrogen (N,) we used standard atmospheric profiles for summer and winter
which are incorporated in ARTS2 (middle latitude FASCOD, Anderson et al., 1986).

The presence of clouds has a relatively strong influence in the frequency range from
51 to 53 GHz as can be seen in Fig. 5. In this figure the absorption coefficient for water
vapor, liquid water, nitrogen and oxygen for 5 different frequencies between 51 and
57 GHz is plotted. The absorption coefficient of the nitrogen, water vapor and the lig-
uid water is more or less the same for the 5 frequencies. This is not true for oxygen
which is strongly dependent on frequency. Furthermore the figure shows that cloud
liquid has a similar absorption coefficient as oxygen in the frequency range from 51
to 53 GHz. On the other hand during clear sky (ILW = 0mm) the main part of the ab-
sorption and emission in the atmosphere is from oxygen dominating the contribution
from water vapor and nitrogen. Further discussion about temperature retrieval during
weather conditions with and without clouds will be presented in Sect. 4.2.

3.3 Weighting functions

Accurate and rapid calculations of weighting functions (WFs) are important for obtain-
ing stable and fast inversions. Both aspects point towards using analytical expressions
as far as possible, and this is also the case in ARTS (Buehler et al., 2005). How-
ever, a total general expression for temperature WFs can hardly be derived and ARTS
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has previously resorted to perturbations calculations for these WFs. Motivated by this
project, analytically-based options have been re-examined.

The derived expressions are reported in the ARTS user guide (www.sat.ltu.se/arts/
docs). The expressions cover all significant local effects, but ignore non-local impacts
that can occur through refraction and hydrostatic equilibrium. These mechanisms give
a coupling between the local temperature and the propagation path through other at-
mospheric layers, that for e.g. limb sounding can be highly important. On the other
hand, ignoring non-local effects is an acceptable approximation for ground-based ob-
servations as long as the elevation angle is above ~ 20°, for reasons discussed in the
user guide.

A further consideration is that the WFs assume that other model state variables are
kept constant. This has the consequence that the exact expression will differ depending
on whether the gas abundances is given as number density, volume mixing ratio or
some other unit. ARTS applies volume mixing ratio, which is the natural choice for
oxygen.

In summary, ARTS can now calculate temperature WFs with a much lower calcu-
lation cost by applying analytical expressions. The obtained analytical WFs are practi-
cally identically to reference perturbation calculations for the measurements of concern
here.

3.4 Error analysis

The total random error of a retrieval consists mainly of the observation error, due to the
measurement noise and uncertainty and of the smoothing error, caused by the vertical
smoothing of the retrieval method. The estimation of the observation covariance matrix
(S,) and the smoothing covariance matrix (Sg) are shown in the following equations
(Rodgers, 2000):

S,=D,S.D/ (14)
S, =(A-1)S,(A-1T (15)

2868

AMTD
6, 2857-2905, 2013

Microwave
radiometer to retrieve
temperature profiles

O. Stahli et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

|

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/2857/2013/amtd-6-2857-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/2857/2013/amtd-6-2857-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
www.sat.ltu.se/arts/docs
www.sat.ltu.se/arts/docs
www.sat.ltu.se/arts/docs

10

15

20

25

where | is the identity matrix. The total random error of the observation and of the
vertical smoothing is calculated as the square root of the diagonal elements of the
covariance matrix S, and S, respectively.

3.5 Tropospheric retrieval

As mentioned before, to retrieve tropospheric temperature profiles 12 channels are
used (Table 2). Additionally we get information from 9 zenith angles (30° to 70°, every
5°%).

The retrieval software Qpack2 (Eriksson et al., 2005) uses a pressure grid for the re-
trieval calculations. Our first pressure-grid point is at the surface where our instrument
is situated. This pressure value is taken from our weather station at the measurement
time. The other grid points are selected in such a way that we have more grid points in
the lower troposphere than in the upper troposphere, because the measurements con-
tains most information from the lowest layers of the troposphere. Our grid has a resolu-
tion of about 100 m from ground to 1 km, about 300 m from 1 to 5 km and about 500 m
from 5 to 10 km.

As an a-priori temperature profile monthly mean radiosonde data from Payerne
(46.82° N/6.95° E; 491 m a.s.l. and 40 km W of Bern) are used. The data are from 1994
to 2011 and the soundings are twice a day at 11:00 and at 23:00 (UT). For the a-
priori covariance matrix S, we use a correlation function decreasing exponentially with
a correlation length of 3km. A standard deviation of 2K at ground decreasing linearly
to 1.5K at 15km is assumed. The measurement error is considered in the covariance
matrix S, as a diagonal matrix. Normally we retrieve every 15min a temperature pro-
file (96 profiles per day) and therefore we use the standard deviation of around 15
measurements (1 measurement cycle: 1 min) at every zenith angle and frequency. The
measurement error is normally in a range of 0.4 to 2 K depending on frequency, zenith
angle and weather conditions.
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3.6 Stratospheric retrieval

The stratospheric temperature profile is retrieved from the measurement of the two
emission lines, centered at 52.5424 and 53.0669 GHz. We use the two lines at the
same time with a bandwidth of 200 MHz around 52.5424 GHz and 160 MHz around
53.0669 GHz. With the digital FFT spectrometer we measure at a zenith angle of 30°.
In Fig. 3 simulated spectra at the three different zenith angles 30°, 50° and 70° can be
seen. The results show that the intensity of the emission lines is highest at za = 30°.
Therefore we decided to measure the emission lines at this angle.

During a measurement cycle the integration time with the FFT spectrometer is 15s.
For a temperature profile we integrate the measurement for half an hour because then
the noise level is low enough to get good retrievals. This requires two hours of mea-
surement time, because only one quarter of the measurement time is spent for the
digital FFT spectrometer. The remaining period of the measurement TEMPERA mea-
sures at za = 35-70° with the filterbank only (see also Sect. 2.3). For the forward model
we use a vertical grid with a resolution of about 350 m. Further in the forward model
+1MHz around the two line centers we have no frequency points in the grid, because
the Zeeman effect is not yet fully incorporated in Qpack2/ARTS2. In the center of the
lines (16 MHz, 1000 channels) we use all channels, and on the wings of the line we
use a binning of 3 channels for data reduction.

As a temperature a-priori profile from ground to about 15 km we use a monthly mean
of radiosonde data from Payerne from 1994 to 2011. Above, a climatology of the Mi-
crowave Limb Sounder (MLS) data (Aura satellite) is used. For the a-priori covariance
matrix S, we use a correlation function decreasing exponentially with a correlation
length of 3km. A standard deviation of 2K is assumed. The measurement error (resid-
ual) is considered in the covariance matrix S_, as a diagonal matrix. The residual is
the difference between the integrated spectra and the fit of the spectra. Under regular
conditions the measurement error is in a range from 0.5 to 1 K. Around 52.5424 GHz
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(first line) the noise is higher than around at 53.0669 GHz (second line), as shown in
Fig. 4.

Normally we retrieve a temperature profile every 2 h resulting in 12 profiles per day.
The retrieval works fine for Integrated Liquid Water ILW < 0.1 mm. For larger values the
retrieval is suppressed.

4 Temperature profiles: results
4.1 Introduction

Here we present an analysis of temperature retrievals from TEMPERA over almost one
year, during the period from 1 January to 13 December 2012. The data consist of 2929
stratospheric profiles and 33021 tropospheric profiles. The whole data set, covering
the height range from ground to 50 km, can be seen in Fig. 6. The white lines indicate
the measurement response MR = 0.6. The altitude range with MR > 0.6 is from ground
to 56 km (troposphere) and from 18 to 48 km (stratosphere). The troposheric data
are during all-weather conditions, and the stratospheric data are during conditions with
ILW < 0.1 mm to avoid effects due to clouds. The information about clouds (ILW) are
from the radiometer TROWARA (Matzler and Morland, 2009) that is installed next to
TEMPERA, measuring the radiation from the sky in the same direction at 21, 22 and
31GHz.

More details about the tropospheric and stratospheric temperature profiles will follow
in the next sections. Furthermore comparison between the data of TEMPERA and
radiosonde and satellites data will be discussed.
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4.2 Tropospheric temperature profiles
4.2.1 Clear sky measurements

Figure 7 shows a typical result of a temperature profile (upper plot) at times without
liquid water compared with the profile as obtained by a nearby radiosounding and the
used a-priori profile. Further the corresponding brightness temperatures (lower plot)
from 14 November 2011 at 11:00 (UT) is shown. In this case we use all 12 channels
and 9 zenith angles with a total of 108 measured brightness temperatures.

At this time there was an inversion between 1000 m and about 3000 m. Nevertheless
the retrieved temperature profile from TEMPERA measurements agrees well with the
radiosonde profile from Payerne and the weather stations from Bern and Zimmerwald
(46.88°N/7.47° E; 905m a.s.l. and 10 km S of Bern).

The forward model brightness temperatures, calculated for the retrieved profile,
agree well with the measured brightness temperatures for all channels. The absolute
difference between measured and forward model brightness temperatures (residuals)
is between 0.05 and 1.2 K. The averaging kernels, the height resolution (FWHM of the
averaging kernels) and the measurement response are shown in Fig. 8. The height
resolution in the first kilometer is about 300 m. From 1 to 10km the height resolution
increases to around 5 km.

The retrieval error, calculated with Egs. (14) and (15), is shown in Fig. 8. The total
error is less than 0.5K from ground to 1 km and then is increasing linearly to 1.5K at
10 km. Further it is seen that the measurement error is much smaller than the smooth-
ing error.

This example shows that during clear sky we get good results compared with the ra-
diosondes and weather stations from ground up to 7 km with a measurement response
higher than 0.6. From 7km to 10km the measurement response is smaller than 0.6
and more information from the a-priori profile is used than from the measurements.
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4.2.2 Measurements with cloudy sky

To retrieve temperature profiles during cloudy sky the lowest 4 channels between
51.25-52.85 GHz are not taken into account in the calculations due to the unknown
cloud influence shown in Fig. 5. We choose a threshold of ILW = 0.025mm to use only
8 channels. Below this threshold value the retrieval takes into account all 12 channels.
At the moment we do not take into account the liquid water (clouds) in the forward
model. With this simple but effective method we get reasonable results.

A typical result of a temperature profile from 14 November 2011 at 23:00 (UT) with
ILW = 0.1 mm is shown in Fig. 9. This measurement contains 8 frequencies (channels
5-12: 53.35-57 GHz) and 9 zenith angles providing 72 measured brightness temper-
atures (see also Fig. 9). The forward model brightness temperatures agree with the
measured brightness temperatures. With an absolute difference between measured
and forward model brightness temperatures (residuals) between 0.05 and 1.8 K. Also
the temperature profile from TEMPERA agrees with the radiosonde data from Payerne
and the weather station from Bern and Zimmerwald. The best agreements are in the
altitude range from ground to about 2.5 km.

The averaging kernels, the height resolution (FWHM of the averaging kernels) and
the measurement response are shown in Fig. 10. The height resolution is similar as
for clear sky. During cloudy sky the measurement response is higher than 0.6 up to
about 6 km, i.e. slightly less than during clear sky, because the unused channels carry
information about the upper troposphere.

The retrieval error, calculated with Egs. (14) and (15), is shown in Fig. 10. Also the
retrieval error is similar to clear sky measurements.

4.2.3 Comparison with radiosonde data over time

We compared the TEMPERA tropospheric temperature profiles with the radiosonde
data from Payerne over the period from 1 January to 13 December 2012 during all
weather conditions. The comparison consists of 644 profiles. The data are restricted
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to cases with near time-coincident sounding and retrieval profiles (normally two cases
per day). Figure 11 shows a time-series at 5 altitude levels. We observe an excellent
agreement below altitudes of about 1.5 km with a Correlation-Coefficent CC > 0.97.
From 1.5 km to about 5 km the results are still well correlated with CC > 0.86. From 5 to
10 km the TEMPERA data agree fairly well with the data from radiosonde (0.77 < CC <
0.86). The mean and the standard deviation of the difference Trgpmpera — Trs pay are
shown in Fig. 12 over the altitude range from ground to 10 km. Also this plot shows that
the best agreement is from ground to about 1.5km. The mean difference is between
—-0.5K and +1K over the whole altitude range. The standard deviation is around 1K
from ground to 1.5 km and is then increasing to nearly 3K at 3km and staying constant
at this value until 10 km. A similar behavior of the mean value and standard deviation is
seen in the comparison between TEMPERA data and convolved data of radiosondes
from Payerne (see also Fig. 12 lower panel). In these data the agreements are better.
Further the correlation coefficient of all levels for the unconvolved and convolved data
are shown in Fig. 13.

This comparison shows that TEMPERA is measuring very well in the lower tropo-
sphere (ground—2 km) with CC > 0.93 and with CC > 0.96 for convolved data. In the up-
per troposphere the agreement is reasonably well (2-6 km: CC > 0.86 and CC > 0.89
for convolved data), but we also see in the results that TEMPERA is not very sensitive
in a altitude range from 6—10km (CC > 0.77). This is also seen in the measurement
response.

In Fig. 11 an interesting period in the dataset is during the first half of February 2012
over an altitude range from ground to about 2.5 km. During this time, in Switzerland,
there was a strong cooling from about 280K to 260K at ground. A further interesting
case was a warming during August 2012 with a temperature of almost 290K at 2.5 km.
Both effects were measured with TEMPERA and also with radiosonde data from Pay-
erne.
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4.3 Stratospheric temperatures profiles

A typical retrieved stratospheric temperature profile is seen in Fig. 14 for 15 June 2012
from 12:04 to 14:04 (UT). Over an altitude range from 20—45 km the profile agrees well
with other measurements, i.e. satellite data from Aura/MLS and the radiosonde data
from Payerne. Also the forward model brightness temperatures agree reasonably well
with the measured brightness temperatures excepting around the line center. This is
because of the Zeeman effect, that has not yet been incorporated in the forward model.

The averaging kernels, the height resolution (FWHM of the averaging kernels) and
the measurement response are shown in Fig. 15. The height resolution is about 15 km.
The measurement response higher than 0.6 is in a altitude range from 18 to 48 km.
The retrieval error, calculated with Egs. (14) and (15), is shown in Fig. 15. The total
error is between 1.6 and 1.8 K in the altitude range of 18 to 48 km. Again, it is seen that
the measurement error is much smaller than the smoothing error.

4.3.1 Comparison with radiosonde and satellite data over time

We compared the TEMPERA stratospheric temperature profiles with the radiosonde
data from Payerne and with MLS data over the period from 1 January to 13 De-
cember 2012 during weather conditions with ILW < 0.1 mm. The comparison between
TEMPERA data and radiosondes from 10 to 29 km consists of 524 profiles. The data
are restricted to cases with near time-coincident sounding and retrieval profiles (nor-
mally two cases per day). Figure 16 shows the time-series at 5 levels. The plot shows
that, apart from some exceptions, the time evolution in temperature of both measure-
ments is similar. The best agreement is found at altitudes between 25 and 29 km with
a CC between 0.89 and 0.916. The mean and the standard deviation of the difference
TtemPera — Trs pay With unconvolved and convolved data are shown in Fig. 17. The
mean difference is between —1K and 1K, and the standard deviation is less than 3K
on an altitude range from 18 to 29 km. Again, the comparison is better with convolved
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data (see also Fig. 17, lower panel). The correlation coefficient over all levels with and
without convolved data are plotted in Fig. 20 in the upper panel.

Another comparison is obtained from MLS data with 243 profiles. The criterion for
a collocation of a MLS profile with the measurement site is +1° (+110km) in latitude and
+5° (£460km) in longitude. Further the plotted data are restricted to cases with near
time-coincident MLS profiles and TEMPERA profiles. Figure 18 shows the timeseries
at 5 levels from 25 to 45 km with a CC between 0.87 and 0.92. Also here we see that the
time evolution in temperature is similar for both instruments. The mean of the difference
Trempera — TuLs (see Fig. 19) is varying between 0K and 1 K from 20 to 30 km followed
by a dip to —2K at 35 km and increasing to around 2 K at 45 km. The standard deviation
of this comparison is around 2.5 K from 20 to 35 km and around 4.5 K above 35 km. The
agreement between the TEMPERA data and the MLS convolved data are better with
a CC > 0.95 over altitude levels from 18 to 48 km (MR > 0.6). The correlation coefficient
over all levels with and without convolved data are plotted in Fig. 20 in the lower panel.

An interesting period was observed with TEMPERA and MLS in the beginning of Jan-
uary 2012 (Fig. 18). Both instruments measured a warming from about 260 to 280 K at
an altitude of 45 km within some days. End of October and in the beginning of Novem-
ber there was a warming of more than 10K at levels between 20 to 30 km. All three
instruments (radiosonde, MLS and TEMPERA) measured these effects.

Both comparisons show that TEMPERA performs well in the stratosphere. The re-
sults are best in the range from 25 to 40km with CC > 0.9 and with CC > 0.95 for
convolved data.

4.3.2 Sudden Stratospheric Warming (SSW) over Bern during winter 2012/2013

At the end of 2012 and in the beginning of 2013 a Sudden Stratospheric Warming oc-
cured that also was observed over Bern. During a SSW the temperature in the strato-
sphere is increasing by several tens of degrees within a very short time. This type
of warming was first observed by Scherhag (1952). In 2008 and 2010 SSW events
over Bern were observed. Flury et al. (2009) and Scheiben et al. (2012) reported the
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influence of the temperature increase on ozone and water vapor in the stratosphere
measured with ground-based microwave radiometers. Both studies used temperature
profiles from ECMWF or MLS to investigate the SSW.

With TEMPERA we measured the recent SSW event. The timeseries from 21 De-
cember 2012 to 4 February 2013 (46 days) is shown in Fig. 21. In this plot we see
a strong warming by about 30K at an altitude of 40km in the time period from 21
December 2012 to 25 December 2012. The warming stayed with temperatures be-
tween 250 to 290K until 12 January 2013 over the altitude range of 40 km to 50 km.
The warmest region with 290 K was near 45 km. After this time period the temperature
decreased to temperatures between 240 to 265 K.

This example shows that with TEMPERA it is possible to measure such interesting
stratospheric events and to study local phenomena at mesoscale. Furthermore it is
possible to investigate this SSW with profiles from our ground-based microwave instru-
ments for temperature, ozone and water vapor.

5 Conclusions

TEMPERA is a new ground-based radiometer for tropospheric and stratospheric tem-
perature profiles. For the troposphere a filterbank with 12 channels (51-57 GHz) is
used and for the stratosphere two emission lines at 52.5424 and 53.0669 GHz are
measured with a digital FFT spectrometer. This radiometer is the first instrument to
measure temperature profiles from ground to about 50 km with a high sensitivity from
ground to 6 km and from 18 to 48 km. From 6 to 18 km we also get information from our
measurements for the temperature profiles but with reduced sensitivity meaning that
we use more information from the a-priori profile.

First validations of TEMPERA data with radiosonde and satellite data showed
good agreements. The comparison of 644 profiles in the troposphere with radiosonde
showed that the mean difference of the data is between —0.5K and 1K with a Corre-
lation Coefficient CC > 0.93 (convolved data: CC > 0.96) from ground to 2km, a CC >
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0.86 (convolved data: CC > 0.89) from 2 to 6 km and from 6 to 10 km the CC is between
0.77 and 0.86.

Also the comparison in the stratosphere with radiosonde (524 profiles) and satellite
data (243 profiles) are good. In the stratosphere the mean difference is between -2K
and 2K. The results are best in the range from 25 to 40 km with CC > 0.9 and with
CC > 0.95 for convolved data. During cloudy sky there is a simple way to improve
the tropospheric retrieval by only using the higher frequencies above 53 GHz. For the
stratospheric temperature retrieval we limited the retrievals to IWV < 0.1 mm.

The upper height limit of the retrieval is at 50 km due to the Zeeman effect. This
effect is also seen in the measurements with the digital FFT spectrometer as a line
broadening nearby the line center.

The data in this paper were produced with two independent retrievals for the tro-
posphere and the stratophere and merged then together in a colorplot over a altitude
range from ground to 50km. In the future our goal is to combine the two datasets
to a single retrieval to get one profile from ground to 50 km. Furthermore for future
work we want to investigate in more detail the retrieval under cloudy conditions (liquid
clouds only). Furthermore it is aimed to measure the Zeeman effect with a narrow-
band software-defined radio (SDR) spectrometer. The effect will be incorporated in the
forward model to improve the stratospheric temperature retrieval.
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Table 3. List of used line parameters for O,. The data are from the PWR93 oxygen absorption
model (Rosenkranz, 1993).

Quantum ID v S (300K) b w y v
[GHz] [cm? Hz] [1 [MHzhPa™'] [107%hPa™'] [107®hPa™']

29- 52.5424 0.4264x107'®  6.004 0.94 0.7702 0.6526

27- 53.0669 0.8898x 107'® 5.224 0.97 0.7348 0.6206
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Fig. 2. TEMPERA with its main components, the frontend and the parabolic mirror. TEMPERA
is 1.1 m wide. The instrument is placed inside in a thermally controlled lab in front of a blue
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TEMPERA: Spectra Simulation (Qpack2: Summer)

TEMPERA: Spectra Simulation (Qpack2: Summer)
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Fig. 3. Left panel: TEMPERA spectrum from 51-57 GHz simulated with Qpack2/ARTS2 during
summer for zenith angles at 30°, 50° and 70°. The grey bars indicate the 12 channels (ch1-
ch12) of the filterbank. Right panel: spectrum from 52-53 GHz simulated with Qpack2/ARTS2
during summer for zenith angles of 30°, 50° and 70°. The grey bar indicates the available band-

width of the FFT spectrometer (ch_fft).
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Fig. 4. Spectrum of brightness temperatures measured with TEMPERA on 16 January 2012
from 9:00—-13:00 (UT). Upper panel: the whole FFT spectrum, with all channels from 52.4 to
53.2 GHz. The gap in the middle is due to effects of the filters. Lower panels: zoomed spectra
around the first line at 52.5424 GHz and the second line at 53.0669 GHz.
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RS Payerne (ROS98), 2009.1.19 / 23h (UT)
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Fig. 5. Absorption Coefficient versus height for oxygen (O,), water vapor (wv), liquid water (Iw)
and nitrogen (N,) at 51, 52.5, 54, 55.5 and 57 GHz calculated with radiosonde data from Pay-
erne on 19 January 2009 (IWV = 13.11mm, ILW = 0.19mm). Calculations with the Rosenkranz
(1998) Model.
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TEMPERA temperature profiles [K] / Retrieval: v12 (tropo), v2 (strato)
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Fig. 6. Temperature profiles derived from TEMPERA from ground to 50 km from 1 January to

13 December 2012. The white lines indicate the region where MR = 0.6.
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Fig. 7. Measurement of 14 November 2011 at 11:07—11:22 (UT) during clear sky (ILW = Omm).
Upper panel: retrieved temperature profile (blue line). The a-priori profile is the dashed black
line. Comparison with radiosonde data from Payerne (red line) and with weather station data
from Bern (black circle), Zimmerwald (blue circle). Lower panel: brightness temperatures of
12 channels measured with TEMPERA (black) compared with the forward model brightness
temperatures (red) corresponding to the retrieval.
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TEMPERA: 2011-11-14, Timestart: 11:07
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Fig. 8. Measurements of 14 November 2011 at 11:07-11:22 (UT) during clear sky (ILW =
0mm). Upper panel: the averaging kernels (AVK, plotted every 4th) of TEMPERA are shown
in this plot together with the measurement response (MR) and the full-width at half-maximum
(FWHM, in km). Lower panel: error of the retrieval. The error statistics contain the total error
(red) consisting of observation error (blue) and smoothing error (black).
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Fig. 9. Measurement of 14 November 2011 at 22:57-23:12 (UT) during cloudy sky (ILW =
0.1mm). Upper panel: temperature profile (blue line) retrieved with TEMPERA. The a-priori
profile is the dashed black line. The retrieved profile is compared with radiosonde data from
Payerne (red line) and with weather station data from Bern (black circle), Zimmerwald (blue
circle). Lower panel: brightness temperatures of 8 channels measured with TEMPERA (black)
compared with the forward model brightness temperatures (red) corresponding to the retrieval.
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Fig. 10. Measurement of 14 November 2011 at 22:57-23:12 (UT) during cloudy sky (ILW =
0.1mm). Upper panel: the averaging kernels (AVK, plotted every 4th) of TEMPERA are shown
in this plot together with the measurements response (MR) and the full-width at half-maximum
(FWHM, in km). Lower panel: error of the retrieval. The error statistics contain the total error
(red), consisting of observation error (blue) and smoothing error (black).
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Fig. 11. Time-series from 1 January to 13 December 2012 (644 profiles) of tropospheric tem-
perature profiles from TEMPERA (blue) compared with radiosonde data from Payerne (red,
regridded to TEMPERA grid) for five different altitude levels. The black dashed line is the a-
priori.
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Fig. 12. Comparison of 644 profiles (1 January to 13 December 2012) between TEMPERA and
radiosonde data from Payerne over an altitude range from ground (0.575 km) to 10 km. Plotted
is the mean (black line) and the standard deviation (black dashed line) of the difference between
TEMPERA and radiosonde data from Payerne. The horizontal grey line indicates the region
where MR = 0.6. Upper panel: TEMPERA compared with unconvolved radiosonde data from
Payerne. Lower panel: TEMPERA compared with convolved radiosonde data from Payerne
over a altitude region with MR > 0.6.
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Fig. 13. Correlation coefficient of the comparison for 644 profiles (1 January to 13 Decem-
ber 2012) between TEMPERA and radiosonde data from Payerne over an altitude range from
ground (0.575 km) to 10 km. The horizontal grey line indicates the region where MR = 0.6. Cor-
relation coefficient of the comparison between TEMPERA and the unconvolved (black line) and
convolved (dashed black line, altitude region with MR > 0.6) radiosonde data from Payerne.
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Fig. 14. Measurement of 15 June 2012 from 12:04—14:04 (UT) during clear sky (ILW = Omm).
Upper panel: temperature profile (blue line) retrieved with TEMPERA spectrometer measure-
ments. The a-priori profile is the dashed black line. The retrieved profile is compared with
radiosonde data from Payerne (black line) and with MLS data (red). Lower panel: brightness
temperatures measured with TEMPERA (black) compared with the forward model brightness
temperatures (red) that we received with the retrieval. In the forward model +1MHz around
the two line centers we have no frequencies points in the grid, because until now the Zeeman
effect has not been incorporated in Qpack2/ARTS2. In the center of the lines (16 MHz, 1000
channels) we use all channels and on the wings of the line we use a binning of 3 channels for
data reduction.
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Fig. 15. Measurement of 15 June 2012 from 12:04—14:04 (UT) during clear sky (ILW = Omm).
Upper panel: the averaging kernels (AVK, plotted every 7th) of TEMPERA are shown in this plot
together with the measurements response (MR) and the full-width at half-maximum (FWHM,
in km). Lower panel: error of the retrieval. The error statistics contain the total error (red),
consisting of observation error (blue) and smoothing error (black).
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Fig. 16. Timeseries (524 profiles) of stratospheric temperature profiles from TEMPERA (blue)
compared with radiosonde data from Payerne (red, regridded to TEMPERA grid) for five differ-

ent altitude levels. The black dashed line is the a-priori.
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Fig. 17. Comparison of 524 profiles (1 January to 13 December 2012) between TEMPERA
and radiosonde data from Payerne over an altitude range from 10 km to about 29 km. Plotted is
the mean (black line) and the standard deviation (black dashed line) of the difference between
TEMPERA and radiosonde data from Payerne. The horizontal grey line indicates the region
where MR = 0.6. Upper panel: TEMPERA compared with unconvolved radiosonde data from
Payerne. Lower panel: TEMPERA compared with convolved radiosonde data from Payerne
over a altitude region with MR > 0.6.
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Fig. 19. Comparison of 243 profiles (1 January to 13 December 2012) between TEMPERA and
MLS data over an altitude range from 15km to about 55 km. Plotted is the mean (black line)
and the standard deviation (black dashed line) of the difference between TEMPERA and MLS
data. The horizontal grey lines indicate the region where MR = 0.6. Upper panel: TEMPERA
compared with unconvolved MLS data. Lower panel: TEMPERA compared with convolved MLS
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Fig. 20. Correlation coefficient of the comparison between TEMPERA and radiosonde data
from Payerne (upper panel, 524 profiles) and MLS data (lower panel, 243 profiles) during the
period from 1 January to 13 December 2012. The horizontal grey lines indicate the region where
MR = 0.6. Correlation coefficient of the comparison between TEMPERA and the unconvolved
(black line) and convolved data (dashed black line, altitude region with MR > 0.6).
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2013 (46 days). The white lines indicate the region where MR = 0.6.
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