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Abstract. In this work the stratospheric performance of a rel-
atively new microwave temperature radiometer (TEMPERA)
has been evaluated. With this goal in mind, almost 3 years of
temperature measurements (January 2014–September 2016)
from the TEMPERA radiometer were intercompared with si-
multaneous measurements from other techniques: radioson-
des, MLS satellite and Rayleigh lidar. This intercomparison
campaign was carried out at the aerological station of Me-
teoSwiss at Payerne (Switzerland). In addition, the tempera-
ture profiles from TEMPERA were used to validate the tem-
perature outputs from the SD-WACCM model. The results
showed in general a very good agreement between TEM-
PERA and the different instruments and the model, with a
high correlation (higher than 0.9) in the temperature evolu-
tion at different altitudes between TEMPERA and the differ-
ent data sets. An annual pattern was observed in the strato-
spheric temperature with generally higher temperatures in
summer than in winter and with a higher variability during
winter. A clear change in the tendency of the temperature de-
viations was detected in summer 2015, which was due to the
repair of an attenuator in the TEMPERA spectrometer. The
mean and the standard deviations of the temperature differ-
ences between TEMPERA and the different measurements
were calculated for two periods (before and after the repair)
in order to quantify the accuracy and precision of this ra-
diometer over the campaign period. The results showed ab-
solute biases and standard deviations lower than 2 K for most
of the altitudes. In addition, comparisons proved the good
performance of TEMPERA in measuring the temperature in
the stratosphere.

1 Introduction

The thermal structure of the atmosphere is one of the most
important characteristics for determining chemical, dynami-
cal and radiative processes in the atmosphere. In the strato-
sphere, temperature can influence chemical processes, and
its vertical profile is fundamental to investigations of other
atmospheric species, such as ozone and water vapour (Hae-
fele et al., 2009; Stähli et al., 2013; Moreira et al., 2015).
In addition, stratospheric temperature is a very important in-
dicator of climate change (Randel et al., 2009). The tem-
perature trends can provide evidence of the roles of natu-
ral and anthropogenic climate change mechanisms. Several
studies have shown the observation of a pattern of tropo-
spheric warming and lower stratospheric cooling during the
last few decades of the twentieth century, which is very likely
related to anthropogenic emissions of trace gases, ozone and
aerosols (Ramaswamy and Schwarzkopf, 2002; Santer et al.,
2006; Schwarzkopf and Ramaswamy, 2008; Randel et al.,
2009; Bindoff et al., 2013).

Stratospheric temperatures can present a large variability
in time, especially during winter. For example, the strato-
sphere can experience sudden temperature increases (sudden
stratosphere warming, SSW) due to dynamical processes,
where the temperature can change by several tens of degrees
within a very short time (Flury et al., 2009; Scheiben et al.,
2012). Monitoring these fast changes requires measurement
techniques with high temporal and spatial resolution.

The in situ technique of radiosonde is extensively used for
tropospheric temperature measurements due to its high ver-
tical resolution. However, radiosondes are only able to cover
the lower part of the stratosphere, reaching a maximum al-
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titude of around 35 km. In addition, since at best they are
launched four times a day, they offer only a very low tempo-
ral resolution compared with other techniques.

At present, stratospheric temperature profiles are mostly
obtained by remote sensing methods, such as lidars and mi-
crowave radiometers. The Rayleigh lidar has been shown to
be a powerful tool for monitoring temperatures in the mid-
dle atmosphere with a high spatial and temporal resolution
(Hauchecorne and Chanin, 1980; Keckhut et al., 2001; Stein-
brecht et al., 2009). However, its main drawback is that it
cannot be operated during daytime, or under cloudy or rainy
conditions. Microwave radiometer measurements can over-
come these difficulties, since the measurements in the mi-
crowave region are almost unaffected by liquid water and the
radiometers can be continuously operated, providing temper-
ature profiles with a reasonably good spatial and temporal
resolution. Most of the microwave radiometers for strato-
spheric temperature measurements are operated on board
satellites – e.g. the Microwave Limb Sounder (MLS) instru-
ment on the Aura satellite as described in Waters et al., 2006,
the AMSU-A instrument on the Aqua satellite as described
in Aumann et al., 2003 and the SABER instrument on the
TIMED satellite as described in Remsberg et al., 2003.

The possibility of using ground-based microwave radiom-
etry for stratospheric temperature measurements was first
raised in Waters (1973) and it has recently been imple-
mented (Shvetsov et al., 2010; Stähli et al., 2013). The tech-
nique is based on the stratospheric thermal emission from
high-rotational magnetic dipole transitions of molecular oxy-
gen around 53 GHz. The main advantages of ground-based
radiometer measurements are that they can provide unat-
tended continuous measurements of temperature profiles in
almost all weather conditions with reasonably good spatial
and temporal resolution in the altitude range between 20 and
50 km above sea level (a.s.l.). In addition, long-term mea-
surements in a fixed location allow the local atmospheric
thermodynamics to be characterized. In this study we are
going to present almost 3 years of stratospheric temperature
measurements from the TEMPErature RAdiometer (TEM-
PERA), which has been designed and built at the Institute
of Applied Physics of the University of Bern (Switzerland).
This is the first ground-based microwave radiometer that is
able to retrieve temperature measurements in the troposphere
and in the stratosphere at the same time. Tropospheric re-
trievals from this radiometer have been evaluated in detail in
other studies (Stähli et al., 2013; Navas-Guzmán et al., 2014,
2016). In this work we will focus on the stratospheric perfor-
mance of TEMPERA (from 20 to 50 km), comparing its mea-
surements with the ones from different instruments and tech-
niques: radiosondes, satellite and lidar measurements. In ad-
dition, TEMPERA profiles will be used to validate the tem-
perature outputs from the SD-WACCM model.

The results obtained in this study provide a detailed eval-
uation of the temperature retrievals from the TEMPERA ra-
diometer. The paper is organized as follows. The description

of the different instrumentation used in this work is intro-
duced in Sect. 2. Section 3 presents a detailed description
of the methodology used for the microwave temperature re-
trievals. Section 4 presents the results of the different com-
parisons of radiosonde (RS), MLS satellite, lidar and SD-
WACCM versus the TEMPERA radiometer. We conclude
with a summary of the key findings in Sect. 5.

2 Experimental site and instrumentation

A special campaign has been set up at the aerological sta-
tion in Payerne (46.82◦ N, 6.95◦ E; 491 m above sea level
(a.s.l.), Switzerland) of the Swiss Federal Institute of Mete-
orology and Climatology (MeteoSwiss). For this campaign,
the TEMPERA radiometer was moved from the ExWi build-
ing of the University of Bern (Bern, Switzerland) to Payerne
in December 2013. The main goal of this campaign is to as-
sess the tropospheric and stratospheric performance of TEM-
PERA using the versatile instrumentation available at this
MeteoSwiss station (Navas-Guzmán et al., 2016). In particu-
lar, this study will focus on the intercomparison of the strato-
spheric temperature profiles from TEMPERA.

Next, we will introduce the ground-based microwave ra-
diometer called TEMPERA and all the other instrumentation
used in this study. As already mentioned, the TEMPERA
radiometer is the first ground-based microwave radiometer
able to measure temperature profiles in the troposphere and
in the stratosphere simultaneously (Stähli et al., 2013; Navas-
Guzmán et al., 2014, 2016). It measures the microwave emis-
sion of the molecular oxygen in the 51–57 GHz range. The
instrument consists of a frontend to collect the microwave
radiation and two backends for the spectral analysis – a fil-
ter bank and a fast Fourier transform (FFT) spectrometer. The
incoming radiation is directed into a corrugated horn antenna
using an off-axis parabolic mirror. The antenna is character-
ized by a half-power beam width (HPBW) of 4◦. The de-
tected signal in the two backends is calibrated by means of
an ambient hot load in combination with a noise diode. The
calibration of the noise diode is performed every month us-
ing a hot (ambient) and a cold (liquid nitrogen) load. Fig-
ure 1 (left) shows a picture of the TEMPERA radiometer in
which its different components can be observed: mirror (1),
microwave absorbers (hot (2) and cold (3) load), receiver (4)
and styrofoam window (5). Figure 1 (right) shows the iso-
lated room where TEMPERA is located at the MeteoSwiss
aerological station in Payerne (Switzerland).

The tropospheric measurements by TEMPERA are per-
formed by means of a filter bank. This covers a total of 12
frequencies uniformly distributed on the wing of the 60 GHz
oxygen emission complex. Tropospheric temperature mea-
surements are not the topic of this study – further details
about technical aspects of the filter bank and the measure-
ment protocol for this mode can be found in Stähli et al.
(2013) and Navas-Guzmán et al. (2016).
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Figure 1. The TEMPERA instrument at the MeteoSwiss Station in
Payerne, Switzerland.

For stratospheric measurements a second backend is used.
It consists of a digital FFT spectrometer (Acqiris AC240),
which measures the two pressure-broadened oxygen emis-
sion lines centred at 52.5424 and 53.0669 GHz. The band-
width of this spectrometer is 960 MHz and has a resolution
of 30.5 kHz. The receiver noise temperature TN is around
480 K. More technical details about the different components
of the microwave receiver, such as the IQ-Mixer and the local
oscillator (LO), can be found in Stähli et al. (2013). An exam-
ple of a calibrated spectrum (brightness temperature) mea-
sured with this spectrometer on 2 February 2014 is shown in
Fig. 2.

A styrofoam window allows views of the atmosphere over
a range of different elevation angles (from 20 to 60◦). The
radiometer is operated inside a laboratory primarily to pro-
tect it against adverse weather conditions. The frontend has
additional temperature stabilization using Peltier elements in
combination with a ventilation system that allows the fron-
tend plate to be stabilized to within ±0.2 K (Stähli et al.,
2013).

Every measurement cycle takes 1 min and starts with a cal-
ibration using the hot load in combination with a noise diode
for 9 s, followed by atmosphere measurements. These atmo-
spheric measurements consist of scanning from 20 to 60◦

elevation in steps of 5◦ (nine angles). The observations at
all the angles are used for tropospheric measurements while
only the observations at 60◦ elevation angle, which take 15 s,
are used for stratospheric measurements (Stähli et al., 2013).
Details of the methodology used to obtain stratospheric tem-
perature profiles from these measurements will be given in
Sect. 3.

Independent in situ temperature measurements have been
taken by means of radiosondes. They have been launched
twice a day at the aerological station of Payerne since 1954.
The target level of radiosondes is 10 hPa (approx. 32 km),
and hence covers only the lower stratosphere. Their spa-
tial resolution ranges between 10 and 80 m with a highest
resolution in the first seconds of the flight. The Swiss ra-
diosonde SRS-C34 introduced in 2011 uses a thermocouple
for temperature measurements and a polymer hygristor for
relative humidity measurements. Pressure is calculated from
temperature and GPS altitude assuming hydrostatic equilib-
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Figure 2. Spectrum of brightness temperatures measured with
TEMPERA on 4 February 2014 from 09:00 to 12:00 UTC. Only
the FFT channels of the first line at 52.5424 GHz and the second
line at 53.0669 GHz used in the temperature retrievals are shown.

rium. The achieved uncertainties are±0.2 K for temperature,
±2 hPa (accuracy increases with height) for pressure and ±5
to 10 % for relative humidity.

Stratospheric temperature has also been obtained from
the MLS instrument on board of the Aura satellite. MLS
has been making measurements of atmospheric composi-
tion, temperature, humidity and cloud ice in the upper tro-
posphere, stratosphere and lower mesosphere since Au-
gust 2004 (Waters et al., 2006). It observes thermal mi-
crowave emission from Earth’s limb viewing forward along
the Aura spacecraft flight direction, scanning its view from
the ground to 90 km every 25 s. Aura is in a near-polar
705 km altitude orbit. As Earth rotates underneath it, the
Aura orbit stays fixed relative to the Sun, giving daily global
coverage with 15 orbits per day. Aura is part of NASA’s A-
train group of Earth-observing satellites. These satellites fly
in formation, with the different satellites making measure-
ments within a short time of each other. Temperature pro-
files are retrieved from MLS measurements using radiances
near the O2 spectral bands at 118 GHz for the stratosphere
and mesosphere and at 239 GHz for the troposphere (Yan
et al., 2016) using the optimal estimation theory (Rodgers,
2000). Four different versions of MLS data have been re-
leased to date. The initial version 1.5 (v1.5) was replaced
by version 2.2/2.3 (v2) in 2007 and version 3.3/3.4 (v3) in
2010. The most recent production version, version 4.2 (v4),
replaced v3 in February 2015. All the MLS data presented in
this study correspond to the latest version (v4).

Temperature measurements in the upper stratosphere have
been also obtained from a lidar at Hohenpeißenberg, Ger-
many (47.8◦ N, 11.0◦ E). This lidar has been operated since
September 1987 by the German Weather Service (DWD) and
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Figure 3. Measurement ranges for the different techniques used in
this study (radiosondes, Tempera radiometer, MLS and lidar).

has provided one of the longer NDACC time series (Stein-
brecht et al., 2009). It emits intense ultraviolet light pulses at
353 nm generated from a xenon chloride excimer laser and
a hydrogen Raman cell. Light intensity scattered back from
air molecules in the atmosphere (by Rayleigh scattering) is
recorded as a function of altitude (as time from pulse emis-
sion to reception of backscattered light). Above the strato-
spheric aerosol layer, that, is above 25 to 30 km, the returned
light intensity is proportional to air density. Assuming hy-
drostatic equilibrium, this (relative) density profile can be in-
tegrated downward over altitude, providing a (relative) pres-
sure profile. Division of the (relative) pressure profile by the
(relative) density profile then yields the temperature profile.
See Hauchecorne and Chanin (1980) for details. The method
requires an initial guess for temperature (or pressure) at the
far end around 70 to 80 km altitude, but because of the large
increase of pressure with decreasing altitude, this choice of
initial value has virtually no influence on the derived tem-
peratures below around 50 to 60 km altitude. The lidar re-
quires clear nights for operation, and typically provides 80 to
90 nightly mean temperature profiles per year. The precision
of the derived temperature is about ±0.5 K at 30 km, ±1 K
at 45 km, ±5 K at 60 km and ±10 K at 70 km (all 1 sigma).
Vertical resolution is about 1.5 km. The lidar-derived tem-
perature has a small bias of about 2 K between 30 and 50 km,
which is not well understood. See Steinbrecht et al. (2009)
for details.

Figure 3 shows different ranges of measurements of each
instrument used in this study (radiosondes, TEMPERA ra-
diometer, MLS satellite and lidar). As we can see, TEM-
PERA is the only instrument which is able to cover almost
the full troposphere and stratosphere.

3 Methodology

Temperature profiles from TEMPERA radiometer

Oxygen is a well-mixed gas whose fractional concentration
is independent of altitude below approx. 80 km, so the mi-
crowave radiation from it contains information primarily on
atmospheric temperature. The retrievals of stratospheric tem-
perature profiles from TEMPERA are based on the measure-
ments of two oxygen emission lines centred at 52.54 and
53.06 GHz (see Fig. 2). The shape of these lines is gov-
erned by a pressure broadening mechanism up to 60 km of
altitude; therefore, the measured spectra can provide vertical
information. The wings of the emission lines provide infor-
mation of the radiation coming from low altitudes (higher
broadening caused by higher pressure) while the line centres
give information of the radiation coming from upper altitudes
(smaller broadening and lower pressure). Both emission lines
measured by TEMPERA are used at the same time with a
bandwidth of 200 MHz around the first line and of 160 MHz
around the second. Only measurements at the highest ele-
vation angle (60◦) are used for stratospheric measurements
with the digital FFT spectrometer. This limits the integra-
tion time with the FFT spectrometer to 15 s in each minute
measurement cycle. In order to get a low enough noise level
the measurements are integrated for half an hour, which re-
quires 2 h of measurement time, since only a quarter of the
measurement time is used for the digital FFT spectrometer
(Stähli et al., 2013). Therefore, the time resolution of the
stratospheric temperature profiles from the TEMPERA ra-
diometer is 2 h.

Obtaining temperature profiles from the calibrated bright-
ness temperature spectrum, an example of which is shown
in Fig. 2, requires a solution to the radiative transfer equa-
tion. A unique solution does not exist, so some statistical con-
straints are needed in order to obtain physically meaningful
solutions. In our case we use the optimal estimation method
(OEM) (Rodgers, 2000) by means of the radiative transfer
model ARTS/QPack (Eriksson et al., 2011). The method is
based on Bayes’ probability theorem and a detailed descrip-
tion of its application to TEMPERA measurements can be
found in Stähli et al. (2013).

The ARTS package implements the radiative transfer
equation (forward model), simulating the brightness temper-
ature as

y = F(x,b)+ ε, (1)

where F denotes the forward model, the vector y corre-
sponds to the measured spectrum (brightness temperature),
x is the true temperature profile, b contains some additional
forward model parameters and ε is the measurement noise.

The solution to the inverse problem is obtained by using
the Gauss–Newton iterative method, whose solution can be

Atmos. Chem. Phys., 17, 14085–14104, 2017 www.atmos-chem-phys.net/17/14085/2017/



F. Navas-Guzmán et al.: Intercomparison of stratospheric temperature profiles 14089

expressed in a matrix notation as follows:

xi+1 = xi +
(

S−1
a +KT

i S−1
ε K−1

i

)[
KT

i S−1
ε (y−F (xi))

−S−1
a (xi − xa)

]
, (2)

where the vector x is the true temperature profile, y is the
measured spectrum (brightness temperature), xa is the a pri-
ori temperature profile, Sa is the a priori covariance matrix
and Sε is the observation error-covariance matrix. The for-
ward model is denoted by F , and the vector K is the weight-
ing function (K = ∂F/∂x).

An important tool used very often in the OEM is the aver-
aging kernel matrix A (Rodgers, 2000). This matrix describes
the response of the retrieved temperature profile x̂ to the true
temperature profile x and is defined as

A=DyKx =
∂x̂

∂x
, (3)

where Kx is the weighting function already defined, and
Dy = ∂F/∂x is the so-called contribution function.

The rows of A are called the averaging kernels (AVKs)
and they describe the sensitivity of the retrieval for a cer-
tain height level to a perturbation at other levels. The sum of
the AVKs is called the measurement response (MR), which
describes the contribution of measurements to the retrieved
profile at a certain height.

The method needs an a priori temperature profile in order
to constrain the solutions to physically meaningful results.
As a priori profiles, monthly mean temperature profiles from
radiosonde measurements at Payerne from 1994 to 2011 are
used in the lower part (ground to 15 km) and mean MLS tem-
perature profiles from a climatology are used in the upper
part. As a priori covariance matrix, Sa a function decreas-
ing exponentially with a correlation of 3 km is used, assum-
ing a standard deviation of 2 K. For the observation errors
the residuals of the inversion are considered (difference be-
tween the integrated spectra and the fit of the spectra). Under
regular conditions these errors range between 0.5 and 1.5 K
(Stähli et al., 2013).

In the radiative transfer calculations (F(x,b)) the absorp-
tion coefficients of the different species are calculated using
different models: Rosenkranz (1998) for H2O, Rosenkranz
(1993) for O2 and Liebe et al. (1993) for N2. The density
profiles of oxygen (O2) and nitrogen (N2) are incorporated
by ARTS assuming standard atmospheric profiles for sum-
mer and winter (Anderson et al., 1986). In the case of tropo-
spheric water vapour, a profile with an exponential decrease
is considered. This profile is calculated with the measured
surface water vapour density from a weather station and as-
suming a scale height of 2000 m (Bleisch et al., 2011).

Figure 4 shows an example of temperature inversion from
TEMPERA measurements using the OEM result obtained
on 1 October 2015 for the time interval from 22:00 to
00:00 UTC. In Fig. 4a we can observe that the forward

model brightness temperatures (red lines) agree well with
the measured brightness temperatures (black lines), except
for around the line centre. The larger differences observed in
the centre of the emission lines (see Fig. 4b) are mainly due
to a different binning used in the centre of the lines and on
the wings of the lines (Stähli et al., 2013). In addition, the
Zeeman effect could explain some small differences in the
centre of the lines, because it is not incorporated in the for-
ward model (Navas-Guzmán et al., 2015). Figure 4c presents
the a priori temperature profile used in the inversion (black
dashed line) and the retrieved temperature profile (blue line).
Figure 4d shows the AVKs (black lines), the measurement re-
sponse (red line) and the height resolution, which is defined
as the full width at half maximum (FWHM) of the AVKs
(blue line). We can observe that for this inversion the height
resolution ranges between 13 and 16 km. The MR shows val-
ues larger than 0.8 in the range between 20 and 43 km, mean-
ing that 80 % of the contribution to the retrieved temperature
profile comes from the measurements. These values decrease
with altitude reaching 0.5 at 47 km for this case. We would
like to point out that the altitude range of the stratospheric
temperatures from the TEMPERA radiometer used in this
study correspond to levels with a high MR (higher than 0.8
at most of the altitudes). Finally, the total, observational (ran-
dom error due to measurement noise) and smoothing errors
are also calculated with this method and are shown in Fig. 4e.

In order to compare the temperature profiles from the dif-
ferent instruments (RS, MLS satellite, lidar) and also from
the WACCM model with those from the TEMPERA ra-
diometer, the profiles are first interpolated to the pressure
grid of TEMPERA, and then are convolved with the AVK
of this radiometer in order to take into account the different
height resolutions. Equation (4) gives the expression for cal-
culating the convolved temperature profiles:

x̂r = xa+A(xr− xa) , (4)

where xa is the a priori profile of the radiometer, A is the
AVK and xr is the interpolated reference profile.

4 Results: evaluation of stratospheric temperature
profiles from TEMPERA

The TEMPERA radiometer has been almost continuously
measuring since 2014 at the aerological station of Me-
teoSwiss at Payerne (Switzerland). Figure 5 (left) shows
the stratospheric temperature evolution obtained from TEM-
PERA for the almost 3 years of measurements. From this
plot a clear annual pattern can be observed with generally
higher temperatures in spring and summer than in autumn
and winter. Some interesting episodes can also be observed
during the three presented winters, in which strong increases
of temperature are measured for short periods in the upper
stratosphere and could be identified as SSW. These increases
in temperature in the upper stratosphere are often associ-
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Figure 4. Temperature retrieval of 1 October 2015 using the optimal estimation method (OEM). (a) Brightness temperature measured with
TEMPERA (black lines) compared with the forward model brightness temperature (red lines) obtained for this retrieval. (b) Residuals for
this inversion. (c) Retrieved temperature and a priori profile. (d) AVKs, measurement response and FWHM (km). (d) Temperature retrieval
errors.

ated with a decrease in temperature in the lower stratosphere,
which is a pattern characteristic of SSW events. Figure 5
(right) shows an example of strong variation of temperature
in the stratosphere for a winter day (3 January 2015). In this
case, the temperature changed up to 15 K for some altitudes
in the course of only 10 h. These measurements show the
importance of continuous observations for a fixed location,
since the important variations in temperature observed can-
not be captured by only occasional measurements or mea-
surements with poor temperature resolutions.

The temperature profiles from TEMPERA have been
compared with those from other instruments and the SD-
WACCM model, all of which have different spatial and tem-
poral resolutions. Figure 6 presents three representative ex-
amples of stratospheric temperature profiles: one in winter,
one in summer and one in autumn. From now on, TEMPERA
radiometer will be noted by the abbreviation MWR (from
microwave radiometer) in the different figures and tables.
Measurements from the different instruments and model
(re)analysis show a generally good agreement in the range
where they are comparable. Some differences are evident in
the upper stratosphere between MLS measurements and the
other profiles on 4 February 2014. For the other 2 days the
lidar (black line) is the source that exhibits deviations with
respect to the microwave measurements and the model in
some ranges in the upper stratosphere. Note the good agree-
ment observed between the TEMPERA radiometer and most
of the other techniques in these three cases. The examples
also illustrate the different vertical ranges and the spatial res-
olutions for the different measurements. We can observe that
radiosondes only cover the lower stratosphere but with a high
spatial resolution, while lidar measurements provide infor-
mation in the upper stratosphere. MLS and TEMPERA are
able to cover almost the whole stratosphere, although their
spatial resolution is lower.

In order to validate the accuracy and errors of the temper-
ature profiles from the TEMPERA radiometer a statistical
analysis is performed with almost 3 years of measurements.

In Sect. 4.1, 4.2, 4.3 and 4.4 a comparison is made to, respec-
tively, RS measurements, MLS measurements, lidar mea-
surements and the SD-WACCM model. A multiway compar-
ison between all of these is then presented in Sect. 4.5.

4.1 Comparison with RS

Stratospheric temperature profiles from TEMPERA have
been compared with the ones from RS measurements for the
period from January 2014 to September 2016. As indicated
in previous sections, radiosondes have been launched twice a
day (11:00 and 23:00 UTC) at the aerological station at Pay-
erne since 1954. The TEMPERA profiles closest in time to
the RS launches have been selected in order to do this com-
parison. A total of 1489 pairs of profiles are used in these
statistics, which were measured under all weather conditions
except for rainy cases. The RS profiles were interpolated to
the altitude grid of TEMPERA radiometer, and completed in
the upper part with the TEMPERA measurements, since RSs
usually do not reach altitudes higher than 30–35 km. After-
wards, the profiles were convolved using the AVKs of TEM-
PERA.

Figure 7 shows the temporal evolution of the stratospheric
temperature at different altitudes from TEMPERA and RS
for the campaign period. The interpolated temperatures from
RS have also been plotted (green lines) in order to visualize
the smoothing effect on them when they are convolved with
the AVKs of TEMPERA. In addition, the a priori temperature
used for the TEMPERA inversions is shown. The temper-
ature deviations along this period between TEMPERA and
the convolved measurements from RS are shown in the lower
panels (black lines). We can observe in general a very good
agreement between both instruments for the displayed alti-
tudes with correlation coefficients higher than 0.9. An an-
nual pattern is observed in the stratospheric temperature with
higher temperatures in summer than in winter. Again in this
plot we can observe that the variability of the temperature
is higher during winter than in other seasons, and some in-
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Figure 5. Left: stratospheric temperature evolution from TEMPERA radiometer. Some SSW events are indicated by white arrows. Right: an
example of strong variation of temperature in the stratosphere for a winter day.
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Figure 6. Stratospheric temperature profiles for night-time measurements from TEMPERA, RS, MLS, lidar and WACCM model on
(a) 4 February 2014, (b) 1 August 2014 and (c) 8 November 2015.

teresting events with a strong increase in temperature have
been detected (January 2014 and 2015, February 2016). The
temperature deviations between TEMPERA and RS are in
general small with most of the values below 3 K, although
some short periods with larger discrepancies are also found
(e.g. February 2015). We can also observe from these plots
that the deviations at 27 km altitude are larger and noisier
than for the other two altitudes. A remarkable feature ob-
served in the temperature deviation lines at all the profiles is
a small step in the summer of 2015. This step is more ev-
ident in the two higher altitudes (27 km and 33 km), where
the deviations changed from positive to negative. The effect
is smaller at the lowest altitude (21.5 km), where it looks to
have an opposite behaviour, changing from negative or al-
most zero deviations to positive deviations after the step oc-
curs. This change of tendency could be due to the fact that
an attenuator in the FFT spectrometer was repaired in sum-
mer 2015. It seems that after this repair the brightness tem-
perature spectra measured by the FFT were slightly affected
and some small differences in the retrieved temperatures are
observed.

In order to take into account this instrumental modification
and characterize possible changes in the accuracy and pre-
cision of the TEMPERA radiometer, the statistical analysis
between TEMPERA and the other measurements (RS, MLS,
lidar and WACCM) is carried out over two different measure-
ment periods. From here on, period 1 will refer to the period
before the attenuator in the FFT spectrometer was changed
(January 2014–June 2015) and period 2 will refer to the pe-
riod after this repair (July 2015–September 2016). In addi-
tion, the measurements have been split by season into win-
ter and summer, with summer referring to April–September
and winter October–March, inclusive. It is useful to make
this distinction because there is a greater level of atmospheric
variability in winter, which could produce larger deviations
between the different measurements than those due to funda-
mental differences in the measurement techniques.

Figure 8 shows the mean and the standard deviations be-
tween TEMPERA and RS which have been calculated for
all the measurements in each period (black lines) and also
for winter and summer seasons of the different periods (blue
and red lines, respectively). From this plot we can observe
that there is a clear change in the mean bias between TEM-
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Figure 7. Stratospheric temperature evolution and temperature deviations at different altitudes for RS and TEMPERA. Different background
colours are used to distinguish between period 1 and 2 (grey and light brown, respectively).

PERA and RS for periods 1 and 2. The mean bias for pe-
riod 1 ranged between−0.3 K at 20 km and 2.6 K at 28.5 km,
showing in general a positive deviation at most of the al-
titudes. The mean bias in period 2 showed negative values
for most of the altitudes, with values ranging between 0.9 K
(20 km) and −2.3 K (32 km). There is also a clear differ-
ence in the standard deviation observed for both periods. Pe-
riod 1 showed much larger standard deviations than period
2, with values that range between 1.9 K (21 km) and 3.5 K
(28.5 km). The standard deviations for period 2 were smaller
and much more constant in height, with values ranging be-
tween 1.3 K (34 km) and 1.7 K (26.5 km). These results show
a change in the sign of the bias between TEMPERA and RS
when the attenuator of the FFT spectrometer was repaired in
June 2015, although in terms of absolute values the differ-
ences were not very significant. However, the standard devi-
ations for period 2 were smaller than for period 1, indicat-
ing a higher precision of the TEMPERA radiometer after the
repair with respect to the reference RS measurements. If we
look at the seasonal behaviour of the bias for both periods we
can observe that there are small differences between winter
and summer. In the case of period 1, the maximum differ-
ence between winter and summer is 0.9 K and it is observed
in the lower part, while for period 2 the differences are lower
than 0.7 K. Much larger differences are found for the stan-

dard deviation between the two seasons for period 1 (dashed
lines). While the standard deviation ranges between 0.9 and
1.8 K in summer, the values range between 2 and 4.5 K in
winter, reaching the maximum standard deviation at 28.5 km.
Although during period 2 the standard deviations in winter
were also larger than in summer, the differences were not
so remarkable (smaller than 0.5 K). These results show that
there was a larger variability in the temperature deviations
between TEMPERA and RS during the winters of period 1.
This is something that could be expected from the tempera-
ture evolution in Fig. 7, which showed larger discrepancies,
especially during winter 2015.

4.2 Comparison with Aura/MLS

The stratospheric temperature profiles from TEMPERA have
also been compared with those obtained from the MLS in-
strument on board the Aura satellite. As indicated in Sect. 2,
the temperature profiles used for MLS correspond to the ver-
sion 4 retrievals. In order to select the temperature profiles
from MLS to be used in the comparison we chose those
that were collocated with the measurement site, which by
our criteria meant that the MLS measurements were within
±1◦ (±110 km) of the measuring site in latitude and ±5◦

(±460 km) in longitude. The data were also restricted to
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Figure 8. Mean temperature biases and standard deviations between TEMPERA and RS. A total of 1489 profiles have been compared
(Period 1: 809 profiles, dashed lines; Period 2: 680 profiles, solid lines). The mean biases and the standard deviations for each period are
represented by black lines. The winter season is indicated with blue lines while the summer is indicated by red lines (Winter1: 421 profiles;
Summer1: 388 profiles; Winter2: 289 profiles Summer2: 391).

cases with near time coincidence between TEMPERA and
MLS, which means that the MLS profiles were taken during
the period of the spectral integration for the TEMPERA mea-
surements. A total of 367 profiles were obtained under these
criteria and for all weather conditions excluding rainy cases.
The MLS temperature profiles were interpolated to the pres-
sure grid of TEMPERA, and these profiles were convolved
using the AVKs of TEMPERA as described in Sect. 3.

Figure 9 shows the evolution of the stratospheric temper-
atures and the deviations between TEMPERA and MLS at
three different altitude levels. Similar patterns to those ob-
served in Fig. 7 are found in this plot (although with fewer
data), observing an annual cycle with higher temperatures in
summer than in winter and with a larger variability during
winter. We can observe from these plots a very good agree-
ment between both instruments despite the very different
type of observations that we are comparing (ground-based
against satellite measurements). This good agreement is also
observed when strong variations in temperature occur in a
short time interval, as can be seen in the winter of 2016, and
is confirmed by the high correlation coefficient (larger than
0.92) found at the different altitudes. The temperature devi-
ations (TEMPERA-MLS) observed are in general small, al-
though we observe some larger discrepancies for some mea-
surements (reaching deviations of 10 K) mainly during win-
tertime. Differences between TEMPERA and MLS retrievals
can arise from several factors, including differences due to
spatio-temporal inhomogeneities arising from synoptic vari-
ability, which can be more important during winter, differ-

ences in vertical resolution, interpolation techniques, or mea-
surements errors from both instruments.

The mean and the standard deviations of the difference be-
tween the TEMPERA and MLS measurements for both pe-
riods described in the previous section and also for the dif-
ferent seasons have been plotted in Fig. 10. From this com-
parison, a clear change in the mean bias is again observed
between both periods in the lower part of the stratosphere
(from 20 to 37 km). In that range, the mean bias in period 1
was 2.5± 1.3 K, reaching a maximum deviation of 4.1 K at
28.5 km, while for period 2 the mean bias was −0.4± 0.9 K
with a maximum negative deviation of −1.4 K at 30 km.
In the upper part (between 38 and 50 km) the differences
in the biases were not so significant, with a mean value of
1.7± 0.5 K for period 1 and 2.3± 0.7 K for period 2. The
standard deviations again show higher values for period 1
than for period 2, although the differences were smaller than
in the comparison with RS. The mean standard deviations in
the range between 20 and 50 km were 2.4±0.6 K for period 1
and 2.0±0.4 K for period 2.

This comparison also shows a seasonal behaviour for the
mean and the standard deviation of the temperature differ-
ences between TEMPERA and MLS for both periods. For
period 1 there was a positive bias for both seasons in al-
most the whole column, with larger values in winter than in
summer. The mean bias in the lower part (20–35 km) was
3.3± 1.2 K in winter and 1.9± 1.4 K in summer. The dis-
crepancies were even larger in the upper part (35–50 km),
showing a much lower bias in summer (0.4± 0.4 K) than in
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Figure 9. Stratospheric temperature evolution and temperature deviations at different altitudes for TEMPERA and MLS. Different back-
ground colours are used to distinguish between period 1 and 2 (grey and light brown, respectively).

winter (2.8±0.7 K). During period 2 the differences between
the biases in winter and summer were quite constant in alti-
tude, and they were always lower than 1.6 K. The standard
deviations of the temperature differences showed higher val-
ues in winter than in summer for both periods. For period 1
the mean standard deviation for the whole range (20–50 km)
was 2.5±0.5 K in winter reaching a maximum value (3.1 K)
at 28.5 km, while for period 2 the mean standard deviation
was 2.1± 0.5 K with a maximum value of 2.6 K at 32 km.
The standard deviations in summer for both periods were
very similar, with mean values for the whole altitude range
(20–50 km) of 1.8± 0.6 K in period 1 and 1.7± 0.5 K in pe-
riod 2. These results again show the lower temperature dis-
crepancies observed between TEMPERA and the MLS satel-
lite during summertime. The biases found in this comparison
are similar to those reported by Schwartz et al. (2008) for a
comparison between MLS version 2.2 retrievals and different
analyses and observations (GEOS-5, ECMWF, radiosondes,
AIRS/AMSU, etc.), where the biases ranged between −2.5
and 1 K.

The MLS measurements have also been compared with
the ones from RS in the range where they were comparable
(lower stratosphere). Only collocated MLS profiles (accord-
ing to the criteria as used above) and measured within 4 h of
the RS launch were selected for the comparison. A total of

323 pairs of profiles fulfilled these criteria and were used for
these statistics. The RS profiles were interpolated to the pres-
sure grid of MLS in order to perform the direct comparison of
their profiles. Figure 11 shows the mean and the standard de-
viation for this comparison. It can be seen that the mean bias
ranges from −1.7 K at 19 km to +1.4 at 15 km. The standard
deviation of the temperature differences between MLS and
RS was quite constant with altitude, with a mean value of
1.7±0.2 K and a maximum value of 2.2 K reached at 31 km.
Note that the bias and the standard deviation observed be-
tween MLS and RS are very similar to the values observed
in the comparison between TEMPERA and RS in period 2
(biases ranging between−2.3 and 0.9 K and the standard de-
viations between 1.3 and 1.7 K). The slight underestimation
of the temperature in most of the altitudes found for MLS
versus RS in this study agrees with the results obtained by
Schwartz et al. (2008) between MLS and different sources.

4.3 Comparison with lidar measurements

The TEMPERA radiometer has also been compared with an
active remote sensing instrument, a Rayleigh lidar. This lidar
is operated at Hohenpeißenberg station (Germany), around
400 km northwest of Payerne. Despite the distance between
the two instruments, we wanted to evaluate the agreement
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Figure 10. Mean temperature biases and standard deviations between TEMPERA and MLS. A total of 358 profiles have been compared
(Period 1: 192 profiles, dash lines; Period 2: 166 profiles, solid lines). The mean and the standard deviations for each period are represented
by black lines. The winter season is indicated with blue lines while the summer is indicated by red lines (Winter1: 103 profiles; Summer1:
89 profiles; Winter2: 67 profiles; Summer2: 99).
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Figure 11. Mean bias and standard temperature deviation between MLS and RS.

in the stratospheric temperature between these very differ-
ent techniques. A total of 192 profiles were compared for
all weather conditions (except for rainy cases) for the period
from January 2014 to July 2016. As in the previous compar-
isons, the lidar profiles were interpolated to the pressure grid
of the TEMPERA radiometer and then these profiles were
convolved using the AVK of TEMPERA. Since the Rayleigh
lidar only provides temperature information above approx-

imately 28 km (below this the measurements would be af-
fected by stratospheric aerosol), the gap below this altitude
was filled with coincident measurements from TEMPERA
in order to avoid modifying the AVK used by TEMPERA for
the convolution.

Figure 12 shows the stratospheric temperature evolution
from TEMPERA and the lidar at three different altitude lev-
els. For the lowest altitudes shown here (29.5 km a.s.l.), the
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Figure 12. Stratospheric temperature evolution from TEMPERA, lidar and RS. Different background colours are used to distinguish between
period 1 and 2 (grey and light brown, respectively).

temperature from RS has also been plotted, since at this al-
titude there were measurements from the three instruments.
We can observe from this figure that there is good agreement
between TEMPERA and the lidar in the upper stratosphere,
with correlation coefficients larger than 0.94 for the two high-
est altitudes. This coefficient is lower (0.9) for the lowest al-
titude (29.5 km a.s.l.). The agreement between the lidar and
the RS in this lowest altitude is better than for TEMPERA,
with a correlation coefficient of 0.96. The evolution of the
temperature deviations between TEMPERA and lidar at the
three altitudes shows small discrepancies for both techniques
over the measurement period, with values in most measure-
ments below 5 K. The biggest differences were found at the
lowest altitude (29.5 km a.s.l.), where a clear change of bias
was observed after summer 2015.

Figure 13 shows the mean bias and the standard devia-
tion for all the measurements in periods 1 and 2 in addition
to seasonal profiles. Mean bias profiles show again a clear
change in the tendency of the biases of both periods, being
more evident in the lower stratosphere (below 35 km). In this
lowest altitude range the mean biases were 2.7± 1.3 K for
period 1 and −1.2± 0.4 K for period 2. Above 35 km the
differences between the biases were smaller, with a larger
bias for period 2 (2.3± 0.9 K versus 1.3± 0.4 K in period 1).
Similar behaviour to the other comparisons was observed for

the standard deviation, with larger values during period 1
than during period 2. The mean values for the whole alti-
tude range were 2.9± 0.3 K for period 1 and 2.5± 0.2 K for
period 2. Seasonal behaviour is observed in the bias and stan-
dard deviation for both periods. The seasonal biases showed
a vertical oscillation with different tendencies for both peri-
ods in the lower and upper part of the stratosphere. For the
lower part (28–35 km) the mean biases for period 1 (period 2)
were 3.2± 1.1 K (−0.7± 0.4 K) in winter and 1.9± 1.5 K
(−2.1± 0.3 K) in summer. In the upper part (35–50 km), a
general positive bias was observed between TEMPERA and
the lidar, where the mean biases for period 1 (period 2)
were 2.2± 0.6 K (2.9± 1.1 K) in winter and −0.3± 0.3 K
(1.1± 0.9 K) in summer. The standard deviations showed
larger values in winter for both periods than in summer. The
highest standard deviations were again observed in the winter
of period 1. The mean standard deviations in the whole col-
umn for period 1 (period 2) were 3.1± 0.4 K (2.6± 0.3 K) in
winter and 2.0± 0.3 K (1.7± 0.4 K) in summer.

4.4 Comparison with SD-WACCM

A first validation of the stratospheric temperature from SD-
WACCM (Whole Atmosphere Community Climate Model
with Specified Dynamics) has also been carried out in this
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Figure 13. Mean temperature deviation between TEMPERA and lidar. A total of 192 profiles were compared (Period 1: 117 profiles, dashed
lines; Period 2: 75 profiles, solid lines). The mean bias and the standard deviations for each period are represented by black lines. The winter
season is indicated by blue lines while the summer is indicated by red lines (Winter1: 73 profiles; Summer1: 44 profiles; Winter2: 49 profiles
Summer2: 26).

study. SD-WACCM is the whole-atmosphere component of
CESM (Community Earth System Model) (Kunz et al., 2011;
Lamarque et al., 2012). CESM is a coupled climate model,
which means that it consists of separate models for differ-
ent parts of the climate system, which interact via the cou-
pler module. There are models for ocean, atmosphere, land,
sea ice, land ice and rivers. CESM allows us to combine the
above models into a component set for the simulation.

The specified dynamics (SD) used in these simulations
mean that the model is nudged by meteorological analysis
fields by 10 % at every internal time step up to an altitude
of 50 km. This means that 90 % of the model and 10 % of
the nudging data are taken. The fields that are nudged are
temperature, horizontal winds, surface wind stress, surface
pressure and heat fluxes from the surface. The nudging data
are from the Goddard Earth Observing System version 5.0.1
(GEOS-5) Data Assimilation and are provided every 6 h; in
between the data are interpolated.

The altitude range for SD-WACCM is from ground to
140 km a.s.l. The altitude resolution ranges from 0.5 to 4 km
(with lower resolution at higher levels) and with a total of
88 layers in the whole atmosphere. The grid resolution is
1.9◦ latitude by 2.5◦ longitude.

The stratospheric temperatures from SD-WACCM have
been compared with the almost continuous stratospheric tem-
perature profiles measured by the TEMPERA radiometer for
the period from January 2014 to April 2016. A total of 6868
profiles were selected for comparison under all weather con-
ditions except rainy conditions. Figure 14 shows the strato-
spheric temperature evolution along this period for TEM-

PERA and WACCM. Good agreement is observed in gen-
eral between both temperature sets. We can observe that
the temperature from the model follows the same pattern as
TEMPERA, with the same annual cycle and detecting the
same structures in time and also in altitude. Note the good
agreement observed during winters, where strong increases
in temperatures are produced for short periods and can be
observed in both data sets. The differences between TEM-
PERA and WACCM are more evident above 50 km a.s.l., but
above this altitude the measurement response for TEMPERA
is low (lower than 0.6) since the weight of the measurements
is small and so it should not be considered in the comparison.

The temperature profiles from SD-WACCM have been in-
terpolated and convolved as described in Sect. 3 to allow
comparison with those from TEMPERA. Figure 15 shows
the evolution of the temperature at three altitude levels and
the differences between both (TEMPERA–WACCM). The
good agreement observed from these plots is particularly
shown by the low temperature deviation values (lower than
5 K most of the time) and the large correlation coefficient
(larger than 0.92). Despite this good agreement, we also find
some periods with larger discrepancies between the mea-
surements and the model, especially during winter, most
markedly in winter 2015. Note that the statistics shown in
this section are particularly robust, since almost 7000 pairs
of temperature profiles are compared.

We have also calculated the bias and the standard devia-
tion for this comparison between the TEMPERA radiometer
and the WACCM model (Fig. 16). It is again very obvious
from these statistics that there is a strong change in the bi-
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Figure 14. Stratospheric temperature from TEMPERA radiometer (a) and WACCM model (b).
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Figure 15. Stratospheric temperature evolution from TEMPERA and WACCM. Different background colours are used to distinguish between
period 1 and 2 (grey and light brown, respectively).

ases between periods 1 and 2, with a very different tendency
in the lower stratosphere than in the upper. The mean biases
for the lower part (20–35 km) were 1.4± 1.1 K for period 1
and −1.0± 1.3 K for period 2, whilst the mean biases for

the upper stratosphere (35–50 km) were 1.0± 0.7 K for pe-
riod 1 and 1.7± 1.1 K for period 2. The seasonal behaviour
observed in the biases was almost negligible for both periods.
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Figure 16. Mean temperature deviation between TEMPERA and the WACCM model. A total of 6868 profiles have been compared (Period
1: 4339 profiles, dashed lines; Period 2: 2529 profiles, solid lines). The mean and the standard deviations for each period are represented by
black lines. The winter season is indicated by blue lines while the summer is indicated by red lines (Winter1: 2361 profiles; Summer1: 1978
profiles; Winter2: 1473 profiles Summer2: 1056).

From the standard deviation figure (Fig. 16, right) we can
observe that much larger values are obtained for period 1,
with a mean value in the whole column of 2.9± 0.6 K and a
maximum standard deviation of 3.8 K at 29 km. These large
standard deviations observed during period 1 are strongly in-
fluenced by the large values observed during winter (blue
dashed line), when a maximum mean standard deviation of
4.7 K at 29 km was reached. The rest of the standard devia-
tion profiles show very similar values between them, increas-
ing slightly in the lower part (up to 30 km), and keeping close
to constant values above this altitude. The smallest values are
found in summer with a mean bias in the whole column of
1.8± 0.4 K for period 1 and 1.5± 0.3 K for period 2.

4.5 All measurements and model versus TEMPERA

In order to summarize the intercomparison carried out be-
tween TEMPERA and the different measurement techniques
and model we have plotted the biases and the standard de-
viations for all the comparisons together (Fig. 17). Because
we are interested in evaluating the accuracy and precision of
TEMPERA radiometer against other measurements in this
study we have only displayed in Fig. 17 the biases and the
standard deviations obtained for the summer season, since
it is less affected by atmospheric variability than the winter
measurements.

The mean bias plot (Fig. 17, left) shows a clear change of
biases between TEMPERA and all the other measurements
between the first (dashed lines) and the second (solid lines)
period (before and after the repair of the FFT spectrome-

ter’s attenuator). We can observe that there is a persistent
vertical oscillation for all the profiles in both periods, caus-
ing a different behaviour of the biases in the lower and up-
per stratosphere. This oscillation has an amplitude of around
2 K and a periodicity of roughly 20 km. Similar behaviour
was observed for the MLS measurements when they were
compared with different sources (Schwartz et al., 2008). The
change of tendency in the bias between both periods is more
evident in the lower stratosphere (below 35 km), where we
can observe that for almost all the altitude levels the biases
change from positive to negative in all the comparisons. An-
other remarkable point is the consistency between the differ-
ent biases in each period, showing small differences between
them (below 1 K) for most of the altitudes, especially for pe-
riod 2. For period 1, the maximum deviation was found at
28.5 km, with a maximum value of 3.6 K for the compari-
son with the MLS satellite. Below this altitude, an almost
identical bias between the comparison with RS and WACCM
model is found. In the upper stratosphere the biases were be-
tween −0.6 K and 1.5 K, and the smallest bias was found in
the lidar comparison. For period 2 the values of the different
biases ranged between −2.4 K (at 32 km) and a maximum
positive bias of 2.9 K (at 43 km), the latter being found with
the comparison with WACCM. As already mentioned, the
differences between the different comparisons for period 2
were smaller than for period 1, showing consistency between
the RS, MLS, lidar measurements and also WACCM simula-
tions.
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Figure 17. Mean and standard temperature deviations between the TEMPERA radiometer and the measurements from the different instru-
ments and WACCM.

Figure 17 (right) shows the standard deviations of the
differences between TEMPERA and the different measure-
ments and model. In general, there was a reduction in the
standard deviations for all the comparisons in period 2, in-
dicating that the precision of TEMPERA improved after the
attenuator was repaired. Next, we focus our discussion on
period 2, when we consider that TEMPERA was operating
optimally. For this period, we observe that standard devi-
ations were always lower than 2.2 K, with this maximum
value being reached at 45 km in the comparison with the li-
dar. The lowest standard deviation in the lower stratosphere
(< 35 km) was found for the comparison with RS, with the
mean value in this range being 1.3± 0.1 K. The highest stan-
dard deviations in the lower stratosphere were found in the
comparison with MLS (1.3± 0.1 K). These results evidence
a better precision from the TEMPERA radiometer when it is
compared with the in situ reference technique of RS in the
lower stratosphere. This result makes sense, because RS is
the technique with the lowest errors (0.2 K for temperature)
and the comparison between TEMPERA and RS is the one
that should present lower atmospheric variability between
both measurements since the RS are launched from the same
location where TEMPERA is operated.

In the middle stratosphere (between 30 and 40 km) the
lowest standard deviations were found for the comparison
with lidar with a mean value of 1.4± 0.2 K. However, above
this altitude (40 km) the standard deviation with respect to
lidar is the largest (2.2± 0.3 K). In this upper part the low-

est standard deviations were found for the comparison with
MLS and WACCM. A common pattern observed in all the
comparisons is that the standard deviations decrease slightly
with altitude in the last kilometres of the stratosphere. This
behaviour is due to a greater weight of the a priori tempera-
ture profile used in the TEMPERA retrievals and also to the
convolved profiles at these altitudes since the measurement
response presents lower values for high altitudes (around 0.6
at 48 km).

Table 1 presents the different biases and standard devia-
tions obtained in the lower and upper stratosphere for all the
comparisons during summertime in period 2. These values
are the most representative way of characterizing the accu-
racy and precision of the TEMPERA radiometer since they
correspond to the period when TEMPERA was running with
the repaired attenuator (period 2) and also when the measure-
ments were least affected by atmospheric variability (sum-
mertime).

We end by highlighting the consistency found between the
standard deviations of the different comparisons and the ob-
servation errors of the TEMPERA retrievals. As mentioned
in Sect. 3.1, the OEM also estimates the observation, smooth-
ing and total errors of the TEMPERA inversions (Fig. 4e).
The standard deviations found in the different comparisons
are partly related to the observation error of TEMPERA but
also to the errors associated with the other measurements and
the atmospheric mismatches. If we assume that the random
errors in TEMPERA (D1), in the other instruments (D2) and
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Table 1. Range of biases and standard deviations of the TEMPERA radiometer when compared with RS, MLS, lidar and WACCM measure-
ments/model results.

MWR–RS MWR–MLS MWR–lidar MWR–WACCM

Lower strat. Bias −1.3± 1.1 −1.0± 1.0 −1.1± 1.3 −1.0± 1.3
(20–35 km) SD 1.3± 0.1 1.8± 0.3 1.1± 0.2 1.5± 0.3

Upper strat. Bias 1.5± 0.9 1.1± 0.9 1.9± 1.1
(35–50 km) SD 1.7± 0.5 1.9± 0.3 1.6± 0.3

in the atmospheric mismatching (D3) are independent, then
the observed standard deviation (DT) should be given by
DT2
= DT12

+DT22
+DT32. For example, if we consider the

observation error of TEMPERA provided by OEM (0.8 K),
the errors for the lidar (0.7 K) and the mean observed stan-
dard deviation for the comparison between TEMPERA and
the lidar (1.1 K), we would conclude that the errors associ-
ated with atmospheric mismatches should be 0.3 K, which is
a realistic value and shows the consistency between the ob-
served standard deviations and the observation errors of the
different measurements.

5 Conclusions

Nearly 3 years of measurements of stratospheric temperature
profiles from a relatively new ground-based microwave ra-
diometer (TEMPERA) have been intercompared with those
from different measurement techniques: RS, MLS satellite
and Rayleigh lidar and also from the SD-WACCM model.
TEMPERA measurements were carried out at the aerolog-
ical station of MeteoSwiss in Payerne from January 2014
to September 2016. Ground-based microwave measurements
offer the advantages that they can provide unattended con-
tinuous measurements of temperature profiles in almost all
weather conditions with a reasonably good spatial and tem-
poral resolution. The stratospheric temperature profiles (from
20 to 50 km) were obtained from TEMPERA measure-
ments using OEM by means of the radiative transfer model
ARTS/QPack. All the profiles from the other techniques (RS,
MLS and lidar) and from the WACCM model were interpo-
lated to the TEMPERA pressure grid and then convolved us-
ing the AVK of this radiometer in order to be compared with
the profiles from TEMPERA.

The temperature evolutions measured at different altitudes
by TEMPERA and the other techniques, as well as the model,
showed in general a very good agreement with a high cor-
relation (always larger than 0.9) between the data sets. The
stratospheric temperature evolutions showed a larger vari-
ability during wintertime and also evidenced larger discrep-
ancies between the TEMPERA and the other data sets during
those periods. A small step in the temperature deviations was
observed in July 2015 for the different comparisons, which
was related to the repair of an attenuator in the FFT spec-

trometer of TEMPERA. This repair caused a small change in
the measured brightness temperature from TEMPERA and
therefore in the retrieved temperature profile. For this reason,
and in order to take into account the instrument modification
and characterize possible changes in the accuracy and pre-
cision of the TEMPERA radiometer, the statistical analysis
was carried out over two different measurement periods (be-
fore and after the modification). In addition, a seasonal dis-
tinction (winter and summer) was considered in the statistics
to take into account the larger atmospheric variability that
can be observed during wintertime and which could produce
larger deviations between the instruments due to the atmo-
spheric conditions.

The accuracy and the precision of the TEMPERA ra-
diometer has been evaluated by means of the bias relative to
other measurement techniques and model output (RS, MLS,
lidar and WACCM), as well as the standard deviation of
the difference between the measurements. The stratospheric
temperature comparison between TEMPERA and the other
data sets showed a clear change in the biases between peri-
ods 1 and 2 (before and after the repair of the attenuator) in all
the statistics. For the lower stratosphere (20–35 km), the bi-
ases changed from positive values in period 1 to negative val-
ues in period 2. The smallest mean deviations were observed
in the comparison with RS, with values always lower than
±2.5 K. The largest biases were observed for the compar-
isons with MLS and the Rayleigh lidar reaching maximum
deviations of around +4.5 K at some altitudes in period 2. In
general, the biases were smaller and negative for all the com-
parisons during period 2, indicating a slight underestimation
of the temperature by TEMPERA radiometer in that period.

In the upper part of the stratosphere (above 35 km) the dif-
ferences between both periods were not so evident, and gen-
erally positive biases were observed in both periods for all
the comparisons. The deviations in this upper part were al-
ways less than 4.5 K. Note that only weak seasonal behaviour
was observed for the biases in the comparisons with RS and
WACCM, whereas it was more pronounced for the compari-
son with MLS and the lidar, especially in period 1.

The standard deviations obtained from the different statis-
tics showed very different results in the two periods. Larger
values were observed for all the comparisons in period 1
than in period 2, indicating that the precision of TEMPERA
radiometer improved after the repair of the spectrometer’s
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attenuator. The standard deviations were especially high in
winter during period 1, reaching maximum values of around
4.5 K for the comparison with RS (at 28 km) and MLS
(28 km and 41 km). In period 2 the standard deviations dur-
ing winter were also larger than in summer, but with smaller
differences (except for the lidar in the lower part of the strato-
sphere). These results confirmed the larger atmospheric vari-
ability that can be found during winter, and which produces
a lower agreement in the temperature measurements between
the different instruments, especially when the horizontal dis-
tance between them is large.

Finally, the accuracy and the precision of the TEMPERA
radiometer have been characterized by means of the bias
relative to the different measurement and model values, as
well as by the standard deviations of temperature differences
between TEMPERA and the other values. All of this was
done during period 2 (instrument in optimal conditions) and
in summer (less affected by atmospheric variability). These
statistics in the lower stratosphere (below 35 km) showed
mean biases ranging between 1.0 and 1.3 K (max. for RS
and min. for MLS) and mean standard deviations that ranged
between 1.1 and 1.8 K (max. for MLS and min. for lidar),
while in the upper stratosphere (above 35 km) the mean bi-
ases ranged between 1.1 and 1.9 K (max. for WACCM and
min. for lidar) and the mean standard deviations ranged be-
tween 1.6 and 1.9 K (min. for WACCM and max. for lidar).
The standard deviations observed in the different compar-
isons were consistent with the observation errors that are ex-
pected from the different instruments, indicating that it is a
good measure of the instrument errors.

From all these intercomparisons we can conclude that the
TEMPERA radiometer performed well at determining tem-
peratures in the stratosphere. Continuous TEMPERA mea-
surements will in the future make it possible to carry out tem-
perature trend analyses, which are an important component
of global change. These trends can provide evidence of the
roles of natural and anthropogenic climate change mecha-
nisms. Stratospheric temperature changes are also crucial for
understanding stratospheric ozone variability and trends, in-
cluding predicting future changes. In addition, measurements
with a high temporal resolution in a fixed location will make
it possible to characterize the local thermodynamics, which
can be especially interesting during winter.
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