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Summary

This thesis is concerned with ozone measurements in the middle atmosphere over Switzerland.
Its main focus is the time series measured by two ground-based microwave radiometers located
in Switzerland: The GROund-based Millimeter-wave Ozone Spectrometer (GROMOS) in Bern
(46.95◦ N, 7.44◦ E, 560 m) and the Stratospheric Ozone MOnitoring RAdiometer (SOMORA)
in Payerne (46.82◦ N, 6.94◦ E, 491 m). These two instruments have measured hourly ozone
profiles in the middle atmosphere (20−75 km) for over two decades. As anomalous time periods
and inconsistencies in the long-term trends derived from these two instruments were detected, a
harmonization project was initiated in 2019. The goal was to fully harmonize the calibration and
retrieval routines of GROMOS and SOMORA to better understand and reduce the discrepancies
between the two data records. This dissertation presents in detail this harmonization work, the
resulting time series and the recent research work done with the harmonized series.

Chapter 1 introduces middle-atmospheric ozone, the quantity of interest of this thesis. In
particular, the research background is explained, and the aims and expected impacts of this
dissertation are listed.

Chapter 2 lays the basis of passive microwave ground-based radiometry, the ozone measure-
ment technique used throughout this thesis.

The harmonization project between GROMOS and SOMORA is described in Chapter 3. It
has been completed for the data from the two instruments from 2009 until 2022 and has been
successful at reducing the discrepancies previously observed between the two time series. In the
stratosphere and lower mesosphere, the seasonal ozone relative differences between the two in-
struments are now within 10% and show good correlations (R > 0.7), except during summertime.
The new time series were validated against satellite measurements from the Microwave Limb
Sounder (MLS) and from the Solar Backscatter Ultraviolet Radiometer (SBUV) over Switzer-
land. Seasonal mean differences with MLS and SBUV are within 10% in the stratosphere and
lower mesosphere up to 60 km and increase rapidly above.

The careful harmonization of the processing algorithms explains some of the remaining differ-
ences between the two instruments and enables to flag their respective anomalous measurement
periods to adapt their consideration in future trend studies. These results are shown in a first
peer-reviewed publication reproduced in Chapter 4.

The harmonized calibration and retrieval algorithms have also been applied to the GROMOS
data from 1994 to 2009. With a simple homogenization procedure, the time series of GROMOS
now extends from 1994 to 2023 and are ready to compute new strato–mesospheric ozone trends.
The harmonization of SOMORA data before 2009 is ongoing.

During my thesis, I also investigated a spectral bias affecting the Acqiris AC240 digital
spectrometer, widely used in the field of microwave remote sensing and notably as back-end in
GROMOS and SOMORA. A negative bias of ∼ 10% was found on the ozone profile retrieved
from the AC240 compared to other, more recent digital spectrometers. The bias origin remains
unclear, but it can be accounted for by a simple correction scheme. These investigations and
results are reproduced in the form of a second peer-reviewed publication in Chapter 5.
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At last, I investigated the ozone diurnal cycle in the middle atmosphere above Switzerland.
Specifically, I updated the previous observations of the ozone diurnal cycle derived from GRO-
MOS measurements, which had some discrepancies against model data. The strato–mesospheric
ozone diurnal cycle is now in better agreement with SOMORA and with different model datasets.
Also, I show the first observations of short-term variability of the ozone diurnal cycle. Chapter 6
presents the investigation of the ozone diurnal cycle and its variability over Switzerland in the
form of the third and last peer-reviewed publication of this dissertation.

Finally, Chapter 7 presents the conclusions of this thesis and offers an outlook on ongoing
and future work done on ozone microwave remote sensing in Switzerland.
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1 Ozone in the middle atmosphere

1.1 Introduction
In a time of unprecedented human induced climate change, the monitoring of our environment
and notably our atmosphere must remain a priority. Measurements of atmospheric trace gases
make it possible to identify, understand, and validate the causes and consequences of many
atmospheric phenomena. In addition, measurements are key to accurately predict the future
state of the atmosphere and are therefore a starting point to take political actions for the future
of our planet.

The earth’s atmosphere is often subdivided in different layers based on the vertical temper-
ature profile. Typical temperature profiles from the surface up to ∼ 90 km altitude can be seen
in Fig. 1.1. The lowest layer, from the surface to the tropopause, is called the troposphere and is
characterized by a nearly steady negative temperature gradient. It is where nearly all weather
phenomena occur and where most aerosols and water can be found. Above the troposphere starts
the stratosphere where the absorption of ultraviolet (UV) radiation from ozone (O3) generates
a positive temperature gradient up to the stratopause. The positive temperature gradient in the
stratosphere results in a strongly stratified layer which largely limits the vertical mixing. The
extremely cold tropopause temperatures (as low as −80◦ C) remove most of the water vapour
reaching the tropopause and makes the stratosphere a very dry place. Above the stratosphere is
found the mesosphere, where the temperature starts decreasing again. This layer is where most
meteors end up and where the highest clouds can be found, the so-called noctilucent clouds.
The mesosphere ends at the mesopause, which also marks the end of the homosphere, where all
atmospheric gases can be considered well mixed. Beyond this point is found the thermosphere,
where stratification by molecular mass and ionization starts to dominate. This is the layer where
auroras take place.

The middle atmosphere covers the region located between ∼ 15 and 90 km above the earth’
surface. It is comprised of the stratosphere and the mesosphere and contains ∼ 20 % of the total
air mass. The stratosphere and the mesosphere can be further divided into different sub-layers
which are defined in Table 1.1 and will be used throughout this dissertation. Although the
stratosphere contains only a small quantity of all atmospheric molecules, it contains ∼ 90 % of
atmospheric ozone molecules (Wallace and Hobbs, 2006).

Ozone is an essential climate variable (ECV) as defined by the World Meteorological Orga-
nization (WMO) and, despite being a minor constituent of our earth’s atmosphere (< 0.0001%),
it plays a key role in the thermal budget of the stratosphere. By absorbing the high energetic
electromagnetic solar radiation (virtually all UV-c and most UV-b), ozone shields our planet
from these harmful radiations, consequently allowing life on Earth. It is mostly found in the
lower stratosphere between ∼ 15 to 25 km, a region often referred to as the ozone layer.

In the second half of the 20th century, it was found that anthropogenic emissions of ozone
depleting substance (ODS) such as chlorofluorocarbons (CFCs) were threatening the ozone layer
(Molina and Rowland, 1974; Crutzen, 1970; Farman et al., 1985; S. Solomon et al., 1986). In
fact severe depletion of the ozone layer was observed globally since the 1980s, particularly in the
springtime over the Antarctic (S. Solomon, 1999). Given the amplitude of the ozone depletion,
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Figure 1.1: Mean seasonal temperature (a) and ozone (b) profiles over Bern,
Switzerland during the boreal winter and summertime. The ozone data are the
measurements from GROMOS, and the temperature are the ones used for the

retrievals (see Section 3.2.2).

a large majority of governments worldwide decided to largely ban the production, consumption,
and emission of CFCs and other ODS in Montreal in 1987. The resulting Montreal protocol
on Substances that Deplete the Ozone Layer and its following amendments remain one of the
few success stories of international cooperation, and it avoided dramatic depletion of the ozone
layer by the end of the 21st century (Newman et al., 2009). Instead, ozone abundances are now
expected to recover towards pre-1980 levels during the 21st century and the avoided emissions
of CFCs, which are strong greenhouse gases (GHGs), have contributed to significantly reduce
the radiative forcing of climate (Velders et al., 2007).

Ozone plays a key role in the stratosphere as it is responsible for the thermal inversion seen
above the tropopause (see Fig. 1.1). In fact, the set of photochemical equations governing the
abundance of ozone in this layer are exothermic as will be explained in Section 1.2. In addition,
their dependency on the availability of sunlight induces a strong diurnal cycle in the thermal
forcing of the middle atmosphere, which is also one of the main sources for upper atmospheric
tides. The assimilation of ozone data is also important for numerical weather predictions, e.g.,
for the constraints it provides on incoming UV radiation or on stratospheric constituents (Lahoz
et al., 2007). On the other hand, ozone is a powerful GHG and is highly toxic to human health if
inhaled. In the troposphere ozone originates from (photo-)chemical reactions between different
air pollutants (e.g. car exhaust) and mostly affect cities during warm periods. Whether in the
troposphere or in the stratosphere, ozone is a very reactive gas which is subject to natural and
anthropogenic influences, leading to strong variations of its abundance with time. Therefore, it

2



1.2. Photochemistry

Table 1.1: Definition of the pressure ranges and corresponding altitudes used in
this dissertation.

Region Pressure range [hPa] Altitudes [km]

Upper mesosphere 0.1 − 0.01 ∼ 65 − 80
Lower mesosphere 0.9 − 0.1 ∼ 50 − 65
Upper stratosphere 5 − 1 ∼ 38 − 50
Mid-stratosphere 10 − 5 ∼ 32 − 38
Lower stratosphere 50 − 10 ∼ 22 − 32
Lowermost stratosphere ∼ 200 − 50 ∼ 15 − 22

is important to monitor its spatio-temporal evolution, from the very local, diurnal variations to
the global, multi-decadal trends.

This chapter provides a general introduction to the topic of this dissertation, namely ozone
observations in the middle atmosphere. Section 1.2 presents the main photochemical reactions
governing the abundance of ozone and its temporal evolution and oscillations. Notably the
diurnal variations of middle-atmospheric ozone are introduced in Section 1.3. Section 1.4 lays
the theoretical background to understand the geographical distribution and dynamics of ozone in
the middle atmosphere, with a focus on the mid-latitudes, region of interest of this dissertation.
Section 1.5 provides a basic introduction on the measurement techniques used to monitor ozone
in the middle atmosphere and their associated challenges. Section 1.6 introduces the ground-
based radiometric measurements performed in Switzerland, which is the main focus of this
dissertation. Last, Section 1.7 summarizes the aims and the expected impacts of this work.

1.2 Photochemistry

Ozone (photo-)chemistry in the middle atmosphere is complex, strongly temperature dependent
and involves many other chemical species. The chemical equations governing the abundance of
ozone in the middle atmosphere can be separated into two distinct families: the pure oxygen
cycle and the catalytic depletion cycles. Here I only give a basic introduction to the main
reactions involving ozone, for more details on stratospheric chemistry please refer to Chapter 5
of Brasseur and S. Solomon, 2005.

The set of pure oxygen photochemical reactions leading to the production and destruction
of ozone were first described by Chapman, 1930, and they are commonly referred to as the
Chapman cycle. Together with catalytic depletion cycles involving various species (NOy, Cly,
HOy, ...), they drive the abundance of ozone in the middle atmosphere at multiple time scales.
The pure oxygen cycle is a set of chemical equation describing the interaction between solar
radiation, molecular oxygen (O2) and the odd-oxygen family (Ox), composed of oxygen atom
(O) and ozone (O3). They are usually expressed as:

O2 + hν −−→ O + O (1.1)
O + O2 + M −−→ O3 + M (1.2)

O3 + hν −−→ O2 + O (1.3)
O3 + O −−→ O2 + O2 (1.4)

3



1.3. Diurnal cycle

where M is an inert collision partner and can be any atom or molecule. Eq. 1.1 is a slow source
for odd oxygen. It requires solar UV radiation with wavelength lower than 242 nm (UV-c) to
break apart an O2 molecule into two O atoms. Eq. 1.2 is the only known equation to form
O3 in the atmosphere (Brasseur and S. Solomon, 2005). Eq. 1.2 and Eq. 1.3 form a fast cycle
continuously destroying and reforming O3 the middle atmosphere. The net result of these two
equations is the conversion of solar energy to kinetic energy resulting in a heating effect and
explaining the rise of temperature with height in the stratosphere. Eq. 1.3 also requires solar UV
radiation. The photodissociation of O3 produces an O2 molecule and an O atom. Depending on
the wavelength, it will produce either O(3P) (λ > 320 nm) or O(1D) (λ < 320 nm), two different
states of the O atom. Finally, Eq. 1.4 is a slow sink for ozone and atomic oxygen, referred to as
a cannibalistic reaction. This reaction is strongly temperature dependent and is more efficient
at higher temperatures.

In the second part of the 20th century, it was discovered that the Chapman cycle overesti-
mates the abundance of ozone in the stratosphere. Therefore, additional sinks for ozone were
suggested to explain the observed ozone abundance. It included influences from various oxides,
notably of hydrogen (HOx , Bates and Nicolet, 1950), nitrogen (NOx , Crutzen, 1970), or chlorine
(ClOx , Stolarski and Cicerone, 1974). Depending on the altitude, all these chemicals were found
to destroy ozone by activating catalytic depletion cycles according to the following reactions:

X + O3 −−→ XO + O2 (1.5)
XO + O −−→ X + O2 (1.6)

O + O3 −−→ 2 O2 (Net) (1.7)

where X can be any chemical component acting as a catalyst for ozone destruction, i.e., H, OH,
NO, Cl or Br (Brasseur and S. Solomon, 2005).

In practice, the combination of the Chapman and catalytic cycle results in a lifetime of
the Ox family which is strongly dependent on the altitude, season, or time of the day, which
explains the typical vertical distribution of ozone shown in Fig. 1.1. To summarize, ozone in the
lower stratosphere experienced long lifetime (weeks to year) whereas the lifetime is much shorter
in the upper stratosphere and mesosphere (hours to days). Therefore, it is usually considered
that ozone abundance in the lower stratosphere is dynamically controlled whereas the upper
stratosphere and lower mesosphere are closer to photochemical equilibrium (see e.g., Garcia and
S. Solomon, 1985; Sakazaki et al., 2013).

1.3 Diurnal cycle
The strong dependence of ozone to the sun’s radiation implies that the ozone abundance can
vary significantly over a day. These changes are often referred to as diurnal variations or as the
ozone diurnal cycle. Depending on the geographic location and altitude region, ozone varies very
differently as a function of the local solar time (LST). In this section I introduce the middle-
atmospheric ozone diurnal cycle, focusing on the mid-latitudes, as this is the region of interest
of this dissertation (for insight on polar or tropical regions, see Schranz et al., 2018 or Parrish
et al., 2014)

In the mesosphere, the importance of the ozone diurnal cycle has been recognized early us-
ing photochemical models and from early measurements (e.g., Herman, 1979; Prather, 1981;
Vaughan, 1982; Pallister and Tuck, 1983; Zommerfelds et al., 1989). Its main patterns are well
known and have been successfully observed and modelled, namely a dramatic ozone depletion
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1.4. Spatio-temporal distribution and dynamics

during daytime (reaching nearly complete depletion in the upper mesosphere), when the Chap-
man cycle is dominated by Eq. 1.3. During the night time, photodissociation stops and ozone
is replenished by Eq. 1.2 (Connor et al., 1994; Ricaud et al., 1991; Huang et al., 1997).

Whereas the diurnal cycle signal is quite strong in the mesosphere, it is much weaker in the
stratosphere, especially during the wintertime. Models predict a small dip of ozone after sunrise,
followed by an accumulation of ozone during daytime and peaking in the afternoon (overall up
to 5% diurnal variation at 5 hPa in summer). Nevertheless, even the small stratospheric diurnal
cycle needs to be considered when comparing ozone measurement from different observing system
or taken at different time of the day (Bhartia et al., 2013; Maillard Barras et al., 2020). This
is especially true for satellite time series homogenization as many ozone observing satellites of
the past have an orbit drift in LST (e.g. the NASA Solar Backscatter Ultraviolet Radiometer
(SBUV), McPeters et al., 2013). In the context of remaining uncertainties on the post-2000 lower
stratospheric ozone trends, there has been recently a renewed interest to better characterize the
ozone diurnal cycle globally and provide scaling factor to account for it in intercomparison
studies or for the creation of merged ozone dataset (Frith et al., 2020; Schanz et al., 2021;
Strode et al., 2022).

To validate these new model-based datasets, observations are needed but they remain ex-
tremely sparse and challenging, notably because many ozone observing satellites are sun syn-
chronous, measuring two profiles per day. Also, many ground-based ozone measurements tech-
niques rely on the sun as a source of radiation. Using microwave ground-based radiometers, the
stratospheric diurnal cycle has been successfully observed at multiple locations (Haefele et al.,
2008; Parrish et al., 2014; Studer et al., 2014). However, Parrish et al., 2014 report remaining
discrepancies between models and observations in the upper stratosphere and around sunrise.

1.4 Spatio-temporal distribution and dynamics
The production of ozone in the middle atmosphere originates from the oxygen cycle presented
in Section 1.2. It is largest in the tropics where the sun’s energy is the highest. Whereas the
production is highest in the tropics, the actual distribution of ozone around the globe varies
significantly in space and time. One reason for these variations are the photochemical processes
affecting ozone in the middle atmosphere — which are strongly dependent on the atmospheric
composition, sun’s radiation and temperature — whereas the remaining variations are due to
large scale transport of odd oxygen.

The tropical upper stratosphere is where we found the higher ozone volume mixing ratios
(VMRs), however, higher total column ozone (TCO) values1 are found near the pole as can
be seen from Fig. 1.2. This situation is due to the so-called Brewer-Dobson circulation (BDC)
named after the two scientists who discovered it in the 20th century (Brewer, 1949; Dobson,
1956). The BDC is a middle atmospheric global circulation patterns which transport ozone-rich
air from its source region in the tropics to higher latitudes. It consists of a rising branch at the
equator, a meridional circulation towards the poles — larger in the winter hemisphere — and
a descending branch above the mid- to high latitudes. An illustration of the BDC is shown in

1The abundance of ozone in the atmosphere is expressed with different units depending on the studies or the
measurement techniques. The TCO is measured in Dobson Unit (DU), from the name of G. M. B. Dobson, a
British physicist and meteorologist who contributed significantly to the early ozone research in the first part of
the 20th century. 1 DU is a vertically integrated quantity corresponding to the thickness of a pure ozone layer of
0.01 mm at standard surface pressure and temperature. For ozone vertical profiles in the atmosphere, three other
quantities of interest emerge: the ozone partial pressure expressed in pressure units (e.g., Pa or mbar), the ozone
number density (in molecules cm−3) and the mixing ratio, either expressed with respect to mass or volume, often
in ppm or in ppb. Most remote sensing techniques report ozone mixing ratios, usually in volume, whereas in-situ
measurements tend to report the number density or the partial pressure of ozone. One can convert from one to
the other at the condition to know about the atmospheric pressure and temperature. In this dissertation, the
abundance of ozone will be expressed as VMR in ppmv except otherwise noted.
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1.4. Spatio-temporal distribution and dynamics

Figure 1.2: Global distribution of total column ozone, Figure Q3-1 from Salaw-
itch, R. J. (Lead Author) et al., 2023.

Fig. 1.3 for the summer and winter solstices. The ozone transport through the seasonally varying
BDC results in a seasonal dependence of ozone in the mid-latitudes and the polar regions. Its
effect can be seen in Fig. 1.2 in the early boreal spring, where TCO values reach a maximum
after the stronger transport from the winter branch of the BDC. This is not true in the southern
hemisphere, where the lowest TCO values are found in September or October above Antarctica:
this is the infamous ozone hole.

The ozone hole is caused by strong chemical ozone depletion associated with anthropogenic
emissions of halogen source gases, in particular CFCs, a family of powerful ODSs containing
carbon, hydrogen, chlorine, and fluorine. CFCs are quite stable molecules that have long enough
lifetime to make it to the stratosphere and be transported by large scale motions like the BDC.
In the stratosphere, CFCs get photodissociated and converted to so-called reservoir species,
typically ClONO2 or HCl. The austral winter is characterized by a strong stratospheric polar
vortex, a low-pressure system centred above the south pole. The polar vortex isolates the polar
stratosphere from the mid-latitudes, largely preventing the mixing of air in and out of the
vortex and resulting in extremely cold temperatures which can lead to the formation of polar
stratospheric clouds (PSCs). In the 1980s, it was discovered that the surface of PSCs triggers
heterogeneous chemical reactions with reservoirs species such as ClONO2 and HCl, releasing
large amount of reactive chlorine, mainly ClO in the polar stratosphere. In late winter, when
the sun comes back over the southern polar region, large abundance of ClO dissociate into
Cl atoms or react with BrO to initiate strong catalytic ozone depletion cycles. These catalytic
reactions result in dramatic ozone depletion over a few weeks, and usually last until mid-October
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Figure 1.3: Schematic illustration of the BDC at solstices, taken from Arblaster,
J.M., and N.P Gillett (Lead Authors) et al., 2014. Shading indicates the ozone

abundance.

when the temperature rises again and put an end to the large formation of PSCs. Formally,
the ozone hole is defined as a region with TCO values less than 220 DU, values which were not
observed prior to 1979 (NASA, 2023).

In the northern hemisphere, strong ozone depletion is usually not observed because of higher
stratospheric temperatures and of a weaker polar vortex than in the southern hemisphere. On
one hand, the higher temperatures prevent the production of PSCs on a large scale, thus largely
reducing the heterogeneous chemical conversion of chlorine compounds to their active form. On
the other hand, the boreal winter is characterized by large amplitude planetary waves (also
known as Rossby waves). Due to the topology of the northern hemisphere, meridional trans-
port and planetary wave activity are larger than in the southern hemisphere, and thus more
prone to perturb or even break the northern polar vortex. These perturbations can result in a
weakening or sometimes a reversal of the stratospheric polar vortex winds leading to large-scale
subsidence of air in the vortex and to a sudden rise in stratospheric temperatures called a sudden
stratospheric warming (SSW) (up to 40 K in a few days, e.g., Shepherd, 2000). The breaking
of the polar vortex also mixes mid-latitude, ozone-rich air into the polar regions, reducing the
likelihood to form Arctic ozone holes. However, significant Arctic ozone depletion events also
happen and have been reported for the first time in 2011 (Manney et al., 2011) and recently in
2020, with new record-low ozone values observed (Manney et al., 2020).

1.4.1 Mid-latitude ozone

The abundance of ozone above Switzerland (Bern) has been shown to follow natural oscillations
on a wide range of time scale, from season to years (Calisesi et al., 2005a; Moreira et al.,
2016). Strong annual cycle of ozone VMR was identified with amplitude of ∼ 15% in the lower
stratosphere, peaking during spring–summer. It is the result of the wintertime ozone transport
from the tropics through the BDC. In the upper stratosphere, the annual cycle is reversed,
with lower VMRs during spring–summer. This reversal originates from the correlation of the
Chapman and catalytic cycles with temperature in this photochemically controlled region. Inter-
annual fluctuations have also been identified in the ozone time series above Bern, notably due to
the Quasi-Biennal Oscillation (QBO), El Niño-Southern Oscillation (ENSO) or to the 11 years
solar cycle (see Moreira et al., 2016 for more details). Aside these regular fluctuations, large
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1.4. Spatio-temporal distribution and dynamics

volcanic eruptions can also impact the ozone abundance, by injecting sulphate aerosols into the
stratosphere. The effects of volcanic eruption on stratospheric ozone depend on many parameters
(e.g., the aerosol content, the stratospheric temperature, or the chlorine concentration) but they
can be significant and last for months to years, e.g., after the Pinatubo eruption in 1991.

In addition, stratospheric ozone abundance has some short-term variability in the range of
a few hours to days, which are particularly strong during wintertime (Moreira et al., 2018).
These short-term variability during wintertime have been attributed to the meandering of the
stratospheric polar vortex and to the planetary-wave-driven meridional transport of polar or sub-
tropical air. Calisesi et al., 2001 showed that the meridional transport of ozone plays a dominant
role in some extreme events observed during wintertime. They also note that the photochemistry
acts to reduce the ozone changes due to meridional transport. Flury et al., 2009 observed strong
decrease of mid-latitude ozone abundance following the major SSW of February 2008. They
attributed the lower stratospheric ozone depletion to the transport of ozone-poor air from the
polar vortex and the strong upper stratospheric depletion to the increased efficiency of the
NOx cycle caused by the increased stratospheric temperature. A similar depletion was observed
during the major SSW from January 2010, when the stratospheric polar vortex overpassed Bern
(Scheiben et al., 2012). Using operational analysis data from the European Centre for Medium
Range Weather Forecasts (ECMWF), Fig. 1.4 shows an overview of the stratospheric situation
following the minor SSW of early January 2015 (Manney et al., 2015). This event was used
to investigate the short-term variability of the ozone diurnal cycle (Sauvageat et al., 2023) and
exemplify the sometimes complex patterns of stratospheric circulation. In the mesosphere, mid-
latitude gravity waves are assumed to induce short-term ozone fluctuations (Hocke et al., 2006).
There are also other factors contributing to ozone variability in the mid-latitudes, notably small
scale structure known as filament or streamer (Hocke et al., 2017).
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Figure 1.4: Overview of the northern hemisphere situation in the upper strato-
sphere (∼ 5 hPa) following the minor SSW of January 2015. The data are taken

from the operational analysis of the ECMWF.
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1.5. Measurement techniques

1.4.2 Trends

Ozone trends are a wide topic and I only give here a few facts about the past evolution and future
perspectives of strato–mesospheric ozone. The interested reader is directed to the comprehensive
review presented in Bernet, 2020.

Following the Montreal Protocol, the reduced ODS emissions have led to a decrease in
total chlorine concentration since 1997. Simultaneously, the increasing GHG concentrations
(especially of CO2 and CH4) are cooling the upper stratosphere (Anderson et al., 2000; P.
Solomon et al., 2006). The combination of both factors should in theory lead to an observable
recovery or even super recovery of stratospheric ozone concentration (Eyring et al., 2010).

Over the polar regions, the stratospheric ozone abundance has already begun to recover
towards pre-industrial levels (S. Solomon et al., 2016). Over the mid-latitudes, the situation is
less obvious, and ozone recovery seems to differ depending on the altitude and the geographical
area of interest (WMO, 2022; SPARC/IO3C/GAW, 2019; Tummon et al., 2015). In the middle
and upper stratosphere, the latest observations agree on a positive trend of ozone concentration
despite a high variability in its significance and magnitude (Steinbrecht et al., 2017; Bernet
et al., 2019; Godin-Beekmann et al., 2022). These variabilities and remaining uncertainties are
illustrated by Fig. 1.5. It shows quite clear recovery of upper stratospheric ozone since the year
2000 and a general good agreement between the models and the measurements in all latitude
bands. In contrast, no clear indication of ozone recovery has been reported yet in the lower(most)
stratosphere and some observational evidence of further decline in this region were even reported
(Ball et al., 2018; Godin-Beekmann et al., 2022). In a context of climate change, there remain
also many unknowns regarding the influence of long-term dynamics and composition changes
on middle-atmospheric ozone trends depending on the region (Gathen et al., 2021). On one
hand, an acceleration of the BDC is expected in the future, which might transport more ozone
from its tropical source region to higher latitudes (Butchart, 2014). Also, the cooling trends
due to increasing GHG concentrations seem (unfortunately) quite likely to persist in the future.
On the other hand, increase of N2O emission and short-lived halogens not regulated trough
the Montreal Protocol might slow down the recovery of ozone. Ravishankara et al., 2009 have
shown that surface emission of N2O might become the dominant ODS in the 21st century and
it has recently been shown that very short-lived halogens partly explain the continuous decline
of tropical lower stratospheric ozone (Villamayor et al., 2023). Also, the negative response of
ozone to increased stratospheric H2O (through the HOx depletion cycle) is of concern.

1.5 Measurement techniques
Given the importance of ozone in our atmosphere, it is key to monitor the spatio–temporal
evolution of this trace gas. In the stratosphere, ozone measurements are important to assess
the success of the Montreal Protocol and to reduce the remaining uncertainties on the future
evolution of middle-atmospheric ozone. This is the underlying objective of this dissertation,
which aims to improve the quality of long-term measurements of ozone in the middle atmosphere
over the mid-latitudes. In this section, I provide a succinct introduction to the different middle-
atmospheric measurement techniques (see Hassler et al., 2014 for a complete review).

There exist many different techniques to measure ozone in the middle atmosphere. Neverthe-
less, there is no single technique, which provides alone sufficient temporal and spatial coverage
for satisfying ozone monitoring around the globe. The difficulty to get in-situ measurements
in the middle atmosphere supported the development of remote sensing techniques to measure
strato–mesospheric ozone. In fact, most of our current knowledge of this region comes either
from simulation studies or remote sensing measurements.

In-situ ozone measurements are difficult in the middle atmosphere and are mostly limited to
the lower stratosphere. They are mostly performed by ozonesondes, routinely launched (often
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1.6. Strato–mesospheric ozone profiling in Switzerland

weekly) worldwide by national meteorological services. Due to their better accuracy compared
to remote sensing techniques, they remain the standard for ozone long-term measurements but
have limited spatio-temporal resolution and are limited to lower stratospheric measurements
(< 35 km). In-situ measurements are also performed in the stratosphere onboard some high-
altitude aircrafts and sometimes in the mesosphere using sounding rockets. However, such
measurements are expensive and are only performed on campaigns basis.

The remote sensing techniques use the properties of the ozone molecules to interact with
electromagnetic waves at different frequencies (from UV to microwave) to measure ozone abun-
dance. In general, the remote sensing techniques are more complex and less accurate than in-situ
measurements because they often need more complex instrumentation and post-processing to
derive accurate ozone measurement. However, they are able measure ozone with better spatio–
temporal coverage than in-situ measurements. Active remote sensing techniques emit themselves
the illumination source for the observations (e.g., lidars), whereas passive remote sensing tech-
niques rely on extra-terrestrial sources (e.g., sun, stars) or on the thermal microwave emission of
the ozone molecule itself. This is the underlying principle of microwave remote sensing, which
is the technique used in my thesis and will be described in detail in Chapter 2.

Some of the remote sensing techniques only provide information about the TCO above a given
location, where more advanced techniques have vertical profiling capabilities. Satellite-based
remote sensing provides a near-global coverage, but it often has limited temporal resolution and
severe homogenization needs when it comes to long-term monitoring. Ground-based instruments
provide only point measurements but can offer a high temporal resolution and are easier to
maintain. They currently provide the longest middle-atmospheric ozone time series (Staehelin et
al., 1998). In general, there remain many challenges in middle-atmospheric ozone measurement
techniques and there is a ceaseless interest for improving the quality of ozone time series (Hubert
et al., 2016; Ancellet et al., 2022; Maillard Barras et al., 2022a). It is true for both ground-
based and satellite-based datasets and can be understood from Fig. 1.5. This figure highlights the
difficulty of detecting long-term trends in the lower stratosphere, partly because of its magnitude,
but also because of the large inter-annual ozone variability and the relative scattering between
the different measurements.

The need for good quality, stratospheric trace gases measurements (initially focused on ozone)
motivated the creation of the Network for the Detection of Stratospheric Change (NDSC) in
1991, which later became the Network for the Detection of Atmospheric Composition Change
(NDACC)2 (De Mazière et al., 2018). This international network aims at regrouping and harmo-
nizing ground-based observations of the atmospheric composition from over 90 research stations
worldwide. The main goal of NDACC is to provide long-term datasets of atmospheric trace
gases to detect trends and provide validation for satellite- or model-based datasets.

1.6 Strato–mesospheric ozone profiling in Switzerland

The very first measurements of ozone in the atmosphere date back to the 1920s (Dobson and
Harrison, 1926; Brönnimann, 2022), with Switzerland having a long history of ground-based
ozone measurements, notably with the world longest time series in Arosa/Davos, which started
in 1926 (Staehelin et al., 1998). In the 1980s, the Institute of Applied Physics (IAP) of the
University of Bern has started to use ground-based microwave radiometry to measure ozone
in the middle atmosphere. This passive remote sensing technique uses the emission of the
atmospheric molecule in the microwave range to derive vertical profiles, e.g., of ozone or water
vapour in the middle atmosphere (Lobsiger et al., 1984; Parrish et al., 1988; Ricaud et al., 1991;
Nedoluha et al., 1995). As it does not need any external illumination sources (e.g., sun or stars),
it can be used during day and night, which makes it ideal to perform continuous, operational

2https://ndacc.larc.nasa.gov
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1.6. Strato–mesospheric ozone profiling in Switzerland

Figure 1.5: Annual mean anomalies of simulated and measured ozone in the
lowermost (left) and upper stratosphere (right) for 4 latitude bands. Figure 3-9

from Hassler, B. and Young, P. J. (Lead Authors) et al., 2022

measurements, to observe the ozone diurnal cycle, or ozone in the polar region (Raffalski et al.,
2005; Palm et al., 2010; Ryan et al., 2016; Schranz et al., 2019)

In the early 1980s, the IAP built a first ozone microwave radiometer (MWR) and in 1994, the
institute started operational, continuous measurements of middle-atmospheric ozone from the
roof of the “Exakte Wissenschaften (ExWi)” building with the GROund-based Millimeter-wave
Ozone Spectrometer (GROMOS). In 1999, the IAP built a second ozone radiometer on behalf
of the Swiss Federal Office for Meteorology and Climatology (MeteoSwiss): the Stratospheric
Ozone MOnitoring RAdiometer (SOMORA), which started operational measurements in 2000.
The two instruments observe the 142 GHz ozone emission line in the stratosphere and mesosphere
and have retrieval capabilities from ∼ 20 to 80 km. The two instruments are nearly co-located
(ca. 40 km), and they have similar sensitivity and viewing angle, meaning that they should
essentially measure the same strato–mesospheric ozone profile. In that sense, they provide two
independents, nearly co-located, microwave remote sensing measurements of ozone, which is
unique worldwide.

GROMOS and SOMORA have been used in numerous studies as reference instrument for
ozone measurements in the middle atmosphere, notably for studies on the ozone diurnal cycle, for
satellite validation, or for trends studies (Parrish et al., 2014; Hocke et al., 2007; Steinbrecht et
al., 2017; Frith et al., 2020). Also, the two instruments are operated within NDACC. An example
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Figure 1.6: Ozone time series over Switzerland as measured by the GROMOS
microwave radiometer in Bern since the start of the operational measurements in

1994.

of the almost 30 year-long ozone time series measured by GROMOS is shown in Fig. 1.6.
Despite both instruments having similar design, their operational calibration and retrieval

algorithms have never been harmonized and showed some substantial differences. In the frame of
the Long-term Ozone Trends and Uncertainties in the Stratosphere (LOTUS), SPARC/IO3C/GAW,
2019 found significant discrepancies between the long-term ozone trends of GROMOS and
SOMORA. It motivated the work of Bernet et al., 2019, who tried to reconcile the ozone trends
of the two instruments, but without formally identifying the cause for the discrepancies. There-
fore, in 2019, the IAP and MeteoSwiss decided to act and started a harmonization project with
the overall aim to reconcile the ozone time series of GROMOS and SOMORA. This is the main
focus of this dissertation and is summarized in the next section.

1.7 Aims and expected impacts of the thesis
This thesis is concerned with ground-based measurements of ozone in the middle atmosphere over
Switzerland using microwave radiometry. Following the discovery of systematic discrepancies
between GROMOS and SOMORA (Bernet et al., 2019), the main objective of my thesis is to
understand and reduce the differences observed between these two ozone time series. To achieve
this, a full harmonization of the data processing routine was performed and new time series
for the two instruments were obtained. Overall, this work can be further divided into 3 main
research objectives, which resulted in the 3 peer-reviewed publications reproduced later in the
dissertation. The main research objectives are summarized below.

Research objective 1: Investigate and understand the origin of the discrepancies previously
observed between GROMOS and SOMORA. It corresponds quite closely to the main aim of
the thesis and represents also the main outcome of my doctoral work. More specifically, the
following specific aims were pursued:

• Harmonize and improve the calibration and retrieval routines of GROMOS and SOMORA,
including all the outputs.

• Harmonize the data filtering for the two instruments.

• Validate the harmonized time series against external datasets.
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The harmonization and validation strategy are presented in detail in Chapter 3 whereas the
main results and the associated publication are shown in Chapter 4.

Research objective 2: Assess the reliability of the spectrometer used in ozone remote sensing
instrument. Following a preliminary study from Murk and Kotiranta, 2019, the AC240 fast
Fourier-transform spectrometer (FFTS) currently used in GROMOS and SOMORA was found
to bias the atmospheric spectral measurements compared to more recent digital spectrometers.
Therefore, in a study reproduced in Chapter 5, I investigated the spectral properties and the
accuracy of the AC240 spectrometer to assess the systematic bias and its effect on the retrieved
ozone profiles. The specific aims were:

• Compare the AC240 spectrometer against two other, more recent digital spectrometers
during a measurement campaign. My role in this study was to analyse the data from this
measurement campaign to assess the systematic bias of the AC240 and investigate if and
how it was varying, e.g., if it was sensitive to the atmospheric conditions.

• Quantify the impact of the systematic bias on the ozone retrievals.

• Understand and reproduce the bias to provide a correction for the time series measured
with the AC240.

Research objective 3: Compute updated ozone diurnal cycle over Switzerland with the
harmonized time series of GROMOS and SOMORA. In fact, the last diurnal cycle study done
with GROMOS (Studer et al., 2014) was made with pre-2009 data and showed an overestimated
amplitude of the stratospheric cycle. Since then the previous GROMOS ozone retrieval did not
show the expected increase of daytime stratospheric ozone in the post-2009 data. Following
the renewed interest in stratospheric ozone diurnal cycle consideration, it motivated the idea to
provide an update on ozone diurnal cycle observations over Switzerland. This study, presented
in Chapter 6, has the following specific aims:

• Use the ozone diurnal cycle as a test signal and as a benchmark for the quality of the new
harmonized ozone retrievals.

• Update previous results on middle-atmospheric ozone diurnal cycle over Switzerland.

• Compare and validate the ozone diurnal cycle against three different model-based datasets.

• Investigate the short-term variability of the ozone diurnal cycle, observed for the first time
using the harmonized time series of GROMOS and SOMORA.

1.7.1 Expected impacts

From the work presented in this dissertation, the following impacts can be expected:

• Confirm microwave radiometry as a reliable measurement technique within the middle
atmospheric ozone community. In fact, while microwave radiometry is widely used for
remote sensing of trace gases, the discrepancies found between GROMOS and SOMORA
had cast doubt on this technology in the eyes of some members of the community.

• Improve the quality of remote sensing measurement of strato–mesospheric ozone above
Switzerland and get a better understanding of the remaining differences between GROMOS
and SOMORA.

• Enable accurate stratospheric ozone trend studies based on the harmonized ozone time
series of GROMOS and SOMORA.
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• Provide consolidated satellite validation data for strato–mesospheric ozone measurements
over Switzerland and Central Europe, notably regarding the ozone diurnal cycle.

• Correct and improve the radiometric measurements made with the AC240 around the
world, not only for ozone but also for other measurements.
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2 Passive microwave remote sensing of
the atmosphere

Microwave radiometry is a passive remote sensing technique relying on the electromagnetic ra-
diation emitted and transmitted in the microwave frequency range to measure some geophysical
parameters of interest. This technique is widely used for atmospheric sounding, both space-
based and ground-based. Using the spectral characteristics of the microwave radiation, it can
be used to derive vertical profile of trace gases (e.g., ozone or water vapour), temperature, or
winds in the middle atmosphere.

In this chapter, I introduce the fundamentals of microwave remote sensing, the measurement
technique used during my thesis to measure strato–mesospheric ozone. More specifically, Sec-
tion 2.1 lays the basics of spectroscopy and radiative transfer in the atmosphere at microwave
frequencies, whereas Section 2.2 presents the operating principle of passive microwave ground-
based radiometers. For more details on passive microwave remote sensing of the atmosphere,
the reader is referred to the excellent books of Janssen, 1993 or Ulaby and Long, 2014.

2.1 Spectroscopy and radiative transfer

2.1.1 Microwave absorption and emission

Atoms and molecules in the atmosphere absorb or emit photons when they undergo between
different energy levels. Molecular emission and absorption of electromagnetic waves in the
microwave range typically results from pure rotational transitions, therefore affecting particles
with permanent electrical (or magnetic) dipole moments (e.g., water vapour or ozone). The
quantization of the energy levels results in the absorption or emission or photons at frequencies
ν0, specific to each molecule, which results in the concept of emission lines.

According to Kirchhoff’s law, in condition of local thermal equilibrium, the power absorption
and emission due to a specific molecular species i at frequency ν are equal and it can be expressed
by the absorption coefficient α(ν):

αi(ν) = n
∑

j

Sj(T )fj(ν0, ν, p, T ) (2.1)

where n is the number density of the molecule per unit volume and j identifies a specific line
of the molecule of interest. Sj(T ) quantifies the strength of the emission line at temperature T ,
and fj(ν0, ν, p, T ) is a line shape function. The spectral line shape expresses the fact that the
emission does not always happen exactly at ν0 due to different broadening mechanisms (Chapter
2 in Janssen, 1993). In the microwave range, the broadening of the emission lines mainly results
from two mechanisms: Doppler and pressure broadening. Compared to these two mechanisms,
the natural broadening effect arising from Heisenberg’s uncertainty principle is small and can
be neglected.

Doppler line broadening arises from the fact that the molecules are constantly in motion,
following a Maxwellian velocity distribution. The resulting line shape is Gaussian and can be
expressed as
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Figure 2.1: Line broadening (half width at half maximum (HWHM)) of the
142 GHz ozone emission line calculated for a typical summer atmosphere.

fD(ν, ν0) = 1
γD

√
π

· exp
[
−
(

ν − ν0
γD

)2
]

(2.2)

in which the parameter γD is

γD = ν0
c

√
2kT

m
(2.3)

with k being the Boltzmann constant, c the speed of light, m and T respectively the mass and
temperature of the molecule involved. From Eq. 2.2 and 2.3, the Doppler broadening increases
with temperature and frequency but decreases with the molecular mass. The HWHM of the
Doppler line shape is γD

√
ln 2 and, despite the temperature dependence of γD which changes with

altitude, the Doppler broadening is essentially constant with altitude in the range of atmospheric
temperature (see Fig. 2.1).

Collisions between the molecules in the atmosphere reduce the lifetime of excited molecules
and result in the second broadening mechanisms, the pressure broadening. Pressure broadening
usually dominates over Doppler broadening up to the middle atmosphere in the microwave region
and its shape can be approximated with, e.g., the Van Vleck-Weisskopf line function:

fV V W (ν, ν0) = 1
π

· ν

ν0

(
γp

(ν0 − ν)2 + γ2
p

+ γp

(ν0 + ν)2 + γ2
p

)
(2.4)

where γp is the pressure broadening HWHM:

γp = (γa · (p − pi) + γs · pi)
(

Tref

T

)κ

(2.5)
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γa, γs are respectively the air- and the self-broadening coefficients, pi the partial pressure of the
species of interest, and Tref a reference temperature. γa, γs, κ and Tref can be obtained through
spectroscopy catalogues like the High-resolution Transmission Molecular Absorption Database
(HITRAN) (Gordon et al., 2022), and are used by radiative transfer software to compute the line
shape in combination with the atmospheric composition, temperature, and pressure information.
The fact that γL depends on pressure is the key for atmospheric profiling by microwave remote
sensing, as the atmosphere has monotonically decreasing pressure with altitude. From Eq. 2.4
and 2.5, we note that the pressure broadening line width decreases with decreasing pressure, i.e.
with increasing altitude.

Doppler and pressure broadening occur at all levels in the atmosphere but depending on the
pressure (i.e. the altitude), the pressure broadening mechanism will dominate over the Doppler
broadening, which will enable to retrieve vertical information from the observed line shape.
In the microwave frequency range, e.g., near the ozone transition line at 142 GHz, pressure
broadening dominates over Doppler broadening up to approximately 75 km, imposing a natural
upper boundary for ozone retrievals using this transition line. The contributions of the Doppler
and pressure broadening mechanisms to the 142 GHz ozone line are shown in Fig. 2.1.

2.1.2 Radiative transfer

At microwave frequencies, due to the long wavelengths of the radiation of interest, scattering can
often be neglected, and it can be considered that incoming radiation arise from the superposed
radiation emitted and absorbed by all relevant species. The total absorption coefficient αν is the
sum of all contributions from the individual absorption coefficient (Eq. 2.1) at frequency ν, plus
a so-called continuum term which accounts for the broadband emission due to water molecules
in the microwave frequency range. The total absorption coefficient is often expressed as

αν =
n∑

i=1
αi(ν) + αcont(ν) (2.6)

and describes the total the emission and absorption occurring in the atmosphere at frequency ν.
The propagation of radiation along an infinitesimal atmospheric path ds can be described by

dIν

ds
= −αν(s)Iν(s) + αν(s)Bν(T (s)) (2.7)

This equation, known as the Schwarzschild’s equation, expresses the change of spectral radi-
ance Iν

1 in a non-scattering medium due to absorption and emission (Janssen, 1993). The first
term on the right side of the equation describes the absorption of radiation from the infinites-
imal layer (also know as the Beer-Lambert’s law) and the second term expresses the emission
of radiation within the layer following the Plank’s law. Namely, the spectral radiance due to
thermal emission of a blackbody at frequency ν depends solely on its temperature and can be
expressed as

Bν(T ) = 2hν3

c2 · 1
e

hν
kT − 1

(2.8)

which has unit of [Wm−2Hz−1sr−1]. Integrating Eq. 2.7 yields the radiance reaching a certain
point s0 (i.e., the ground) after travelling from a point s∞ through a non-scattering medium in
local thermal equilibrium (e.g., the atmosphere):

Iν(s0) = Iν(s∞)e−τ(s∞) +
∫ s∞

s0
αν(s)Bν(T (s))e−τν(s) ds (2.9)

1Also sometimes called specific intensity, spectral brightness intensity or simply radiance.
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2.1. Spectroscopy and radiative transfer

with Iν(s∞) the background spectral radiance which is either an external illumination target
(e.g., the sun or the moon) or the cosmic microwave background, and τ the atmospheric opacity
expressed as

τν(s) =
∫ s

s0
αν(s′) ds′ (2.10)

2.1.3 Atmospheric emission spectra
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Figure 2.2: Atmospheric emission spectra in the mid-latitudes during winter
and summer as seen from the surface, respectively at an altitude of 16 km and at
an elevation angle of 40◦ The grey shading highlights the ozone emission line at

142.175 GHz

Nowadays, most radiative transfer calculations are done with dedicated models which essen-
tially solve the above equations for prescribed atmospheric conditions. For my thesis, I have
used the Atmospheric Radiative Transfer Simulator (ARTS), an open-source community model
focused on the microwave frequency region (Eriksson et al., 2011; Buehler et al., 2018). In
addition, ARTS includes useful features to simulate the effect of the microwave receiver on the
incoming radiation (Eriksson et al., 2006) and is very flexible with regards to the atmosphere
definition.

Using ARTS, it is possible to simulate the atmospheric emission of the different molecules
and model the spectral radiance reaching a certain location at a certain frequency. An example
of such atmospheric emission spectra are shown in Fig. 2.2 in units of brightness temperature
(see section 2.1.4). This figure shows the atmospheric emission due to oxygen, nitrogen, ozone,
and water vapour in the microwave range during typical winter and summer at mid-latitudes.
It shows the emission lines of the molecules considered and the strong continuum term result-
ing from water vapour, increasing towards larger frequencies and larger during summer, when
the warmer atmosphere can contain more water vapour. From this simulation, one can under-
stand the effect of the humid troposphere on ground-based microwave observations, especially
at millimeter wave frequencies. Simulation of the emission spectra associated with the ozone
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transition line at 142 GHz in the middle atmosphere are shown in Fig. 2.3. This figure also il-
lustrates the pressure line broadening mechanism by showing the emission arising from different
middle-atmospheric layers, showing the increased broadening of the line at lower altitudes.
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Figure 2.3: Simulation of the atmospheric emission spectra from the ozone emis-
sion line at 142 GHz. The specific emission due to different middle-atmospheric
layers are shown to illustrate the effect of the pressure broadening. The simulation
has been performed with ARTS using a mid-latitude winter standard atmosphere.
It considers a virtual sensor located at 16 km and looking upward with an eleva-

tion angle of 40◦.

2.1.4 The brightness temperature

In microwave radiometry, it is customary to convert the spectral radiance in unit of tempera-
ture: the brightness temperature. However, one needs to be careful because there are different
brightness temperature definitions which are sometimes mixed in the literature. Following the
nomenclature presented in Han and Westwater, 2000, the Planck or thermodynamic brightness
temperature is defined as the inverse of the Planck’s function (Eq. 2.8):

TB = B−1
ν (Iν) = hν

k

1
ln(2hν3

c2Iν
+ 1)

(2.11)

It corresponds to the physical temperature a blackbody should have to emit the observed radi-
ance Iν . Using this definition, it follows that the brightness temperature of blackbodies equals
their physical temperature.

In the microwave region, in the limit where hν ≪ kT , it is possible to expand Eq. 2.8 to get
a linear relationship between the spectral radiance of a blackbody and its physical temperature:

Bν(T ) ≈ 2ν2k

c2 · T (2.12)

It is known as the Rayleigh-Jeans approximation, and it offers another possibility to define the
brightness temperature essentially as a scaling of Eq. 2.12:
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T
(RJE)
B

.= c2

2kν2 Iν (2.13)

This scaling corresponds to the so-called Rayleigh-Jeans Equivalent (RJE) brightness tem-
perature and provides a linear relationship between the spectral radiance and the physical tem-
perature of a blackbody, which is often used to express Eq. 2.9 in temperature units.

The two brightness temperature definition are fully valid, but they systematically deviate
from each other, especially when considering observation of low temperature target (e.g., cold
sky), i.e. when hν ≪̸ kT and where Rayleigh-Jeans approximation is not valid. This is the case
in the frequency range considered and, in the rest of this dissertation, all the results will be
converted and plotted in units of thermodynamic brightness temperature.

2.2 Microwave radiometry

2.2.1 Operating principle

Microwave radiometers (MWRs) are passive remote sensing instruments measuring the electro-
magnetic radiation emitted, transmitted, and attenuated through a medium (e.g., the Earth’s
atmosphere) in the microwave frequency range (300 MHz to 300 GHz). The goal of a radiometer
is to receive and quantify accurately the incoming radiation intensity corresponding to Iν(s0)
in Eq. 2.9. From the combination of the measured incoming radiation and of a radiative trans-
fer model like ARTS, it is then possible to infer some properties of the medium that emitted,
transmitted, or attenuated the radiation (Janssen, 1993). Ground-based MWRs have been used
since the end of the 20th century to measure middle-atmospheric temperature, wind or trace gas
profiles (Parrish et al., 1992; Tsou et al., 1995; Nedoluha et al., 1995; Rüfenacht et al., 2012;
Tschanz et al., 2013; Hagen et al., 2018; Krochin et al., 2022).

In my thesis, I have used total power radiometers, which are the simplest type of radiometer
and for which a simplified diagram can be seen in Fig. 2.4. Its main working principle is quickly
described in following. MWRs use an antenna to receive the electromagnetic radiation power
at a radio frequency (RF). Often, MWRs use a rotating mirror to switch between the target of
interest (e.g., the atmosphere) and the calibration targets. Most radiometers use superheterodyne
receiver where, after amplification and filtering, the RF radiation is down-converted to a lower
intermediate frequency (IF). A signal generator produces a local oscillator (LO) frequency which
is mixed with the RF in a mixer. The mixing process results in a lower frequency signal which
is proportional to the amplitude of the RF signal but is easier to process further. After mixing,
the signal is usually filtered, further amplified and then undergoes a real-time spectral analysis
in a spectrometer. Nowadays, the spectral analysis is often done digitally: an Analog/Digital
Converter (ADC) samples the IF time signal which is then processed in real-time with dedicated
algorithms (e.g., FFT) to compute the power spectrum of the signal. As will be shown later
in this dissertation, this step is challenging and key to get accurate radiometric measurements.
After the spectral decomposition, the signal is usually integrated to reduce the noise level and
recorded on a computer. For more details on receiver techniques and microwave radiometry in
general, the reader is redirected to chapter 6 and 7 in Ulaby and Long, 2014 or chapter 1 in
Janssen, 1993.

2.2.2 Calibration

The raw radiometer output Pout (often in voltage or in instrument specific units, e.g., spectrom-
eter counts) to an incoming radiation power can be derived from the Johnson-Nyquist Noise
(Nyquist, 1928) and expressed as
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Figure 2.4: Simplified diagram of a MWR, courtesy of A. Murk. See text for
the description of the different components.

Pout(ν) = k∆νG(ν)Tsys(ν) (2.14)

with ∆ν the bandwidth, typically the width of a spectrometer channel, G the radiometer gain2

and Tsys the system noise temperature (Chapter 7 in Ulaby and Long, 2014).
In microwave radiometry, the system temperature Tsys is the sum of the receiver noise

temperature Trec (often TN ) and of the antenna temperature Ta:

Tsys = Trec + Ta (2.15)

The antenna temperature is the convolution of the antenna pattern with the actual brightness
temperature of the observed scene. For ground-based observations of the atmosphere, it should
correspond to the brightness temperature of the sky (TB,sky) and is the quantity of interest.
Trec corresponds to the thermal noise added by the components within the receiver and is often
higher than Ta.

The goal of the calibration is to convert the spectrometer power measurements (counts) into
physical units (e.g., spectral radiance or brightness temperature). Assuming a linear transfer
characteristic curve between a hot and a cold calibration loads of known temperatures (Fig. 2.5),
two parameters can be determined, namely the gain of the radiometer and an offset, correspond-
ing to the noise power generated by the receiver, i.e., Trec. Combining Eq. 2.14 and Eq. 2.15, it
is possible to write:

TA = Pout

k∆νG
− Trec = C · (Pout − P0) (2.16)

where P0 = Trec/C is the noise power generated by the instrument in the absence of any
atmospheric signal. From the observation of two calibration targets (a hot at temperature Th

and a cold one at Tc) with known emissivity, it is then possible to get the calibration parameter
C as

C = TB,h − TB,c

Ph − Pc
(2.17)

and to compute the Trec as
2Note that from now on, the frequency dependence of the gain, power and brightness temperature will be

implicitly assumed.
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Figure 2.5: Calibration characteristic curve of a total power microwave radiome-
ter where the x-axis can be expressed in the different units for the incoming radi-

ation (e.g., brightness temperature, specific intensity, ...)

Trec = PcTB,h − PhTB,c

Ph − Pc
= TB,h − Y TB,c

Y − 1 (2.18)

where the so-called Y-factor is introduced, simply expressing the ratio between the power counts
from the two calibration loads:

Y = Ph

Pc
(2.19)

Finally, Eq. 2.20 is used to directly convert the power output of the spectrometer to units of
atmospheric radiation, e.g., spectral radiance, or brightness temperature:

TB,sky = (TB,h − TB,c) · Psky − Pc

Ph − Pc
+ TB,c (2.20)

where it is assumed that TB,sky is the observed brightness temperature when looking at the sky
with corresponding power Psky measured by the spectrometer. Note that Eq. 2.20 is expressed
with the spectral radiance or with T

(RJE)
B without making any approximations as the two are

linearly related (Eq. 2.13). However, directly using the physical temperature of the calibration
loads as is often done introduces a (small) bias in the calibration.

In practice, because of the high thermal sensitivity of microwave receivers, the calibration
is done continuously by switching at regular intervals between the calibration loads and the
atmosphere. Also, the noise power measurement possesses a statistical uncertainty which is
related to the bandwidth and to the integration time tint of the measurement. This statistical
uncertainty is expressed by the radiometer noise formula which is a surrogate for the sensitivity
of a radiometer. It essentially quantifies the smallest change of radiation power detectable by
the instrument (neglecting gain variations):

∆P

P
= ∆T

Tsys
= 1√

∆ν · tint
(2.21)

Beyond the inherent statistical uncertainty from the noise measurement, it should be noted
that any divergence from a purely linear transfer characteristics curve will introduce a bias in
the determination of TB,sky (see e.g., Sauvageat et al., 2021).
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2.2.3 Retrieval

In the microwave frequency range, the pressure broadening effect acting on atmospheric emission
lines is used to retrieve information on atmospheric vertical profile from the calibrated microwave
emission spectra (Rodgers, 1976). This so-called retrieval from MWR measurements has been
successfully applied on temperature, wind and trace gases like O3, CO or H2O (Janssen, 1993).
Among the different retrieval techniques, I selected the Optimal Estimation Method (OEM)
following the formalism described by Rodgers, 2000. This statistical method extracts the best
estimate of an atmospheric profile from a set of measurements with noise, some a priori knowl-
edge and a forward model. In addition, the OEM enables to characterize the error budget of
the retrievals. It is widely used to solve atmospheric inversion problems and has been success-
fully applied to strato–mesospheric ozone retrievals since many years, both on ground-based and
satellite MWRs. In this section I present succinctly the retrieval method while the details of its
application to my project are presented in section 3.2.2. For more detailed information on the
OEM or its application to ozone profiling instruments, the reader is redirected to e.g., Parrish
et al., 1988; Parrish, 1994; Tsou et al., 1995; Rodgers, 2000.

Forward model

In the case of ground-based microwave radiometry, the forward model (FM) describes the ra-
diative transfer physic between the trace gas emission and the instrument’s receiver (operator
F below). The goal of the FM is to simulate the radiometric measurements (y)3 from a given
atmospheric state (x), a set of FM parameters (b), and error sources (ϵ). It describes the emis-
sion, extinction, and transmission of microwave radiation between the ozone molecules and the
receiver, and it can be mathematically described by Eq. 2.22:

y = F (x, b) + ϵ (2.22)

After running the FM, the simulated atmospheric spectrum can be compared with the actual
measurements. Based on a cost function, the state vector x can then be updated, and the FM run
again to yield an improved simulated spectrum providing a better match with the observations.
This iterative process is referred to as an atmospheric inversion or a retrieval.

Optimal Estimation Method

The inversion of microwave atmospheric emission spectra is ill-posed because the available mea-
surements are usually not able to fully resolve the atmospheric profile that would reproduce the
observations. It means that, even in the case of a perfect knowledge of the atmospheric radiative
transfer physics and sensor’s influence on the observations, it would usually not be possible to
retrieve a unique atmospheric profile matching the measurements. Therefore, there is a need to
combine the measurements with some additional knowledge, for instance on the state of the at-
mosphere or the expected shape of the solution. The OEM is a technique to invert atmospheric
emission spectra by combining the measurements with these additional information (so-called a
priori information) in a statistically optimal way.

To solve the inverse problem, the OEM relies on Bayes’ probability theorem, and it tries to
find an estimate of the true state by minimizing the following cost function:

C = [y − F (x̂)]T S−1
y [y − F (x̂)] + [x̂ − xa]T S−1

a [x̂ − xa] (2.23)

where x̂ is the estimated atmospheric profile of interest and xa is the a priori profile. Sy and Sa

are respectively the measurement and a priori covariance matrix which are defined by the user.
3in the following equations, bold letters represent vectors or matrices.
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These covariance matrices account respectively for the measurement and atmospheric noise and
have a considerable influence on the retrieval result and its error budget.

The best estimate of the atmospheric profile x̂ is computed iteratively with e.g., the Gauss-
Newton algorithm using Eq. 2.24:

x̂i+1 = x̂i + (S−1
a + KT

i S−1
y Ki)−1[KT

i S−1
y (y − F (xi)) − S−1

a (xi − xa)] (2.24)

where K is the so-called Jacobian matrix computed with the FM. It corresponds to the derivative
of F with respect to x and essentially describes the sensitivity of the FM to changes in the
atmospheric profile (see e.g., Fig. 3.3). From the covariance and the Jacobian matrices, the
sensitivity of the retrieved state to the measurement, also called the gain matrix, is computed
with:

∂x̂

∂y
= G = (KT S−1

y K + S−1
a )−1KT S−1

y (2.25)

And the averaging kernel (AVK) A, which is the sensitivity of x̂ to changes in the unknown
true state x can then be computed by

∂x̂

∂x
= A = ∂x̂

∂y

∂y

∂x
= GK (2.26)

The AVKs are critical in any type of remote sensing retrievals, and they form an integral
part of the resulting profile. They characterize the smoothing of the retrieved profile compared
to the true profile and are therefore used as a surrogate for the vertical resolution of the retrieved
profile. The vertical resolution of the retrieved profile is typically expressed by computing the
full width at half maximum (FWHM) of the AVK, whereas the difference between the peak
of the AVKs and their nominal altitude give the vertical offset of the retrieved profile. Also,
the sum of the AVKs at each pressure level yields the measurement response (or measurement
contribution) of the retrieval, which quantifies the information content due to the measurement
and to the a priori in the retrieved profile.

Retrieval errors

One advantage of the OEM is that it enables to characterize the error budget of the retrievals.
As a first estimate, the total error is composed of two main components: the so-called smoothing
error and measurement error (sometimes called retrieval noise).

The smoothing error describes the error arising from the limited vertical resolution of the
instrument. In fact, radiometers are not able to resolve small scale vertical changes of the
true profile and can only retrieve a smoothed version of the true profile. The amplitude of the
smoothing error can give an impression of the vertical resolution of the observing system and
is large compared to other error sources. However, this error can be neglected when comparing
against other instruments if the AVKs of the MWR are considered. The AVKs are used to
smooth the higher resolution profile to mimic the effect of the limited vertical resolution of the
MWR, an operation referred as averaging kernel smoothing (see Rodgers and Connor, 2003;
Calisesi et al., 2005b). The AVK smoothing also enables to remove the influence of the a priori
and is applied with Eq. 2.27.

xc = xa + A(x − xa) (2.27)

where x is the higher resolution profile (e.g., a satellite or a model dataset), xa is the a priori
profile of the MWR retrievals, A are the AVKs and xc is the resulting convolved profile.

The measurement error is a consequence of the noise present in the measurements and is by
essence random. This error impacts mostly the higher altitudes and can set an upper altitude
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limit to the retrieval capabilities of the observing system. The measurement error can be reduced
using a longer integration time or by reducing the receiver noise temperature of the instrument
(e.g., by cooling the receiver chain).

Overall, the total error covariance matrix of the retrieval can be computed as the sum of the
smoothing error covariance matrix (Ss) and the retrieval noise covariance matrix (So).

Sx̂ = Ss + So = (A − I)Sa(A − I) + GSyGT (2.28)

Note that to provide a realistic error budget to the retrieval, Sy should also consider any
errors caused by corrections applied between the simulated and the true observations (e.g.,
tropospheric or windows correction). It is important to keep in mind that this is usually not
the case and that further error sources need to be considered to provide a comprehensive error
budget. In addition, error due to the FM parameters, the temperature of the calibration targets,
or the pointing angle must be accounted for and can result in so-called systematic error. Such
errors can result in a systematic biasing of the retrieved profile and will be discussed further in
the context of GROMOS and SOMORA in Chapter 3.
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3 Microwave radiometer observations
of ozone in Switzerland

This chapter describes the GROMORA project (an awkward combination of GROMOS and
SOMORA) which forms the core of my doctoral thesis. The project started in 2019, in a
collaboration between the IAP and MeteoSwiss. Its main goal was to better understand the
cause of observed discrepancies between GROMOS and SOMORA and between these instru-
ments and other ozone time series. The project resulted in harmonized calibration and retrieval
algorithms for GROMOS and SOMORA and in fully reprocessed ozone time series for the two
instruments. The new time series are now in better agreement, at least for the decade 2010 to
2020, compared to the series retrieved with the previous algorithms. In addition to the new time
series, the harmonized code has been published along with two internal reports documenting
the new calibration and retrieval algorithms (Sauvageat, 2021; Sauvageat, 2022b). For the sake
of conciseness, I decided not to include the full reports in this dissertation, but I have reused
some relevant parts of them in the present chapter.

The chapter is organized as follows: first I introduce GROMOS and SOMORA in Section 3.1,
then I present the harmonization strategy used to produce the new calibration and retrieval
algorithms in Section 3.2. The validation strategy for the new time series will be introduced in
Section 3.3.

3.1 GROMOS and SOMORA

The GROund-based Millimeter-wave Ozone Spectrometer (GROMOS) and the Stratospheric
Ozone MOnitoring RAdiometer (SOMORA) are two ground-based passive microwave radiome-
ters (MWRs) measuring ozone in the middle atmosphere. GROMOS is operated by the IAP
at the University of Bern (46.95◦ N, 7.44◦ E) whereas SOMORA is operated by MeteoSwiss in
Payerne (46.82◦ N, 6.94◦ E). The location and approximate field-of-view of the two instruments
can be seen in Fig. 3.1 and the two instruments are shown in Fig. 3.2. Their main properties
are summarized in Table 3.1. GROMOS and SOMORA are part of the NDACC, and they
operate continuously since 1994 (GROMOS) and 2000 (SOMORA). The two instruments are
single sideband, total-power radiometers which observe the rotational transition line of ozone
at 142.175 GHz and provide continuous ozone profiles with hourly time resolution at altitudes
between 20 and 75 km. GROMOS and SOMORA have been designed at the IAP and in addition
to using similar technologies, their geographic proximity (ca. 40 km) makes them unique in the
world of passive microwave observations. This proximity also makes them important for the
validation of the technology within the stratospheric ozone community. Notably, the two instru-
ments have been extensively used for estimating long-term trends, and as satellite validation
datasets for strato–mesospheric ozone.

3.1.1 Some historical background

In the following, I will try to present succinctly the history of the two instruments and the
reasons that lead to this dissertation. I will not provide a full description of the hardware of
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Figure 3.1: Geographic location of GROMOS and SOMORA microwave ra-
diometers. The dashed lines indicate the approximate field-of-view of the two

instruments, reproduced from Sauvageat et al., 2022b.

the two instruments as it would be redundant to earlier internal reports and dissertation. In
addition, no hardware modification was performed in the frame of this thesis, therefore, for
technical description of GROMOS and SOMORA, the interested reader is redirected to the
relevant references given below.

GROMOS history starts in the 1980’s with a first working prototype developed at the IAP of
the University of Bern, which started operating in 1981 (Lobsiger et al., 1984; Lobsiger, 1987).
However, this first version of the instrument was used only on campaign basis. Building on
this first prototype, an updated version of the instrument started operational measurements of
ozone in 1994 for which a description is available in Peter, 1997. Until 2009, GROMOS provided
continuous measurement of strato–mesospheric ozone profiles using a filter bank spectrometer.

SOMORA was developed and tested at the end of the 1990s by the IAP (Rindlisbacher, 1999)
and started operation in 2000, first in Bern and since 2002 at MeteoSwiss in Payerne. Until
2009, SOMORA used two acousto-optical spectrometer (AOS) for the spectral measurement of
the ozone emission line.

Between 2000 and 2005, GROMOS and SOMORA each used a home-made retrieval soft-
ware inspired from the older GROMOS algorithm (Calisesi, 2003). Following a change of the
front-end on SOMORA in 2005, its retrieval software needed an update. Therefore, a new re-
trieval algorithm based on the first version of the Atmospheric Radiative Transfer Simulator
(ARTS) and its accompanying QPack package (Eriksson et al., 2005) was introduced for the
two instruments and the full time series were reprocessed (Vasic, 2005; Maillard Barras et al.,
2009).

In 2009, a spectrometer update was made on GROMOS and SOMORA. On the two instru-
ments, the old spectrometers were replaced by the Acqiris AC240, a new digital real-time fast
Fourier-transform spectrometer (FFTS). After 2009, the two instruments were therefore running
with the same spectrometer and the same radiative transfer model. However, there were still
some differences in the way the calibration and quality control were made, and especially in the
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(I) GROMOS (II) SOMORA

Figure 3.2: Pictures of GROMOS and SOMORA MWRs at the University of
Bern (a) and at MeteoSwiss in Payerne (b). The two instruments are each in
a temperature-controlled room and use a rotating mirror to constantly switch
between the hot and cold calibration targets and the atmosphere. The atmospheric
observations are done through a styrofoam window which is almost transparent

for the incoming microwave radiation.

retrieval setup. Notably, all a priori data were different, and the retrievals were based on two
different version of ARTS (version 1 for SOMORA and version 2 for GROMOS).

There have been multiple studies that performed comparison of GROMOS and SOMORA in
their 20 years of co-existence. It was generally found that the two instruments agree within 10%
at altitudes between 25 to 45 km and within 15% between 45 and 65 km (Bernet et al., 2019;
Maillard Barras et al., 2020). The two instruments have also been compared to other independent
datasets, both ground-based (e.g., lidars or ozonesondes) and satellite-based (Dumitru et al.,
2006; Hocke et al., 2007; Studer et al., 2013; Bernet et al., 2019; Petropavlovskikh et al., 2019).

Despite this general good agreement, most studies have noticed some differences between
GROMOS and SOMORA which have raised concerns in the community. In fact, some systematic
biases were detected between GROMOS and SOMORA time series, for which no explanations
could be found. In addition, some anomalous time periods have been identified in the GROMOS
time series and have been shown to affect the ozone trends derived from this instrument (Bernet
et al., 2019). For SOMORA, the same analysis has been performed and suggested the presence
of anomalies in the time series as well.

While GROMOS and SOMORA are technically similar, there were some significant dif-
ferences in the way their data are processed, not only in the retrievals but also during the
calibration. It made it difficult to compare the calibrated and integrated spectra, and there-
fore to identify the potential error sources arising during the calibration. For these reasons, in
November 2019, MeteoSwiss and the IAP decided to act and hired me to try understanding
and solve the discrepancies between the two instruments. After some preliminary work with the
older routines, it became clear that a full harmonization of the data processing from the two
instruments would be beneficial. The goal was to keep two independent ozone profiling radiome-
ters in Switzerland but with a completely harmonized processing from the raw data (level 0) to
the ozone profiles (level 2) for these two instruments.

3.2 Harmonization of GROMOS and SOMORA data processing
This section summarizes the harmonization strategy applied to the data processing of GROMOS
and SOMORA. Section 3.2.1 deals with the calibration of the radiometric measurements (level 0
to level 1) and Section 3.2.2 with the ozone profile retrievals (level 1 to level 2). For more details
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Table 3.1: GROMOS and SOMORA microwave radiometers, adapted from
Sauvageat et al., 2022b

GROMOS SOMORA
Location Bern Payerne
Latitude 46.95° N 46.82° N
Longitude 7.44° E 6.94° E
Altitude 560 m 491 m
Azimuth angle 45° 34°
Elevation angle 40° 39°
Observation frequency 142.175 GHz
Intermediate frequency 3.7 GHz 7.1 GHz

Setup before 2009

Spectrometer filter banks 2 x AOS
Bandwidth 1.2 GHz (46 channels) 1 GHz (3068 channels)
Frequency resolution 100 MHz to 212 kHz 979.4 − 24.45 kHz
Trec ∼ 3000 K ∼ 2100 K

Setup after 2009

Spectrometer Digital FFTS Acqiris AC240
Bandwidth 1 GHz (32768 channels) 1 GHz (16384 channels)
Frequency resolution 30.52 kHz 61.04 kHz
Trec ∼ 2750 K ∼ 2550 K

on either part, the reader is redirected to the internal reports containing all the information
about the new calibration (Sauvageat, 2021) or retrieval (Sauvageat, 2022b) routines.

3.2.1 Calibration setup

The first step of the harmonization was logically concerned with the calibration of the radiometric
raw measurements. GROMOS and SOMORA use the same calibration scheme, the hot-cold
calibration which was introduced in Section 2.2.2. The two instruments use a rotating mirror to
continuously switch between a hot, a cold calibration target and the atmospheric observations.
The hot calibration target is a heated blackbody at ∼ 40◦ C while the cold target consists of
a blackbody immersed into a liquid nitrogen (LN2) dewar. The two instruments also perform
regular tipping curve calibration, but they are only used for validation purpose and will not be
described here (see Ingold et al., 1998 for more details).

In essence, the harmonization of the calibration procedure is straight forward and essentially
involves a single formula (Eq. 2.20). The difficulty resides in the appropriate filtering of the
data and the understanding of the processes that can alter the calibration results (e.g., LN2
refills). For the harmonized calibration routine, it was decided to perform the calibration in two
steps: a first calibration step where 10 minutes averaged voltage measurements are converted into
brightness temperature followed by an integration step, which combines the 10 minutes calibrated
spectra into hourly integrated spectra. The 10 minutes calibrated spectra are the level 1a and
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the hourly integrated values are the level 1b and are the results of the calibration routine.
The idea behind this two-step process is to have a better control over the data quality and a
greater flexibility of the routine. Note that already during the calibration (level 0 to level 1a),
basic quality checks are done on each single raw spectrum to check for outliers. Therefore the
10 minutes calibrated spectra should be already preserved against technical issues that could
affect individual spectra (e.g. numerical errors). Unlike the previous calibration routines, it
was decided to use Eq. 2.20 in its original form before converting the resulting intensity in
thermodynamic brightness temperatures using Eq. 2.11. It enables to keep the best possible
accuracy for the measured sky spectral intensity, while keeping its historical (and somehow
much easier to visualize) units.

The calibration time (10 minutes) and integration time (1 hour) were selected based on the
capabilities of the two instruments and on the atmospheric variability expected over Switzer-
land. In fact, tropospheric conditions significantly affect the radiometric measurements and can
sometimes prevent the observation of the stratospheric ozone line. In this case, it is desirable
to remove the calibrated spectra recorded during bad conditions and integrate only the good
quality spectra during a given hour. Similarly, LN2 refills of the dewar, typically lasting for
∼ 20 minutes, often alter the results of the calibration. The two steps calibration routine en-
ables to remove the spectra recorded during the refills while keeping a valid hourly integrated
spectrum during this hour.

Depending on the time resolution and measurement accuracy required, this two steps cal-
ibration procedure also enables to change the integration time easily, without having to run
the full calibration again. It has proven particularly useful as the first calibration step involves
the reading of the raw measurements and is the most computer intensive part. The calibrated
(level 1a) and integrated (level 1b) spectra are finally saved separately in daily Network Com-
mon Data Form (netCDF) files along with many useful diagnostic quantities which are then used
during the retrieval process or to identify potential anomalous periods. The set of flags designed
for the calibrated and integrated spectra are shown in Fig. A.3 for a full year of GROMOS
measurements. Daily diagnostics plots are also produced and saved along the level 1 files for
quality checks.

3.2.2 Retrieval setup

As introduced in Section 2.2.3, once the radiometric measurements are calibrated and integrated,
they can be used to infer the quantity and vertical distribution of ozone that is present above the
instrument during the measurement time. To do this, we need to solve the inverse problem to
find the ozone profile that resulted in the radiometric spectra, a process referred to as retrieval.

To perform the retrieval, the radiometric measurements are compared against the forward
model, which simulates the atmospheric emission and performs the radiative transfer simulations
of the atmosphere. In the frame of this project, I used the latest stable version of ARTS (v. 2.4,
Buehler et al., 2018). ARTS offers a fully integrated OEM retrieval environment and includes
many tools to help simulate and retrieve the sensor’s influence on the radiometric measurements
(Eriksson et al., 2006). Providing the right set of a priori and instrumental knowledge to the
algorithm, it is possible to retrieve hourly ozone profiles at altitude between ∼ 20 and 75 km,
depending on the tropospheric conditions (i.e., also on the season).

In practice, the full retrieval outputs are a combination of different quantities depending on
the user’s interests. It includes of course the atmospheric profile of interest (e.g., ozone) but
can also include further quantities like a water vapour continuum term or some instrumental
parameters. The different retrieval quantities defined for GROMOS and SOMORA are described
below, whereas Table 3.2 lists the main parameters used in the new harmonized GROMORA
retrievals.
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For the upload of GROMOS and SOMORA data to NDACC, two different retrieval types
are performed: the “rapid delivery” retrieval, which aims to be a near real-time product, and
the “consolidated” retrieval, which is the final product and is usually uploaded at a later stage
after a more rigorous quality control.

Atmosphere, spectroscopy, and forward model

ARTS offers many possibilities to define the atmospheric state, a priori data and simulation
grids. I use one-dimensional pressure, temperature, and altitude profiles from the ECMWF.
Depending on the version of the retrievals, I select either the operational analyses (for rapid
delivery retrievals) or the latest reanalysis product: the ECMWF reanalysis dataset, 5th gen-
eration (ERA5) dataset (for consolidated retrievals). The ECMWF datasets are limited to ap-
proximately 70 km altitude and therefore, I complete it with a COSPAR International Reference
Atmosphere (CIRA-86) monthly climatology up to 112 km.

As atmospheric species, I include ozone, water vapour, oxygen, and nitrogen. For ozone, I use
the spectroscopic database from Perrin et al., 2005, which is provided with ARTS and is derived
from the HITRAN and Jet Propulsion Laboratory (JPL) spectroscopic databases. For water
vapour, I use the “H2O-PWR98” complete absorption model for water vapour provided by ARTS
and based on Rosenkranz, 1998. For oxygen and nitrogen, I take some standard parametriza-
tions provided by ARTS, respectively “O2-PWR93” and “N2-SelfContStandardType” (for more
information, see Buehler et al., 2005 or the ARTS user guide1).

The simulation frequency grids have been defined to cover the range of GROMOS and
SOMORA spectrometers with a refined frequency resolution around the ozone line centre. It
matches the spectrometer resolution at the line centre to optimize retrievals at higher altitudes,
whereas the spectral resolution is coarser on the line wings to limit computation time.

The forward model also computes the weighting functions or Jacobians. They indicate the
sensitivity of the spectrum to changes in the ozone profile and are shown in Fig. 3.3. In general,
the weighting functions of GROMOS and SOMORA are expected to be similar as they are
generated with the same forward model and nearly identical atmospheric conditions. Only
minor differences are introduced by their different frequency resolution. The two instruments are
sensitive to ozone changes approximately up to the mesopause (∼ 80 km), which also corresponds
to the limit where pressure broadening dominates over Doppler broadening (see Fig. 2.1). This
explains why, despite their different frequency resolution, GROMOS and SOMORA have the
same upper altitude limit.

Measurement noise and sensor considerations

To perform meaningful retrievals, it is important to consider the influence of the sensor on the
atmospheric emission spectrum. However, it is a complex task requiring the simulation of many
instrumental components, most of which have unknown effects on the atmospheric spectra. In
addition, most of them are time (e.g. seasonal) or frequency dependent.

The first error source arising from the instrument is the measurement noise present in every
spectrum. The noise originates partly from thermal emission of the receiver components and
is present in any remote sensing system. In addition, the atmosphere itself also adds noise to
the measurement, notably though the tropospheric water continuum, which can dampen quite
significantly the stratospheric ozone signal, and which depends strongly on the atmospheric con-
ditions. In microwave radiometry, the noise level is reduced through integration of the calibrated
spectrum, but it is still important especially as the received radiation power is small. The quan-
tification of the measurement noise is a key step for OEM retrievals because it defines, together

1https://www.radiativetransfer.org/
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Figure 3.3: Weighting functions (Jacobians) obtained from GROMOS and
SOMORA forward model. Each line represents the sensitivity of a certain fre-
quency channel to changes in the vertical ozone profile. Purple colours indicate
channels near the line centre, which are sensitive higher in the atmosphere, whereas
yellow colours indicate channels on the line wing only sensitive to lower altitudes.

with the a priori covariance, the information that can be extracted from the measurement at
each pressure level.

The measurement noise is computed individually for each integrated spectrum y based on
the observed noise level and it is considered to be uncorrelated between the different channels
(i.e., Sy is a diagonal matrix). More specifically, I use the variance of the differences between
the neighbouring channels (σ2

∆y) after removal of any spurious FFTS channels. This variance
should be twice the simple variance of the measurement vector (σ2

∆y = 2σ2
y) and therefore, the

noise covariance matrix for each retrieval is defined as

(Sy)ii = 1
2σ2

∆y (3.1)

It results in slightly higher noise level for GROMOS (σy ≈ 0.7 K) than SOMORA (σy ≈
0.5 K) because GROMOS has a higher receiver noise temperature and a higher frequency reso-
lution.

ARTS has dedicated built-in functions that can model the influence of the most relevant com-
ponents on the atmospheric observations (Eriksson et al., 2006). For GROMOS and SOMORA
after 2009, I included the effect of the FFTS channel response (| sin(x)

x |2) and the effect of the side-
band ratio. GROMOS and SOMORA both have double sideband mixers and a Martin-Puplett
interferometer (MPI) for the sideband rejection (Calisesi, 2003; Peter, 1997). Therefore, the
sideband response is assumed to follow a sinusoidal dependence and can be modelled based on
previous measurements performed on each instrument.

There are other sensors or external influences which are difficult to estimate and correct
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during the calibration process or to simulate accurately for each spectrum. This is the case
for the instrumental baselines and the tropospheric absorption. The instrumental baselines are
modulation of the atmospheric spectrum due to the observing system. They can arise during
the mixing process, the sideband filtering or can be due to undesired reflections, typically when
observing the calibration targets. Because these quantities can vary with time and are difficult
to simulate or correct beforehand, they have been included as additional retrieval quantities and
are described in the next section.

Retrieval quantities

In ARTS, it is possible to have multiple retrieval quantities, which are all added to the state
vector x. It can be some additional atmospheric unknown quantities (e.g., wind or tropospheric
continuum), or some unknown sensors influence on the observations. In principle, the inversion
problem is the same as with a single retrieval quantity. For each retrieval quantity, it is needed
to define a corresponding a priori and covariance matrix. In this section, I describe the retrieval
quantities used for the GROMORA retrievals and briefly discuss the reasons for their addition.

Ozone: The main retrieval quantity is vertical profiles of hourly ozone VMR in the middle
atmosphere. As a priori I work with monthly mean ozone profiles from free-running simulations
from Whole Atmosphere Community Climate Model (WACCM), version 4 in the configuration
described by Schanz et al., 2014. WACCM is a fully coupled global chemistry climate model
(CCM) developed at the National Center for Atmospheric Research (NCAR) which simulates
the atmosphere from the surface to ∼ 150 km altitude, with a vertical resolution between 1.1 and
2 km in the middle-atmosphere. WACCM was run with a horizontal resolution of 4◦ latitude
by 5◦ longitude and for the retrieval, I select the closest grid point to both Bern and Payerne,
which corresponds to 45◦ N and 5◦ E. The model was run with the pre-defined free-running “F
2000” scenario, simulating a perpetual year 2000 but without data nudging. Further, depending
on the LST, I use either the daytime or night-time a priori ozone profile as shown in Fig. A.1.
The reason for using these simulations was to make sure that the a priori profiles would not
depend on any measurements used for the validation of the new harmonized retrievals (e.g., with
measurement from the Microwave Limb Sounder (MLS) as done previously).

The a priori covariance matrix for ozone varies with altitude and is constant for all days and
hours. Under 1 hPa (∼ 50 km), it is a fraction of a yearly mean ozone profile obtained from
WACCM. Above, it has been adapted to optimize the information content from the measurement
in the lower mesosphere. To account for the vertical coupling of the atmosphere, it includes
exponentially decreasing covariances between the pressure levels that are computed as

(Sa)i,j = σa(zi)σa(zj) exp
(

−|zi − zj |
h

)
(3.2)

For the GROMORA retrievals, I set a correlation length h = 1 km and a cut-off value has been
applied, which suppresses any covariances as soon as it is under a certain threshold. The ozone
a priori covariance matrix is shown in Fig. A.2.

Tropospheric contribution: Around the 142 GHz ozone transition line, the tropospheric
water continuum contributes significantly to the observed spectra and must be considered during
the inversion process. It is often accounted for with a so-called tropospheric correction (Ingold
et al., 1998). Such a correction is widely used but their impact on the ozone line can be difficult
to quantify, therefore it was decided to include the tropospheric water vapour as a retrieval
quantity, as done previously for such retrievals (e.g., Palm et al., 2010). In practice, I use
the ECMWF humidity profile as a priori and retrieve a tropospheric continuum value from each
measured spectrum. Note that I retrieve only a scaling factor of the a priori water vapour profile
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so that the retrieved value for the continuum have no physical meaning without the a priori.
The goal here is not to retrieve meaningful tropospheric water vapour profile (for which the
instrument has anyway no sensitivity) but only to fit and remove the continuum contribution
from the observed stratospheric ozone line.

Instrumental contributions: A frequency shift is also retrieved for each spectrum. The
reason for including such a retrieval quantity is because the local oscillators of both GROMOS
and SOMORA are not perfectly stable and even a slight shift of the reference frequency can
have significant bias on the retrievals, especially on the higher altitudes.

Despite mitigation of baselines using different techniques (e.g., continuous mirror wobbling,
non-perpendicular aspect of cold load), it is often necessary to retrieve some instrumental base-
lines as well (Palm et al., 2010). In the case of GROMOS and SOMORA, I include a second-order
polynomial and sinusoidal baselines with different period. To avoid the degradation of the re-
trievals with the addition of too many baselines, I performed a first processing of the full time
series without the sinusoidal baselines and used the residuals to find the appropriate baseline
periods for each instrument. The baseline periods remain the same on timescale of month to
years so that, in practice, only a few period changes are made during the full extent of the time
series for each instrument. The details of which baseline periods have been used for which years
can be found in the documentation provided with the time series (see Chapter 4).

Table 3.2: Main retrievals parameters used in the new harmonized routine for
GROMOS and SOMORA retrievals.

source/type

Forward model ARTS (Buehler et al., 2005; Eriksson et al., 2011)
Atmospheric species O3, H2O, O2 and N2

Spectroscopy Perrin et al., 2005 (JPL & HITRAN)
Atmospheric state 1D ECMWF & CIRA-86
O3 a priori WACCM, monthly, day/night
H2O a priori ECMWF
Modelling grid ∼ 1 − 112 km, 2 km resolution
Retrieval grid ∼ 1 − 95 km, 2 km, resolution

Level 2

Similarly as for the level 1 files, the outputs of the retrieval routine (i.e., the hourly ozone profiles
and diagnostic quantities) are stored in daily netCDF files. The level 2 files hold not only the
hourly retrieved ozone profiles, but also the other retrieved quantities and some diagnostics
saved during the OEM retrievals. For instance, it holds the measured and fitted spectra (see
an example in Fig. 3.4I for GROMOS and in Fig. 3.5I for SOMORA), the noise level of the
spectra and all relevant geolocation information. For all retrieved quantities, it always includes
the a priori value, grid and error estimations extracted from the OEM. Other typical diagnostic
quantities available in the level 2 files include (see Section 2.2.3 for all definitions):

• the AVK matrix and the measurement response,

• the smoothing and measurement error profiles,

• the FWHM of the AVK, corresponding to the vertical resolution of the retrieved profile,
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• the AVK vertical offset.

An example of hourly retrieved ozone profiles with these diagnostic quantities can be seen in
Fig. 3.4II for GROMOS and Fig. 3.5II for SOMORA. Example of yearly concatenated diagnostic
plots for GROMOS are shown in Fig. A.4 and Fig. A.5.

Retrieval errors

As mentioned in Section 2.2.3, the OEM provides two main error components of the retrievals:
the smoothing and the measurement error. However, these errors do not include any systematic
error sources arising either from the instrument or from the radiative transfer model. To get an
estimation of the total error budget for both instruments, a simple sensitivity analysis has been
performed on a set of parameters known to introduce systematic biases in the retrievals.

On the instrument side, it includes potential pointing errors, change of the LN2 target
emissivity (i.e. of brightness temperature, especially before/after refills), error in the sideband
suppression ratio or uncertainties in the window transmittance. On the atmospheric side, it
includes potential errors from the spectroscopic parameters, namely the line intensity and the
continuum model used in the forward model. This analysis is presented in Sauvageat et al.,
2022b, which is reprinted in Chapter 4.

The main conclusions from the sensitivity analysis are that the total relative uncertainties
depend on the tropospheric conditions, with higher uncertainties at higher opacities. Systematic
error dominates the uncertainty budget up to ∼ 2 hPa, whereas the measurement error becomes
quickly dominant above this pressure level. The relative uncertainty in the stratosphere is
slightly higher for GROMOS (9−10%) than for SOMORA (7−8%) due to its lower intermediate
frequency which increases the sensitivity of GROMOS to the sideband suppression ratio. At
higher tropospheric opacities, the total relative uncertainties in the stratosphere increase to
12 − 15% for GROMOS and 10 − 12% for SOMORA. Overall these values are aligned with
previous error budgets for GROMOS and SOMORA (Calisesi, 2003) and are typical for ground-
based ozone MWRs (e.g., Palm et al., 2010; Kopp et al., 2002),

3.3 Validation
Due to their geographic proximity and similar viewing geometry, GROMOS and SOMORA can
be compared directly. In this regard, great care has been taken to keep the processing of the
data from the two instruments independent. Although the two instruments rely on the same
calibration, retrieval algorithms and set of a priori data, they do not use the measurements of
the other at all. In that sense, the measurements from GROMOS and SOMORA are considered
independent of each other and can therefore be cross-validated against each other.

Despite their independence, GROMOS and SOMORA measurements would still be affected
by any bias introduced in the calibration, the retrieval routines and, to a less extent though,
by the a priori data. Therefore, further validation of the harmonized ozone time series was
performed by comparing their observations with co-located satellite measurements. Namely,
I used two satellite-based datasets of strato–mesospheric ozone for the validation which are
succinctly described below. The results of these validations are shown in Chapter 4.

3.3.1 Aura MLS

As the main validation dataset for the harmonized GROMORA retrievals, I use ozone mea-
surements from the Microwave Limb Sounder (MLS) instrument onboard the Aura spacecraft
(Waters et al., 2006; Froidevaux et al., 2008). It is operated since 2004 by the National Aero-
nautics and Space Administration (NASA) in the frame of the Earth Observing System and
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(II) Retrieved ozone profiles and diagnostic quantities (see text for details).

Figure 3.4: Example of hourly ozone retrievals from GROMOS.
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(II) Retrieved ozone profiles and diagnostic quantities (see text for details).

Figure 3.5: Example of hourly ozone retrievals from SOMORA.
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has been used extensively for ozone profile validation globally and against many other observing
systems (e.g., Boyd et al., 2007; Livesey et al., 2008; Hubert et al., 2016).

MLS is a passive microwave radiometer observing the ozone emission line around 240 GHz in
a limb sounding geometry. It follows a sun-synchronous orbit and overpasses Switzerland twice
a day around 02:20 and 13:10 LST. In my work I have used the latest level 2 ozone retrievals (v5)
and the recommended data screening from Livesey et al., 2022. It results in ozone VMR profiles
between 261 to 0.001 hPa with a typical vertical resolution ranging from ∼ 2.5 km in the lower
stratosphere increasing to ∼ 5.5 km at the mesopause with an accuracy of 5 − 10 % in the
stratosphere increasing up to 100 % at 0.01 hPa. Its horizontal resolution ranges between 300
and 500 km.

For the validation of GROMOS and SOMORA time series, I use all co-located MLS ob-
servations on the period 2009-2022. As spatial co-location criteria, I use ±3.6° in latitude and
±10.5° in longitude from Bern, an area corresponding to Central Europe. As temporal criteria,
I keep all profiles measured within a 3-hour time window around the MLS overpass time. Then,
I keep only the time windows where both MLS and the MWRs have co-located profiles with
sufficient data quality. As the vertical resolution of the radiometers is quite coarse (∼ 10 km up
to 3 hPa and ∼ 15 km above) compared to the vertical resolution from the MLS measurements,
the higher resolved MLS profiles are convolved with each radiometer’s AVKs for the comparisons
using Eq. 2.27.

3.3.2 SBUV

In addition to MLS, I also use the latest release of the Merged Ozone Dataset (MOD) derived
from the Solar Backscatter Ultraviolet Radiometer (SBUV, retrievals v8.7, Frith et al., 2020;
Ziemke et al., 2021). This dataset provides daily overpasses over many ground-based ozone
measurement stations, including Payerne in Switzerland which I used as the reference for the
comparisons with GROMOS and SOMORA. It provides stratospheric ozone VMR profiles from
50 to 0.5 hPa merged according to the new MOD v2, Release 1 derived from SBUV (and
SBUV/2) and adjusted for the diurnal cycles to an equivalent local measurement time of 1:30
PM. The vertical resolution from the SBUV retrievals is ∼ 6 − 7 km in the middle and upper
stratosphere (McPeters et al., 2013; Bhartia et al., 2013) which is closer to the vertical resolution
of GROMOS and SOMORA in this region. For this reason, contrary to MLS, I did not apply
any AVK smoothing to the SBUV measurements.
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4 Harmonized ozone retrievals for
GROMOS and SOMORA

This chapter presents the main outcome of the harmonization project between GROMOS and
SOMORA. It summarises the main results obtained from the project, which were peer-reviewed
and published in Sauvageat et al., 2022b. It focuses on the post 2009 period, where the two
instruments used the Acqiris AC240 digital spectrometer as back-end. The publication presents
the harmonization of the calibration and retrieval algorithms from GROMOS and SOMORA
and the resulting time series for the period 2009-2022. It also characterizes the new retrievals
and associated uncertainties. Note that at the time of publication, the spectral bias of the
AC240 (Sauvageat et al., 2020) was not fully assessed yet and therefore, no correction has been
applied to the time series used in the following publication. The influence of the spectrometer
bias on the results presented here is discussed in Section 7.2.1

A careful cross-comparison of the two instruments is performed and validation is provided
against two satellite datasets, the MLS aboard the Aura satellite and the SBUV MOD. In addi-
tion, the new time series are compared with the series from the previous version of the calibration
and retrieval algorithms to assess the improvement from the harmonized data processing.

Overall, a good agreement is found between GROMOS and SOMORA on the period 2009-
2022, with seasonal ozone relative differences lower than 10% and good correlation (R > 0.7)
between the two time series in most of the middle atmosphere (∼ 25 to 70 km). An exception
occurs during summertime, where the correlation is found to be lower than for the other seasons.
A potential reason for the summer bias on SOMORA could be a seasonal change in the instru-
mental baselines, not considered in the retrievals but it is still to be confirmed. Compared to
the previous data processing, the agreement between GROMOS and SOMORA has significantly
improved, especially above 60 km. The mean relative ozone difference against satellite measure-
ments above Switzerland are within 10% between ∼ 20 and 60 km. In summer, we observed
a systematic bias from SOMORA against MLS which is consistent with the lower correlation
found in summer between GROMOS and SOMORA.

4.1 Publication: Harmonized retrievals of Swiss ozone radiome-
ters

Overall, the harmonization project of GROMOS and SOMORA have resulted in multiple outputs
referenced below. First, two internal research reports detailing respectively the new calibration
and retrieval routines written for the two instruments can be found on the Bern Open Repository
and Information System (BORIS). Second, the new harmonized datasets from GROMOS and
SOMORA can be found on BORIS-portal1 along with a detailed documentation of the two time
series for the period 2009-2021. The harmonized calibration and retrieval routines have been
published and are freely available. The latest version is available on GitHub2 whereas the release
corresponding to the published article is archived at Sauvageat, 2022a. In addition to the main

1https://boris-portal.unibe.ch/cris/project/pj00023
2https://github.com/leric2/GROMORA-harmo
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code, many useful functions to deal with the level 2 data can be found on GitHub3 and even
more on the Git server of the IAP (accessible on request to the sysadmin).

This project was first presented at the 2021 Quadrennial Ozone Symposium (QOS), then the
description and results of the harmonization were peer-reviewed and published in Atmospheric
Measurement Techniques.

Calibration report:

Sauvageat, E. (2021). Calibration routine for ground-based passive microwave radiometer: a
user guide. Research Report No. 2021-01-MW. Institute of Applied Physics, University of Bern.
doi: 10.48350/164418.

Retrieval report:

Sauvageat, E. (2022b). Harmonized ozone profile retrievals from GROMOS and SOMORA.
Research Report No. 2022-01-MW. Institute of Applied Physics, University of Bern. doi:
10.48350/170121.

Code:

Sauvageat, E. (2022a). GROMORA-harmo: calibration and retrieval code for Swiss ozone mi-
crowave radiometers. Version 2. doi: 10.5281/zenodo.6799357.

Citation of the peer-reviewed publication:

Sauvageat, E., Maillard Barras, E., Hocke, K., Haefele, A., and Murk, A. (2022b). “Harmonized
retrieval of middle atmospheric ozone from two microwave radiometers in Switzerland”. In:
Atmospheric Measurement Techniques 15.21, pp. 6395–6417. doi: 10.5194/amt-15-6395-
2022.

3https://github.com/leric2/gromora_analysis

40

https://doi.org/10.48350/164418
https://doi.org/10.48350/170121
https://doi.org/10.5281/zenodo.6799357
https://doi.org/10.5194/amt-15-6395-2022
https://doi.org/10.5194/amt-15-6395-2022
https://github.com/leric2/gromora_analysis


Atmos. Meas. Tech., 15, 6395–6417, 2022
https://doi.org/10.5194/amt-15-6395-2022
© Author(s) 2022. This work is distributed under
the Creative Commons Attribution 4.0 License.

Harmonized retrieval of middle atmospheric ozone from two
microwave radiometers in Switzerland
Eric Sauvageat1,2, Eliane Maillard Barras3, Klemens Hocke1,2, Alexander Haefele3, and Axel Murk1,2

1Institute of Applied Physics, University of Bern, Bern, Switzerland
2Oeschger Centre for Climate Change Research, University of Bern, Bern, Switzerland
3Federal Office of Meteorology and Climatology, MeteoSwiss, Payerne, Switzerland

Correspondence: Eric Sauvageat (eric.sauvageat@unibe.ch)

Received: 13 July 2022 – Discussion started: 15 July 2022
Revised: 28 September 2022 – Accepted: 5 October 2022 – Published: 8 November 2022

Abstract. We present new harmonized ozone time series
from two ground-based microwave radiometers in Switzer-
land: GROMOS and SOMORA. Both instruments have mea-
sured hourly ozone profiles in the middle atmosphere (20–
75 km) for more than 2 decades. As inconsistencies in long-
term trends derived from these two instruments were de-
tected, a harmonization project was initiated in 2019. The
goal was to fully harmonize the data processing of GROMOS
and SOMORA to better understand and possibly reduce the
discrepancies between the two data records. The harmoniza-
tion has been completed for the data from 2009 until 2022
and has been successful at reducing the differences observed
between the two time series. It also explains the remaining
differences between the two instruments and flags their re-
spective anomalous measurement periods in order to adapt
their consideration for future trend computations.

We describe the harmonization and the resulting time se-
ries in detail. We also highlight the improvements in the
ozone retrievals with respect to the previous data processing.
In the stratosphere and lower mesosphere, the seasonal ozone
relative differences between the two instruments are now
within 10 % and show good correlation (R> 0.7) (except
during summertime). We also perform a comparison of these
new data series against measurements from the Microwave
Limb Sounder (MLS) and Solar Backscatter Ultraviolet Ra-
diometer (SBUV) satellite instruments over Switzerland.
Seasonal mean differences with MLS and SBUV are within
10 % in the stratosphere and lower mesosphere up to 60 km
and increase rapidly above that point.

1 Introduction

Ozone is a trace gas of great importance in the earth’s at-
mosphere. It shields the surface of our planet from most
of the sun’s harmful ultraviolet radiation by absorbing it in
the stratosphere (the “ozone layer”) and consequently allow-
ing life out of water. In the second half of the 20th cen-
tury, it was suggested that anthropogenic emissions of certain
chemical compounds, the commonly called ozone-depleting
substances (ODSs), were threatening this protective layer
(Molina and Rowland, 1974; Crutzen, 1970; Farman et al.,
1985; Solomon et al., 1986). As a result, severe depletion
of the ozone layer was observed in the springtime over the
Antarctic and led to the banning of ODS emissions formal-
ized in the Montreal Protocol in 1987.

Since then, there has been an increased interest in the mon-
itoring of ozone in the middle atmosphere to assess the ef-
fect of the Montreal Protocol. The reduction of ODS emis-
sions has led to a decrease in total chlorine concentration
since 1997, whereas the increasing greenhouse gases con-
centration is cooling the upper stratosphere (Anderson et al.,
2000; Solomon et al., 2006). From the existing knowledge
in middle-atmospheric chemistry, the combination of both
factors should lead to an observable recovery or even super
recovery of ozone concentration at these altitudes (Eyring
et al., 2010). In fact, over the polar regions, the strato-
spheric ozone concentrations have already begun their re-
covery towards pre-industrial levels (Solomon et al., 2016).
Over the mid-latitudes, the situation is less obvious, and
ozone recovery seems to differ depending on the altitude
and the geographical area of interest (Braesicke et al., 2018;
Petropavlovskikh et al., 2019; Tummon et al., 2015). In the
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upper stratosphere, the latest observations agree on a posi-
tive trend of ozone concentration despite a high variability
in its significance and magnitude (Fahey et al., 2018; Stein-
brecht et al., 2017; Bernet et al., 2019; Godin-Beekmann
et al., 2022). In contrast, no clear indication of ozone recov-
ery has been reported yet in the lower stratosphere and some
observational evidence of further decline in this region were
even reported (Ball et al., 2018). In the context of climate
change, there also remain many unknowns regarding the in-
fluence of long-term dynamic and composition changes on
middle-atmospheric ozone trends depending on the region
(von der Gathen et al., 2021). In regards to these uncertain-
ties, there is still a high need for accurate and long-term time
series in the research field.

Microwave ground-based radiometers (MWRs) provide
continuous, all-weather measurements of ozone in the mid-
dle atmosphere and are therefore well suited to estimate long-
term trends and cross-validate satellite measurements (Hocke
et al., 2007). Compared to other ground-based measurement
techniques, they are able to retrieve ozone profiles from the
stratosphere well into the mesosphere with a high temporal
resolution but at the cost of a quite low vertical resolution.

In Switzerland, two ozone MWRs have operated for more
than 20 years in the vicinity of each other (ca. 40 km):
the GROund-based Millimeter-wave Ozone Spectrometer
(GROMOS) in Bern and the Stratospheric Ozone MOni-
toring RAdiometer (SOMORA) in Payerne (Fig. 1). They
operate in the frame of the Network for the Detection of
Atmospheric Composition Change (NDACC) (De Mazière
et al., 2018). Such long-term time series of two ozone MWRs
combined in such geographic proximity is unique world-
wide and therefore offers the opportunity for extensive cross-
validations. It also allows for more thorough investigation
of measurement uncertainties, possible instrumental failures,
and calibration and retrieval errors.

During the first phase of the activity “Long-term Ozone
Trends and Uncertainties in the Stratosphere” (LOTUS), in-
consistencies were found in ozone trend estimates from these
two radiometers (Petropavlovskikh et al., 2019). In addition,
Bernet et al. (2019) identified some anomalous periods in the
Bern time series and highlighted the need to account for these
anomalies to compute more accurate trends. However, Bernet
et al. (2019) did not investigate the reasons for such anoma-
lies, and the differences between these two time series re-
mained unexplained. Due to their geographic proximity and
similar observation geometry, the differences are too big to
be geophysical. The data processing, however, was quite dif-
ferent between the instruments, and therefore it was decided
to reprocess both time series with new and harmonized algo-
rithms. A harmonization project was initiated jointly by the
operators of these two instruments in 2019 with the goal to
better understand their differences.

We present and validate here the new harmonized time
series for GROMOS and SOMORA focusing on the time
period from the month of September 2009 until December

Figure 1. Location of GROMOS and SOMORA, with their approx-
imate viewing directions.

2021. We present the harmonization process applied to the
data processing of the two radiometers, including a short de-
scription of the new calibration and retrieval routines. We
also show the improvements resulting from this harmoniza-
tion by comparing the new series with their previous ver-
sions. As a validation, we performed a cross-comparison
between the two instruments and compared them against
satellite dataset, namely from the Microwave Limb Sounder
(MLS) and the Solar Backscatter Ultraviolet Radiometer
(SBUV).

A detailed description of the calibration and retrievals rou-
tines has been published in the form of two research reports
available on the publication database of the University of
Bern (Sauvageat, 2021, 2022a), and a full documentation of
the time series is available together with the data.

This paper is organized as follows. Section 2 presents the
instruments, highlighting their similarities and differences.
Section 3 presents the harmonization procedure applied to
the calibration and retrieval routines. Section 4 presents the
new harmonized ozone time series, whereas Sect. 5 presents
comparisons and cross-validations against satellite measure-
ments. Section 6 summarizes the main conclusions and gives
an outlook.

2 Ozone microwave radiometry in Switzerland

Passive microwave radiometry uses the electromagnetic ra-
diation emitted and transmitted in the microwave frequency
region to derive geophysical quantities of interest. It makes
this technique suitable for both surface observation of the
earth from space and sounding of atmospheric trace gases,
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temperature or winds from satellites or ground-based in-
struments. Unlike other techniques, MWRs do not require
UV/VIS emitting sources (e.g. sun or stars) and are able
to measure during day and night. In addition, the pressure
broadening effect at microwave frequencies enables the re-
trieval of vertical profiles of temperature, winds and abun-
dances (e.g. Parrish et al., 1988; Connor et al., 1994; Rüfe-
nacht et al., 2012; Krochin et al., 2022).

Ozone possesses many rotational transition lines in
the microwave region. Its emission lines at 110.836 and
142.175 GHz are most often used for ground-based obser-
vations because of their line intensity and the limited effect
of water vapour absorption at these frequencies.

GROMOS and SOMORA have been designed and built
at the Institute of Applied Physics (IAP) at the University
of Bern with quite similar components (Calisesi, 2003; Pe-
ter, 1997). They observe the ozone emission line around
142 GHz to retrieve hourly ozone profiles in the stratosphere
and lower mesosphere (∼ 20 to 75 km) using the optimal esti-
mation method. GROMOS has been operated by IAP in Bern
since 1994, and SOMORA has been operated by the Fed-
eral Office of Meteorology and Climatology (MeteoSwiss)
in Payerne since 2000 (see locations given in Fig. 1). Both
instruments are located on the Swiss Plateau, approximately
40 km from each other, where they experience similar atmo-
spheric conditions. This can be seen by looking at the sea-
sonal distribution of tropospheric opacities at the two sites
shown in Fig. A1. The main characteristics of the two instru-
ments are summarized in Table 1.

2.1 Spectrometers

The spectrometer is a key component of any MWR and can
significantly influence its retrieval capabilities. Since 2009,
both instruments use the same spectrometer, namely the Ac-
qiris AC240 which is a digital fast Fourier transform (FFT)
spectrometer (Benz et al., 2005; Muller et al., 2009). On
SOMORA, it replaced an acousto-optical spectrometer in
September 2009, whereas on GROMOS it replaced discrete
filter banks in July 2009. In both cases, the time series were
homogenized using an overlap period of roughly 2 years, and
the pre-2009 time series were corrected with respect to the
FFT spectrometer time series (e.g. Moreira et al., 2015; Mail-
lard Barras et al., 2020). Whereas both instruments use the
same digitizer with the same bandwidth of 1 GHz, it should
be noted that the frequency resolution is 2 times higher for
GROMOS than for SOMORA because GROMOS uses an in-
phase quadrature (IQ) down-converter and digital sideband
separation, which results in twice the number of channels
(Murk et al., 2009). As a result, GROMOS could be more
sensitive to ozone at higher altitudes. However, we do not
see any significant difference in vertical sensitivity compared
to SOMORA, possibly because of the high receiver noise,
which could act as a limiting factor for extending the altitude
coverage of the two instruments.

The AC240 is still being used in many MWRs; however,
it is ageing and has recently been shown to produce a spec-
tral bias compared to more recent spectrometers, most likely
impacting ozone retrievals as well (Sauvageat et al., 2021).
In this contribution, we only focus on the period where both
instruments use the AC240, namely from September 2009 to
end of 2021. Therefore, both time series should be similarly
impacted by the spectrometric bias and thus should not af-
fect the results of the comparisons between GROMOS and
SOMORA. This might, however, influence the comparisons
against the satellite observations, but there is unfortunately
no way to confirm the amplitude of the bias on the ozone
profiles at the moment.

3 Harmonization process

Discrepancies were identified between the GROMOS and
SOMORA data series and trends (Bernet et al., 2019;
Petropavlovskikh et al., 2019; Maillard Barras et al., 2020)
for which no explanations could be found. To better un-
derstand these discrepancies, it was decided to perform a
full harmonization of the data processing of GROMOS and
SOMORA, from the raw data (level 0) to the ozone profiles
(level 2). The idea was to harmonize the whole processing
chain, including the inputs and outputs of the routine, while
keeping the two data series fully independent.

The harmonization project can be separated into two dis-
tinct parts: the calibration of the radiometric data (level 0 to
1) and the retrievals of ozone profiles (level 1 to 2). Sec-
tion 3.1 will briefly describe the new calibration and inte-
gration routines (see Sauvageat, 2021 for details), whereas
Sect. 3.2 will describe the retrievals of ozone profiles from
the calibrated spectra.

3.1 Calibration

GROMOS and SOMORA are both total power radiome-
ters with superheterodyne receivers. They measure the atmo-
spheric ozone emission line around 142.175 GHz and use the
heterodyne principle to down convert the incoming radiation
(RF signal) to an intermediate frequency (IF) by mixing with
a local oscillator frequency (LO) which allows for easier sig-
nal processing.

The operation of microwave radiometers requires contin-
uous calibration because their receivers are never perfectly
stable (e.g. Ulaby and Long, 2014, chap. 7). Both instruments
use a so-called hot–cold calibration scheme: using a rotating
mirror fixed on a path length modulator, they are continu-
ously switching between the atmospheric observation, a hot
and a cold calibration target. In both instruments, a heated
black-body kept at a constant temperature (Thot ≈ 310 K) is
used as hot load, whereas liquid nitrogen (LN2) observation
is used as cold load. Both instruments use a Martin–Pupplet
interferometer (MPI) to suppress the contribution of the un-
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Table 1. GROMOS and SOMORA microwave radiometers.

GROMOS SOMORA

Location Bern Payerne
Latitude 46.95◦ N 46.82◦ N
Longitude 7.44◦ E 6.94◦ E
Altitude 560 m 491 m
Azimuth angle 45◦ 34◦

Elevation angle 40◦ 39◦

Observation frequency 142.175 GHz 142.175 GHz
Spectrometer Acqiris AC240 Acqiris AC240
Bandwidth 1 GHz (32 768 channels) 1 GHz (16 384 channels)
Intermediate frequency 3.7 GHz 7.1 GHz
Frequency resolution 30.52 kHz 61.04 kHz
Trec ∼ 2750 K ∼ 2550 K

desired sideband. The pathlength modulator is used to miti-
gate the standing waves between the receiver and the calibra-
tion targets, which are otherwise causing systematic base-
line errors on the calibrated spectra. In parallel to the hot–
cold calibration scheme, the instruments also perform tipping
curve calibration (Ingold et al., 1998) as cross-validation for
the LN2 calibration. Assuming linear transfer characteristics,
the atmospheric spectral radiance can then be determined and
further converted to brightness temperature using Planck’s
law (e.g. Ulaby and Long, 2014, chap. 6).

Despite similar designs and raw data contents, the previous
calibration routines for GROMOS and SOMORA were dif-
ferent. Therefore, a new routine was designed to harmonize
the calibration between the two instruments. The calibration
essentially converts the raw spectrometer measurements to
radiance intensity and integrates them together on a chosen
integration time. For this new routine, the calibration results
in two different data levels, namely the calibrated spectrum
(level 1a) and the integrated spectrum (level 1b).

Harmonized quality control was introduced in order to
identify spurious instrumental signals. It flags the most com-
mon technical problems at level 1a (e.g. noise temperature
jumps, LN2 refills, LO frequency shifts) and combines them
into a single instrumental flag value for level 1b (Sauvageat,
2021).

Considering instrumental issues and technical interrup-
tions for maintenance (e.g. for LN2 refilling or instrument
repairs), GROMOS and SOMORA provided good-quality
hourly spectra for 87 % and 89 % of the measurements per-
formed between 2009 and 2021, respectively. This results in
more than 80 000 h of comparable retrieved ozone profiles.

3.2 Retrieval setup

In the microwave frequency range, the pressure-broadening
effect of atmospheric emission lines is used to retrieve in-
formation on the atmospheric constituent profile from the
calibrated microwave emission spectra. This so-called re-

trieval is a well-validated technique that has been success-
fully applied to temperature; wind; and many trace gases
like O3, CO, or H2O (Janssen, 1993, chap. 7). Among the
different retrieval techniques, we selected the optimal esti-
mation method (OEM) following the formalism described
by Rodgers (2000). This statistical method extracts the best
estimate of an atmospheric profile from a set of measure-
ments with noise, a priori information and a forward model.
In addition, the OEM enables the characterization of the er-
ror budget of the retrievals (Fig. 3). In the following, we
will briefly present and discuss the new harmonized retrieval
setup used for GROMOS and SOMORA. More information
on this setup is available in Sauvageat (2022a). For detailed
information on the OEM or its application to ozone profiling
instruments, the reader is redirected to Parrish et al. (1992)
or Tsou et al. (1995).

3.2.1 Forward model

In the case of ground-based microwave radiometry, the for-
ward model (FM) describes the radiative transfer physics
between trace gas emissions and the instrument’s receiver.
We used the Atmospheric Radiative Transfer Simulator 2.4
(ARTS), an open-source software with a special focus on mi-
crowave radiative transfer simulations (Eriksson et al., 2011;
Buehler et al., 2018). In addition, it offers a fully integrated
OEM retrieval environment and includes many tools to help
simulate and retrieve the sensor’s influence on the radiomet-
ric measurements (Eriksson et al., 2006).

ARTS offers many possibilities to define the atmo-
spheric state, a priori data and simulation grids. We use
one-dimensional pressure and temperature profiles from
the European Centre for Medium-Range Weather Forecasts
(ECMWF) daily operational analysis (6 h time and 1.125◦

spatial resolution). This dataset is limited to approximately
70 km altitude, and we therefore extend it using the COSPAR
International Reference Atmosphere (CIRA-86) climatology
at upper altitudes (Chandra et al., 1990). The frequency
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Table 2. Main parameters used in GROMOS and SOMORA re-
trievals.

Forward model ARTS
Species O3, H2O, O2 and N2
Spectroscopy Perrin (JPL and HITRAN)
Atmospheric state 1D ECMWF and CIRA 86
O3 a priori WACCM
H2O a priori ECMWF
FM grid ∼ 1–112 km, 2 km resolution
Retrieval grid ∼ 1–95 km, 2 km resolution

grids have been defined to cover the range of GROMOS and
SOMORA spectrometers with a refined frequency resolution
around the ozone line: it matches the spectrometer resolution
at the line centre to optimize retrievals at higher altitudes,
whereas the spectral resolution is coarser on the line wings
to limit computation time.

As atmospheric species, we use ozone, water vapour,
oxygen and nitrogen. For ozone, we use the spectroscopic
database from Perrin et al. (2005), which is provided with
ARTS 2.4 and is derived from the HITRAN and JPL spec-
troscopic databases. For water vapour, oxygen and nitrogen,
we use the parameterizations provided within ARTS (see
Buehler et al., 2005). A summary of the main retrieval pa-
rameters used for GROMOS and SOMORA can be found in
Table 2, and more details are provided in Sauvageat (2022a).

3.2.2 Ozone retrieval

The main retrieval quantity is hourly ozone volume mixing
ratio (VMR) from the stratosphere to the lower mesosphere,
i.e. between ∼ 100 and 0.01 hPa. The a priori are monthly
ozone profiles extracted from free-running simulations of the
Whole Atmosphere Community Climate Model (WACCM)
as described in Schanz et al. (2014). Further, depending on
the local solar time, we either use a daytime or nighttime a
priori ozone profile. The a priori covariance matrix for ozone
varies with atmospheric pressure in order to optimize the
information from the measurements in the stratosphere and
lower mesosphere. It includes exponentially decreasing co-
variances between pressure levels to reflect the vertical cou-
pling of the atmosphere.

3.2.3 Sensor and noise

The accuracy of the retrievals can be improved by taking
the systematic characteristics of the instrument into account.
ARTS has dedicated built-in functions that can model the
influence of the most relevant components on the atmo-
spheric observations (Eriksson et al., 2006). For GROMOS
and SOMORA, we included the effect of the FFT spectrom-

eter channel response
(∣∣∣ sin(x)

x

∣∣∣2
)

and the effect of the side-

band ratio (Murk and Kotiranta, 2019).

The measurement noise is an important quantity for OEM
retrievals because it defines, together with the a priori co-
variance, the information that can be extracted from the mea-
surement at each pressure level. The noise covariance matrix
is computed independently for each instrument and each re-
trieval based on the noise level observed on the integrated
spectrum and is considered to be uncorrelated between the
different channels in a similar way to the method explained
in Krochin et al. (2022). It is slightly higher for GROMOS
(≈ 0.7 K) than SOMORA (≈ 0.5 K) because GROMOS has
a higher receiver noise temperature and a higher frequency
resolution.

3.2.4 Additional retrieval quantities

There are other sensors or external influences that are dif-
ficult to estimate and correct during the calibration process
or to simulate accurately for each spectrum. This is the case
for the instrumental baselines and the tropospheric absorp-
tion. The instrumental baselines are a modulation of the at-
mospheric spectrum due to the observing system. They can
arise during the mixing process and the sideband filtering or
can be due to undesired reflections, typically when observ-
ing the calibration targets. In ARTS, it is possible to consider
them as unknown and add them as additional retrieval quan-
tities.

Around the 142 GHz ozone line, the tropospheric water
continuum contributes significantly to the observed spectra
and has to be considered during the inversion process. One
simple correction method is the so-called tropospheric cor-
rection (Ingold et al., 1998), but it is certainly a better solu-
tion – also in view of assessment of the error propagation –
to include the tropospheric water vapour as a retrieval quan-
tity within ARTS, as has been done previously for such re-
trievals (e.g. in Palm et al., 2010). A frequency shift was also
retrieved for each spectrum because the local oscillators of
both GROMOS and SOMORA are not perfectly stable and
even a slight shift of the reference frequency can bias the
ozone profile retrievals.

Despite mitigation of instrumental baselines using differ-
ent techniques (e.g. mirror wobbling, non-perpendicular as-
pect of cold load), it is often necessary to retrieve some in-
strumental baselines as well (Palm et al., 2010). In the case of
GROMOS and SOMORA, we include a second-order poly-
nomial and different sinusoidal baselines. In order to avoid
the degradation of the retrievals with the addition of too many
sinusoidal baselines, we first processed the full time series
without any sinusoidal baselines and used the residuals to
compute the main sinusoidal baseline periods for each in-
strument. We observed that the sinusoidal baseline periods
remain similar on timescales of months to years, so in prac-
tice only a few period changes were applied during the full
extent of the time series for each instrument (see Sauvageat,
2022a, for details).

https://doi.org/10.5194/amt-15-6395-2022 Atmos. Meas. Tech., 15, 6395–6417, 2022

4.1. Publication: Harmonized retrievals of Swiss ozone radiometers

45



6400 E. Sauvageat et al.: Harmonized retrievals of middle atmospheric ozone from two MWRs

3.2.5 Retrieval results

For each retrieval quantity, the OEM returns the statistical
best estimates of the results, and ARTS returns the corre-
sponding fitted atmospheric spectrum, which can be com-
pared against the MWR observation to evaluate the goodness
of the fit. Figure 2 shows examples of hourly integrated spec-
tra from GROMOS and SOMORA together with their fitted
measurement spectra.

Figure 3 shows the corresponding ozone retrievals and
main diagnostic quantities for the spectra shown in Fig. 2.
It includes the averaging kernels (AVKs), which are a mea-
sure of the sensitivity of the retrieval to the true ozone pro-
file at each pressure level. The sum of the AVKs at each
level defines the measurement response (MR). It is an indica-
tion of the measurement contribution to the retrieved profile,
whereas the remaining information comes from the a priori.
In microwave remote sensing, a MR of 80 % is often used
to define the lower and upper boundaries of the retrievals
in order to limit the influence of the a priori on the results.
Also included as diagnostic quantities are the smoothing and
measurement errors computed by the OEM as defined by
Rodgers (2000). The smoothing error is a consequence of the
limited resolution of the instrument, whereas the measure-
ment error arises from the noisy nature of the observations.
Finally, we show the full width at half maximum (FWHM)
of the AVKs at each level and the altitude offset (in kilo-
metres) between the AVK maximum and its corresponding
altitude. Both together give an indication on the altitude res-
olution and the vertical offset between the true and retrieved
profiles.

3.3 Uncertainty budget

The retrieval errors presented above do not include system-
atic errors that can arise during the calibration or the re-
trievals. It is cumbersome to estimate all possible errors on
such complex measurement setup and therefore, we decided
to perform a sensitivity analysis on the most important error
sources using two reference time periods with low (τ ≈ 0.15)
and high (τ ≈ 1.3) atmospheric opacities. The uncertainties
considered in our study are listed in Table 3 as well as the
perturbations used for the sensitivity analysis. These were
determined in different ways for each error source, deriving
it either from measurement (e.g. Tcold, sideband ratio, win-
dow transmittance) or empirical values (e.g. pointing, spec-
troscopy).

The uncertainty budget for GROMOS and SOMORA is
presented in Fig. 4 in the case of low tropospheric opacities.
The high-opacity cases for both instruments can be seen in
Appendix B (Fig. B1).

In general, the sensitivity of GROMOS and SOMORA to
the different perturbations is very similar. A notable excep-
tion is the higher sensitivity of GROMOS to the sideband
path length, which is a consequence of its lower interme-

diate frequency. For both instruments, the total uncertainty
is dominated by systematic errors below 2 hPa, whereas the
measurement noise becomes quickly dominant above this
point. In relative terms, the uncertainty is approximately
9 %–10 % for GROMOS and 7 %–8 % for SOMORA up to
the stratopause and then increases significantly in the meso-
sphere.

In the case of high tropospheric opacity, the ozone emis-
sion line gets more attenuated by the tropospheric water
vapour absorption. The AVKs get degraded, reducing the
sensitivity of the retrievals and leading to higher uncertainties
than at lower opacities. As can be seen in Fig. B1, the atmo-
spheric temperature profile becomes the dominant contribu-
tion to the uncertainties below 1 hPa at higher opacity. This
is likely due to the increased importance of the water vapour
continuum retrieval, which is itself strongly dependent on
tropospheric humidity and temperature. In the higher-opacity
case, the total relative uncertainty in the stratosphere is 12 %–
15 % for GROMOS and 10 %–12 % for SOMORA. In view
of the perturbations and error sources considered in this
study, these values compare well with similar ozone radiome-
ters at other locations reported in the literature (e.g. Palm
et al., 2010; Kopp et al., 2002).

4 Harmonized ozone time series

Using the new calibration and retrieval routines de-
scribed previously, we have reprocessed the GROMOS and
SOMORA data series for the time where they both use the
AC240 spectrometer, i.e. from the end of 2009 until 2021.
Figure 5 shows weekly averaged ozone profiles for GRO-
MOS and SOMORA for the decade 2010–2020. It shows
the consistency of the measurements and highlights the very
few large interruptions happening on both instruments during
this period. Most interruptions are due to instrumental issues
(e.g. LN2 refilling or LO frequency stability) or atmospheric
conditions (e.g. high tropospheric opacity masking the ozone
emission line), and they usually last for a few hours at most.
The longer interruptions result from cold load issues or hard-
ware changes, which can last for a few days or weeks.

To validate these two data series, we first present a cross-
comparison of the GROMOS and SOMORA data series and
show the improvement resulting from the reprocessing com-
pared to the previous retrieval version. We then compare both
instruments against satellite-based ozone observations from
MLS and SBUV above Switzerland.

4.1 Cross-comparison between GROMOS and
SOMORA

GROMOS and SOMORA are located close to each other,
have similar viewing directions, and experience similar tro-
pospheric conditions during all seasons (Fig. A1). In addi-
tion, they have similar altitude range and sensitivity and can
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Figure 2. Integrated and fitted spectrum for GROMOS and SOMORA, binned to the same spectral resolution. The lower panels show the
residuals, i.e. the differences between the measurement and the fitted spectrum. The smoothed residuals are computed using a running mean
over 128 channels.

Table 3. Potential error sources and the perturbations used for the sensitivity analysis.

Pointing error on the zenith angle 1◦

Tcold cold calibration target temperature 2 K
Window transmittance transmittance of the windows in front of the instrument 3 %
Tprofile constant offset in atmospheric temperature profile 5 K
Spectroscopy error in spectroscopic line intensity 3 %
Sideband ratio error in MPI path length difference 0.05 mm

therefore be used for direct cross-validation of their time se-
ries. The upper panel in Fig. 6 shows the weekly mean rela-
tive differences between GROMOS and SOMORA harmo-
nized data series (note that the lower panel of this figure
will be discussed in Sect. 4.2). In general, GROMOS and
SOMORA agree well in most of the middle atmosphere, with

relative differences mostly lower than 10 % in the strato-
sphere and lower mesosphere (from ∼ 50 to 0.1 hPa), in-
creasing towards lower and higher altitudes. The higher rel-
ative differences at lower and higher altitudes are partly ex-
plained by the shape of the ozone VMR profile when inten-
sity is at its maximum in the stratosphere. In general, the
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Figure 3. Example of GROMOS and SOMORA hourly ozone retrievals on 9 January 2017 around 14:30 UT with a tropospheric opacity
τ ≈ 0.4: panel (a) shows the a priori and retrieved ozone profiles, panels (b) and (c) show the GROMOS and SOMORA averaging kernels
together with their MR (divided by 4 to fit in the same plots), panel (d) shows the smoothing and measurement error, and panel (e) shows the
full width at half maximum (FWHM) and the offset between the AVKs peak and the actual altitude contribution. All quantities are retrieved
on pressure levels, and approximated altitudes are indicated on the right. See the text for more details on each diagnostic quantity.

lower altitudes are also the most impacted by instrumental
baselines, which explains the increase in the differences be-
low 50 hPa, whereas at higher altitudes the instrumental noise
becomes the dominant factor and the sensitivity of the ra-
diometers decreases quickly. In addition, the diurnal ozone
variations typically become much larger in the mesosphere
(e.g. around 20 % compared to a few percent in the strato-
sphere; Haefele et al., 2008).

We also see some oscillatory patterns in the relative differ-
ences, some of which can be identified as clear seasonal pat-
terns (e.g. in the lower stratosphere between 2014 and 2017).
These seasonal differences are highlighted in Fig. 7, which
shows seasonal ozone profile comparisons between GRO-
MOS and SOMORA. The mean seasonal differences be-
tween the two instruments are lower than 10 % at all seasons
and throughout most of the middle atmosphere and show a
negative ozone bias from GROMOS in the upper mesosphere
(p< 0.05 hPa). In the stratosphere and lower mesosphere, the
ozone profiles are well correlated with Pearson’s R coeffi-
cients mostly above 0.7 at most pressure levels and seasons
(Fig. 7). However, this is not the case during summer, where
we find significantly lower correlation between GROMOS
and SOMORA ozone profiles.

Table 4. Definition of the pressure ranges and corresponding alti-
tudes used in this study.

Region Pressure range Approximate altitudes
(hPa) (km)

Upper mesosphere 0.1–0.01 ∼ 65–80
Lower mesosphere 0.9–0.1 ∼ 50–65
Upper stratosphere 5–1 ∼ 38–50
Lower stratosphere 50–10 ∼ 22–32

Figure 8 shows scatter plots of their differences in three
pressure level domains corresponding approximately to the
lower stratosphere, the upper stratosphere and the lower
mesosphere (see Table 4 for the definitions). It shows the net
difference in atmospheric opacity between the winter and the
summer and highlights the higher ozone variability during
the wintertime. Figure 8 confirms the general good agree-
ment between GROMOS and SOMORA in the middle at-
mosphere and corroborates the existence of a seasonal bias
between the instruments during summertime.

During the summertime, the warmer and wetter tropo-
sphere results in a higher opacity. This attenuates the ozone
spectral line and thus decreases the retrieval sensitivity dur-
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Figure 4. Uncertainty budget for GROMOS and SOMORA in a low-opacity case (τ ≈ 0.15). Panel (a) shows the reference ozone profile
chosen for the sensitivity analysis. Panels (b) and (c) show the ozone VMR uncertainties arising from the error sources listed in Table 3.

Figure 5. Weekly averaged ozone volume mixing ratio (VMR) profiles for GROMOS and SOMORA.
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Figure 6. Weekly ozone relative difference between the new (a) and previous (b) GROMOS and SOMORA series.

Figure 7. Mean seasonal ozone VMR profiles (a) and their mean relative differences (b) and correlations (c). The shaded area in panel (b)
indicates the ±10 % interval.

ing summer. As discussed in Sect. 3.3, a higher tropospheric
opacity also results in larger uncertainties in the retrieved
ozone profile. In case of very hot and humid conditions, the
troposphere can become optically thick at 142 GHz, which
can prevent the retrieval of ozone profiles. It can be seen in
Fig. A1, which shows higher tropospheric opacity in sum-
mertime than during the other seasons. However, Fig. A1
also shows that the difference in tropospheric opacity at the

two sites remains constant, independent of the season. In ad-
dition, we investigated the correlations between GROMOS
and SOMORA considering only profiles measured at low
tropospheric opacity (τ 6 1) and did not see any significant
changes in the results. For these reasons, we believe that the
summer bias does not result from the higher tropospheric
opacities affecting this season.
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Figure 8. Mean ozone VMR for three different levels for the whole series (left column), the boreal winter season (middle column) and
the boreal summer (right column). The three pressure levels correspond approximately to the lower stratosphere (10< p < 50 hPa), upper
stratosphere (1< p < 5 hPa) and lower mesosphere (0.1< p < 0.9 hPa). All data points are colour coded based on the atmospheric opacity
(τ ) computed at SOMORA measurement time and location. The linear regression coefficients and their coefficient of determination R2 are
indicated on each subplot.

The reasons for the summer seasonal bias remain unclear,
but we assume that they result from seasonal temperature
and humidity cycles in the troposphere. Indeed, despite con-
trolled room temperature for both instruments, the higher
summer temperatures still influence the room and window
temperatures and consequently the instruments (e.g. receiver
noise temperature or instrumental baselines). We believe that
the hardware components of GROMOS and SOMORA have
different sensitivity to such influences, which could explain
the seasonal patterns observed in their relative differences
and the lower correlation of the ozone profiles during sum-
mer.

In addition to these seasonal effects, Fig. 6 highlights some
sudden changes in the differences between the two instru-
ments, most of which can be related to a specific instrumental
issue on either instrument. It can be seen for instance in April
2012, where the cold load observation angle was changed on

SOMORA, reducing its baseline significantly. Another ex-
ample is the strong negative ozone differences during sum-
mer 2016, which were due to a frequency lock problem in
GROMOS. Finally, the large flagged period starting at the
end of 2019 marks the beginning of several instrumental is-
sues on SOMORA that were finally solved by the replace-
ment of the LO baseband converter in September 2020. All
of these issues have been identified and documented and are
flagged accordingly in the new ozone data series. A detailed
documentation of the time series can be found together with
the data.

4.2 Comparison with previous retrievals

Computing trends for GROMOS and SOMORA is out of
scope of this contribution but we would still like to pro-
vide some first elements toward answering whether this
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harmonization can help solving the discrepancies previ-
ously found between both instruments (Bernet et al., 2019;
Petropavlovskikh et al., 2019). Therefore, we compare our
new harmonized ozone time series with the previous data
version of GROMOS and SOMORA.

Figure 6 shows the weekly relative differences between
the new harmonized series (upper panel) and the previous re-
trievals (lower panel) from 2010 to 2021. It highlights the
significant improvements introduced by the harmonization
process in most of the pressure range covered by the ra-
diometers. Among other changes, it corrects the strong posi-
tive ozone bias from GROMOS seen in the mesosphere and
reduces the stratospheric ozone difference clearly visible in
many years of the previous data series at ∼ 10 hPa. The dif-
ferences between the previous series also showed a quite
strong seasonal signal. As the previous processing was dif-
ferent between the two instruments, in particular in the way it
was treating the tropospheric attenuation, it gives some con-
fidence that the remaining seasonal bias in the new series is
not an artefact introduced by the new retrieval method.

Although the harmonized retrievals improve most of the
time period considered, it seems that the problems seen on
SOMORA in 2020 are less well treated in the new process-
ing. Indeed, in the previous processing the sine baseline pe-
riods were adapted daily during this time whereas the new
processing only considered fixed periods. It indicates that the
instrumental baselines on SOMORA varied significantly dur-
ing this period and highlights the need to treat it carefully for
further analysis.

From Fig. 6, it is clear that the harmonized processing sig-
nificantly reduces the differences between the GROMOS and
SOMORA ozone time series. However, the question remains
if it can solve the discrepancies found between their respec-
tive trends. Of course, the full reprocessing of the series (in-
cluding the decade 2000–2010) would be needed to fully an-
swer this question, but we present some preliminary results
showing the temporal evolution of the ozone differences be-
tween both series in Fig. 9. It shows the weekly mean differ-
ences between GROMOS and SOMORA with the previous
and new retrieval algorithms in three pressure ranges. Ide-
ally, these differences should be constant to guarantee similar
trends from both instruments. Simple linear regressions have
been performed on these data and indicate smaller drift in-
tensities at all pressure ranges from the new data processing
that are significant above 10 hPa.

As a consequence, the future trends to be derived for this
decade from the new series should be in better agreement
than with the previous retrievals. However, even with the new
series, we still observe a drift between both instruments in the
stratosphere, which calls for a careful treatment of spurious
data periods for the next trends analysis, as done in Bernet
et al. (2021).

5 Comparison with satellites

Attention was paid to keep GROMOS and SOMORA data
processing fully independent. However, they would be both
impacted by any bias introduced by the calibration or re-
trieval algorithms and therefore, we provide further valida-
tion by comparing their observations with satellite measure-
ments.

5.1 Aura MLS

As the main validation dataset, we use ozone measurements
from the Microwave Limb Sounder (MLS) on the Aura satel-
lite launched in 2004 (Waters et al., 2006). It is operated by
the National Aeronautics and Space Administration (NASA)
in the frame of the Earth Observing System and has been
used extensively for ozone profile validation over many re-
gions and against many other observing systems (e.g. Boyd
et al., 2007; Livesey et al., 2008; Hubert et al., 2016).

MLS is a passive microwave radiometer observing the
ozone emission line around 240 GHz in a limb sounding
geometry. It follows a sun-synchronous orbit which results
in two overpasses per day around 01:00 and 13:00 UTC
over central Europe. In this work, we have used the latest
level 2 ozone retrievals (version 5) and the recommended
data screening described in Livesey et al. (2022). It results
in ozone VMR profiles between 261 to 0.001 hPa with a typ-
ical vertical resolution ranging from ∼ 2.5 km in the lower
stratosphere increasing to∼ 5.5 km at the mesopause with an
accuracy of 5 %–10 % in the stratosphere increasing up to
100 % at 0.01 hPa.

For the following comparisons, we extracted co-located
MLS observations to GROMOS and SOMORA. As spatial
coincidence criteria, we use ±3.6◦ in latitude and ±10.5◦ in
longitude from Bern, an area corresponding approximately to
Central Europe. As temporal criteria, we averaged the MWR
and the MLS profiles within 3 h time windows and keep only
the time windows where both MLS and the MWR have pro-
files with sufficient data quality.

The MLS vertical resolution of ozone retrievals is much
lower than the one from the MWRs. It means that the MWRs
will essentially observe a smoothed vertical profile compared
to the MLS observations. Therefore, the higher-resolved
MLS profiles are convolved with the MWR averaging ker-
nels for the comparisons (see Connor et al., 1994; Tsou et al.,
1995). This AVKs smoothing also enables the removal of the
influence of the a priori and follows Eq. (1):

xc = xa+A(x− xa), (1)

where x is the higher-resolution profile (MLS), xa is the a
priori profile from the MWR retrievals, A are the averaging
kernels and xc is the resulting convolved profile.
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Figure 9. Weekly ozone differences between the previous and the new GROMOS and SOMORA series for the three pressure levels defined
in Table 4: (a) lower mesosphere, (b) upper stratosphere and (c) lower stratosphere. A linear fit of the differences is shown as a straight line
for the previous and the new series. The slope values are indicated with a 95 % confidence interval.

5.2 SBUV/2

In addition to MLS, we also use the latest release of the
Solar Backscatter Ultraviolet Radiometer (SBUV/2) Merged
Ozone Dataset (MOD) (Frith et al., 2020; Ziemke et al.,
2021). This dataset provides daily overpasses over many
ground-based ozone measurement stations, including Pay-
erne in Switzerland. It provides stratospheric ozone VMR
profiles from 50 to 0.5 hPa merged according to the new
MOD v2 Release 1 derived from SBUV and adjusted for
the diurnal cycles to an equivalent local measurement time
of 13:30. The vertical resolution from the SBUV retrievals
is ∼ 6–7 km in the middle and upper stratosphere (McPeters
et al., 2013; Bhartia et al., 2013), which is closer to the
vertical resolution of GROMOS and SOMORA in this re-
gion. For this reason, contrary to MLS, we do not apply any
AVK smoothing to the SBUV measurements for the follow-
ing comparisons.

5.3 Time series

Figure 10 shows weekly averaged GROMOS and SOMORA
time series together with SBUV and MLS measurements
on three pressure ranges corresponding to the lower strato-
sphere, upper stratosphere and lower mesosphere. It shows

the consistencies of the GROMOS and SOMORA time series
and highlights the good agreement of both MWRs with both
satellite datasets during the last decade. As these time series
are already averaged on given pressure ranges, we did not ap-
ply any AVK smoothing on the MLS data at this stage. It is
also important to keep in mind that the SBUV daily dataset
is adjusted to daytime (13:30), whereas both MLS and the
MWRs have both daytime and night-time measurements.

In the stratosphere, clear seasonal patterns are well cap-
tured by all datasets, and the higher winter ozone variability
is clearly visible at all pressure levels. On timescales of a few
weeks, we can see that all four datasets are able to capture the
larger ozone variations well not only in the stratosphere but
also in the mesosphere where these variations become rela-
tively small compared to the amplitude of the ozone diurnal
cycle.

We can see a slight bias of the SOMORA data series in the
lower stratosphere. It is especially visible before 2014 and
after 2019, as has been mentioned previously. This plot also
helps to identify some remaining spurious time periods in
the new harmonized series (e.g. GROMOS data in summer
2016). From a qualitative point of view, we do not observe
large drifts from any of the datasets with respect to the others.
More work will be needed to confirm the stability from both
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Figure 10. Weekly averaged ozone VMR from MLS, SBUV, GROMOS and SOMORA at three pressure intervals: (a) lower mesosphere,
(b) upper stratosphere and (c) lower stratosphere. The SBUV dataset extends only up to 0.5 hPa and is therefore not shown in panel (a).

MWRs, but it gives some confidence that both instruments
can be used for trends analysis in the decade 2010–2020.

5.4 Profile comparisons

As quantitative validation, we show seasonal comparisons
of MWRs profiles with the satellite datasets. In the follow-
ing, we mostly focus on the MLS time series because it
covers the same altitude range as the MWRs and because
SBUV only provides daytime measurements. For the pe-
riod between 2009 and 2021, we obtain more than 7100 co-
located profiles between MLS and each MWR, giving ap-
proximately 1700 profiles per meteorological season. Fig-
ures 11 and 12 show comparisons between winter (resp.
summer) ozone profiles measured by GROMOS, SOMORA,
SBUV and MLS. Both figures show the mean seasonal ozone
profile from each dataset and the relative differences between
MLS and the MWRs with and without AVK convolution. The
comparisons for spring and autumn are shown in Appendix C
(Figs. C1 and C2).

Both GROMOS and SOMORA show very good agree-
ment with MLS at all seasons and altitudes, with the ex-
ception of SOMORA during summertime. Mean seasonal
relative differences between the two instruments and co-
located MLS profiles are within 10 % in the stratosphere and
lower mesosphere (up to ∼ 60 km), corresponding to the ex-

pected uncertainties of the MWRs. Above in the mesosphere,
the relative differences between the MWRs and MLS grow
rapidly and show some oscillations. For most of the meso-
sphere, the mean seasonal relative differences stay below
50 % for both instruments, but given the errors reported for
the MWRs and MLS at these altitudes, we will focus our
discussion on the region from ∼ 20 to 60 km. The relative
differences with SBUV (not shown) are very similar to those
with MLS and are below 10 % in the whole stratosphere for
the two instruments.

Figure 12 again reveals the summer bias mentioned pre-
viously. Taking MLS as a reference, this plot indicates that
the summer bias in the lower stratosphere is the result of
an overestimation of ozone by SOMORA during this sea-
son. The reason for this could be a seasonal change in the
instrumental baselines that is not taken into account in the
retrieval. For both instruments, the differences with the con-
volved MLS profiles are still smaller in autumn and winter
than in spring and summer when the absorption by the tropo-
sphere is stronger.

Moreira et al. (2017) compared the previous GROMOS
retrieval dataset to MLS between 2009 and 2016. Similar
agreement was found in the middle stratosphere; however,
this quickly degraded at lower and higher altitudes. This
is in accordance with the results shown in Fig. 6 and con-
firms the improvement brought by the new data processing.
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Figure 11. Seasonal comparison with MLS and SBUV during winter months (December, January and February). Panel (b) shows the
relative differences with MLS, whereas panel (c) shows the relative differences with the convolved MLS profiles. The coloured areas show
the standard deviation of the differences with MLS, and the grey shading indicates the limits where the a priori contribution exceeds 20 %.
The dashed vertical lines indicate the ±10 % interval.

Figure 12. The same as Fig. 11 but for summer (June, July and August).
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Table 5. Mean relative VMR differences ((MWR−MLS) /MWR) between MWRs and MLS at three pressure ranges, with and without
AVK convolution. In parentheses we show the standard deviations of the VMR relative differences in each pressure range.

Pressure range 1O3,GROMOS 1O3,GROMOS, convolved 1O3,SOMORA 1O3,SOMORA, convolved
(hPa) (%) (%) (%) (%)

0.9–0.1 −4.1 (3.2) −0.9 (4.0) −0.9 (4.0) +5.6 (4.3)
5–1 −1.7 (1.1) +2.5 (0.1) −0.3 (0.8) +5 (0.8)
50–10 −0.7 (1.0) +2.0 (1.4) +4.2 (1.2) +11.6 (1.4)

SOMORA showed similar agreement with MLS in the range
25 to 0.1 hPa between 2004 and 2015 (Maillard Barras et al.,
2020). Below 25 hPa, SOMORA showed a positive bias com-
pared to other datasets that gives confidence that this bias is
not related to the new data processing.

Similar comparisons between MWR and MLS has been
performed at various locations (e.g. Boyd et al., 2007; Palm
et al., 2010; Ryan et al., 2016) and showed similar results
to the ones obtained in our study. This is confirmed by the
mean ozone VMR relative differences between MWR and
MLS given in Table 5 for the middle atmosphere. Averaged
over these pressure ranges and the entire time period, the dif-
ferences between MLS and the MWRs are less than 5 % in
the stratosphere and lower mesosphere.

Overall, SOMORA and GROMOS profiles are in better
accordance with the non-convolved MLS than with the con-
volved MLS profiles. This can be seen for both instruments
and at the three pressure ranges from the seasonal plots and
in Table 5. It is not entirely clear why these differences are
larger with the convolved MLS profiles, but it does not result
from sampling differences (not shown). As it seems espe-
cially visible in SOMORA in the lower stratosphere, it could
potentially arise from instrumental baselines impacting the
AVKs.

6 Conclusions

New harmonized data series from two Swiss ozone ground-
based microwave radiometers are now available from 2009
to 2021. The reprocessing provides a full harmonization at
all levels, from the calibration of the raw data to the retrieval
of the ozone profiles. It includes the data inputs and outputs,
the systematic flagging, the output temporal resolution and
the retrieval grids. The harmonization makes the compari-
son and the identification of biases easier than in the past. It
significantly improves the agreement between the two instru-
ments in this time period and reduces the long-term drift of
their differences. It should help to resolve the discrepancies
previously found in the trend estimates derived from these
two time series.

However, despite these significant improvements, system-
atic differences remain between the two instruments. They
include a seasonal bias, mostly visible in the lower strato-
sphere in summer, as well as a negative ozone bias of GRO-

MOS in the upper mesosphere. Further work is needed to
fully understand these systematic biases but they probably
both arise from instrumental sources as they were already
seen in the previous retrieval versions. In addition, limited
anomalous time periods still remain on both instruments but
most of their causes are now identified and documented. The
new harmonized data series are also compared against two
independent and co-located satellite datasets. Both instru-
ments show a good agreement with SBUV and MLS, with
mean relative differences below 10 % in most of the strato-
sphere and lower mesosphere (up to ∼ 60 km).

The new retrieval products of ozone profiles at Bern and
Payerne are available and will be submitted to NDACC. We
also plan to extend the harmonization process to the older ob-
servations from these two instruments in order to provide the
full harmonized ozone time series since 1994 (GROMOS)
and 2000 (SOMORA). The collocation of two harmonized
time series with high temporal resolution also opens the way
to unique short-term ozone variations analyses.
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Appendix A: Opacities

Figure A1. Seasonal comparisons of hourly tropospheric opacities in Bern (GROMOS) and Payerne (SOMORA) from 2009 to 2021.
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Appendix B: Uncertainty budget at high atmospheric
opacities

Figure B1. Uncertainty budget for GROMOS and SOMORA in the high-opacity case (τ ≈ 1.3). Panel (a) shows the reference ozone profile
chosen for the sensitivity analysis. Panels (b) and (c) show the ozone VMR uncertainties arising from the error sources listed in Table 3.
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Appendix C: Seasonal comparison with MLS and SBUV

Figure C1. The same as Fig. 11 but for spring (March, April and May).

Figure C2. The same as Fig. 11 but for autumn (September, October and November).
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Code and data availability. The GROMOS and SOMORA level 2
data are available from the Bern Open Repository and Information
System (University of Bern, 2022) in the form of yearly netCDF
files: GROMOS data can be found at https://doi.org/10.48620/65
(Sauvageat et al., 2022), and SOMORA data can be found at
https://doi.org/10.48620/119 (Maillard Barras et al., 2022). The new
harmonized calibration and retrieval routines are freely available
at https://doi.org/10.5281/zenodo.6799357 (Sauvageat, 2022b). The
analysis code reproducing all the results presented in this paper can
be found at https://doi.org/10.5281/zenodo.7185298 (Sauvageat,
2022c). MLS v5 data are available from the NASA Goddard Space
Flight Center Earth Sciences Data and Information Services Cen-
ter (GES DISC): https://doi.org/10.5067/Aura/MLS/DATA2516
(Schwartz et al., 2020). The SBUV MOD dataset is available at
https://acd-ext.gsfc.nasa.gov/Data_services/merged/ (NASA God-
dard Earth Sciences Data and Information Services Center, 2022).
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5 Spectrometer assessment for ozone
microwave radiometer

The Acqiris AC240 used in GROMOS and SOMORA is a digital spectrometer initially developed
in Switzerland during the 2000s for radio astronomy (Benz et al., 2005). It was one of the first
commercially available real-time spectrometer used for atmospheric remote sensing in microwave
radiometry and, at the time, this novel digital spectrometer presented quite an improvement
compared to the previous spectrometer types (Müller et al., 2009).

Despite being widely used in microwave radiometry, the full characterization of the AC240
spectroscopic performance remains largely unknown. During the decade 2010-2020, some pub-
lications reported a persistent bias from ozone and water vapour time series measured with the
AC240 and installed on different instruments, without finding any satisfying explanations for
the bias (Nedoluha et al., 2011; Tschanz et al., 2013; Orte et al., 2019). This suspicious bias
motivated further investigations and a measurement campaign was performed in collaboration
between the IAP of the University of Bern and the U.S. Naval Research Laboratory (NRL)
during the design of a new radiometer front-end for the Microwave Ozone Profiling Instrument
(MOPI) (Kotiranta et al., 2019). This chapter summarizes the bias investigations done with the
data collected during this measurement campaign and shows the resulting study published in
Sauvageat et al., 2020.

Using the newly developed front-end for MOPI, the measurement campaign was setup to
compare the AC240 against two other high-resolution digital real-time spectrometers. For
6 months, from January to June 2019, parallel measurements of the ozone emission line at
110.836 GHz from the three spectrometers were recorded. Hot-cold calibration was performed
with an ambient target and liquid nitrogen (LN2). Preliminary results from this campaign were
shown in Murk and Kotiranta, 2019 who found that the AC240 was biased compared to the
other, more recent digital spectrometers.

These preliminary results were the starting point of my study. The main goal was to inves-
tigate in greater details the observed bias and to characterize its influence on atmospheric trace
gases retrievals, in particular ozone. As GROMOS and SOMORA use the AC240 since 2009,
the hope was to better understand the bias of this spectrometer to provide a correction to the
ozone time measured since 2009 on these two instruments.

In this study, we therefore investigated the sensitivity of the bias to the atmospheric condi-
tions and found that the bias is caused by multiples sources. Among them, non-linearities in
the characteristic curve of the AC240 produce a broadband, but small bias compared to the two
other spectrometers. A larger and more important bias originates from some sort of spectral
leakage in the AC240. This spectral bias is more problematic because it results in a scaling of
the observed atmospheric emission and therefore directly impacts the retrieval of ozone profile.
In fact, a bias of ∼ 10% was found on ozone profile retrieved from the AC240 compared to the
other spectrometers.

Although we were not able to identify the source of such leakage, we were able to reproduce
it quite accurately with a remarkably simple correction scheme. It consists of a scaling of the
observed spectrum with a factor of ∼ 8% which succeeds at correcting the bias of the ozone
profiles retrieved from the AC240. At the time of this study, we tried to reproduce the bias with
laboratory measurements with limited success. We could observe some spectral leakage from
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the AC240 in the measurements but with a significantly lower amplitude that the bias observed
during the measurement campaign.

Since this publication, I have continued the investigations of the spectral bias on the AC240.
Notably, I have compared the GROMOS instrument with co-located measurements from the
Wind Radiometer for Campaigns (WIRA-C). WIRA-C is a campaign wind radiometer which
also observed the ozone emission line at 142 GHz. It was placed on the roof of the University
of Bern, next to the GROMOS instrument in 2022. It uses a USRP X310 spectrometer while
GROMOS still uses the AC240. Therefore, I have made some more parallel measurements
between the two instruments and again observed a spectral bias from the AC240. The bias was
of similar magnitude than the one observed during the MOPI campaign, with a spectral leakage
of ∼ 10% from the AC240 compared to the USRP measurements. These measurements are not
published but they provided an additional confirmation that the spectral leakage of the AC240
is real and seems to impact all the AC240 spectrometers in a comparable way. In addition, two
new, independent measurement studies reported a bias from the AC240 with similar amplitude,
supporting the need to correct for it in further studies (e.g., Nedoluha et al., 2022; Bell and
Murk, 2023). This is why I decided to apply this correction for the new extended time series of
GROMOS (see Section 7.2.1).

5.1 Publication: Real-time spectrometers comparison

This study was the first one published in the frame of this thesis. I presented it at the 16th

Specialist Meeting on Microwave Radiometry and Remote Sensing of the Environment (MI-
CRORAD) in 2020. It was then published as a conference paper and finally as a peer-reviewed
publication in the IEEE Journal of Selected Topics in Applied Earth Observations and Remote
Sensing.

Citation of the conference paper:

Sauvageat, E., Kotiranta, M., Hocke, K., Gomez, R. M., Nedoluha, G., and Murk, A. (2020).
“Comparison of three high resolution real-time spectrometers for microwave ozone profiling
instruments”. In: 2020 16th Specialist Meeting on Microwave Radiometry and Remote Sensing
for the Environment (MicroRad), pp. 1–4. doi: 10.1109/MicroRad49612.2020.9342608.

Citation of the peer-reviewed publication:

Sauvageat, E., Albers, R., Kotiranta, M., Hocke, K., Gomez, R. M., Nedoluha, G. E., and
Murk, A. (2021). “Comparison of Three High Resolution Real-Time Spectrometers for Mi-
crowave Ozone Profiling Instruments”. In: IEEE Journal of Selected Topics in Applied Earth
Observations and Remote Sensing 14, pp. 10045–10056. doi: 10.1109/JSTARS.2021.3114446.
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Comparison of Three High Resolution Real-Time
Spectrometers for Microwave Ozone Profiling

Instruments
Eric Sauvageat , Roland Albers , Mikko Kotiranta , Klemens Hocke , R. Michael Gomez,

Gerald E. Nedoluha , and Axel Murk

Abstract—In this contribution, we present a comparison of three
digital real-time spectrometers used in passive remote sensing of
ozone and other trace gases in the middle atmosphere. During a
period of six months, we connected the spectrometers to the same
radiometric front-end to perform parallel observations of the ozone
emission line at 110.836 GHz. This allowed us to better characterize
a bias previously observed on the integrated spectra of the Acqiris
AC240, a widely used digital spectrometer which has been used for
more than a decade in many operational microwave radiometers.
We investigated the bias under different atmospheric conditions
and found that it is caused by multiple sources. Nonlinearities in
the calibration are responsible for part of the bias, but a larger
contribution stems from a second effect in the AC240. Although
this error source is still partly unexplained, we found that a simple
correction scheme simulating a spectral leakage can be applied to
the integrated spectra of the AC240 and worked well on our range
of observations. We also show that by applying our bias correction
to the spectra, we can correct the bias in the ozone retrievals. There
is still a need for further measurements to validate this approximate
correction, but it could help to correct the numerous time series of
ozone and other atmospheric constituents recorded by the AC240.

Index Terms—Atmospheric measurements, digital real-time
spectrometers, microwave radiometry, microwave spectroscopy,
ozone, remote sensing, water vapor.

I. INTRODUCTION

M ICROWAVE ground-based radiometers provide continu-
ous, all-weather observations of many constituents in the

atmosphere. Compared to satellites, they have a high temporal
resolution and are therefore important for estimating long-term
trends in atmospheric gas concentrations and for cross validat-
ing satellite observations. In particular, they have been used
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successfully for monitoring ozone, water vapor, temperature,
carbon monoxide, and winds in the middle atmosphere [1]–[4].

These instruments are particularly well suited for the obser-
vation of ozone in the stratosphere (the so-called “ozone layer”)
and in the lower mesosphere, i.e., from approximately 20 to
70 km altitude. Thanks to multiple ozone transition lines in
the microwave frequency range and to the pressure broadening
mechanism, it is possible to retrieve the vertical ozone mixing ra-
tio profile in the stratosphere and the lower mesosphere through
the so-called inversion problem [5]. Therefore, microwave ra-
diometers have been used for ozone profiling in a variety of
locations, especially since the Montreal Protocol (1987). Fol-
lowing the ban of the ozone depleting substances, the assessment
of ozone recovery in the middle atmosphere has become a key
scientific topic [6]. Due to their long lasting time series and
their nearly continuous sampling capabilities, microwave ozone
radiometers are important instruments to assess the ozone trends
of the last two decades.

Today, most microwave radiometers for middle atmospheric
sounding are using high-resolution real-time spectrometers to
extract the spectral information from the atmospheric radio
frequency (RF) signal. In the last decade, real-time digital
spectrometers have progressively replaced the older acousto-
optical (AOS), chirp-transform or filter bank (FB) spectrometers
in radio astronomy and atmospheric remote sensing. Initially
designed for radio astronomy, the Acqiris AC240 was the first
commercially available spectrometer used in atmospheric pro-
filing radiometers [7], [8]. Since then, it has been used in many
instruments worldwide, in particular in ozone, temperature, and
water vapor profiling radiometers. Despite the numerous time
series collected with the AC240, its spectroscopic performance
remains largely unknown and has not yet been quantified.

Different publications have shown a persistent negative bias
in the time series derived from the AC240 compared to other
datasets, but its origin has yet to be determined [9]–[12]. It
concerns both ozone and water vapour instruments, which for
most of them, are operated in the frame of the Network for the
Detection of Atmospheric Composition Change (NDACC) [13].
Despite generally high uncertainties on passive radiometric
observations, this persistent bias has raised some questions
about the AC240 and some users have expressed the need for
a more thorough investigation of the influence of this back-end
on the measurements.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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Parallel measurements of atmospheric emission lines with
different back-ends enable us to characterize their spectroscopic
performance and quantify their influence on the atmospheric
profiles. The only studies comparing the AC240 with other
spectrometers were done at the time when the AC240 replaced
older FB and AOS back-ends in some ozone radiometers, with
the goal to homogenize the time series (using the AC240 as the
reference) [14], [15]. These studies both show an altitude depen-
dent bias (with a globally negative trend) from the time series
derived from the AC240 compared to the older spectrometers.
However, it has to be noted that the change from an FB or AOS
to a high resolution FFT spectrometer also has other impacts on
the time series (e.g., from the change in bandwidth or spectral
resolution) that can influence the results of such comparisons
significantly.

This study aims at presenting a first intercomparison between
digital real-time spectrometers used in passive microwave re-
mote sensing, including the AC240 and two state-of-the-art
spectrometers. We compared the influence of these three digital
back-ends on radiometric observations of the ozone emission
line at 110.836 GHz. We organized a measurement campaign
between January and June 2019 at the University of Bern and
conducted a first set of analysis described in [16] and [17]. First
results from this campaign suggested that the calibrated spectra
from the AC240 was systematically biased, measuring a smaller
ozone line amplitude and a different slope compared to the more
recent spectrometers. To better characterize these discrepancies,
we expanded on the previous analysis by investigating the sensi-
tivity of the bias to the weather conditions and by quantifying its
impact on the retrieved ozone profiles. We evaluated the effect
of a simple correction scheme on the integrated spectra and the
middle-atmospheric ozone profiles. In addition, we conducted
new laboratory tests aiming to confirm the observed bias and
help understand its origin.

The rest of this article is organized as follows. Section II de-
scribes the instrumental setup that was used during the measure-
ment campaign and for the laboratory tests. Section III describes
the measurement campaign and the associated data processing,
from the calibration to the ozone retrievals. It presents and
discusses the results of the campaign and their limitations. A
discussion of the bias origin is made in Section IV, together
with the latest laboratory investigations that we conducted to
better understand it. Finally, a brief conclusion and outlook are
presented in Section V.

II. INSTRUMENTAL SETUP

The microwave ozone profiling instruments (MOPI) are a
series of ground-based radiometers operated by the United States
Naval Research Laboratory (NRL) in the frame of NDACC.
Since 1995, the MOPI instruments are monitoring ozone in the
middle-atmosphere above Mauna Loa, Hawaii, and Lauder New
Zealand [2].

As a front-end for our measurement campaign, we have used
MOPI 5, which is a new, room temperature receiver designed at
the Institute of Applied Physics (IAP) at the University of Bern as
a replacement of the current MOPI cryogenic receiver. MOPI 5

is a single side band heterodyne receiver designed for the obser-
vation of the thermal emission line of ozone at 110.836 GHz.
It uses state-of-art frond-end components and works at room
temperature with a single side band noise temperature of around
550 K. A more thorough description of the MOPI 5 receiver can
be found in [18].

A. Spectrometers

In most radiometers, the radio frequency (RF) signal is down-
converted and processed before being analyzed by a spectrome-
ter. Within the spectrometer, different techniques exist to extract
the spectral information from the RF signal. With the increase of
computational capacity in the last two decades, most spectrom-
eters are now using digital signal processing methods: the RF
signal is sampled by a fast analog-to-digital converter (ADC)
and fed to a field programmable gate array (FPGA) processor
that calculates the spectral components of the signal in real-time.

The Acqiris AC240 was the first commercial fast Fourier
transform (FFT) spectrometer used for atmospheric remote sens-
ing. It was developed in 2005 in a collaboration between the
company Acqiris and Swiss universities [7], [8]. Since then, it
has been widely used in middle atmospheric studies, for ozone,
water vapor or temperature profiling around the world.

At the time of the AC240 development, the available FPGA
resources did not allow to calculate the FFT on the full 1 GHz
bandwidth without small truncation errors. It results in small but
noticeable artifacts, especially when higher integration times are
needed, which is often the case for ozone profiling instruments.
For this reason, the AC240 has now been replaced by the Acqiris
U5303 A, which features an improved dynamic range, a larger
bandwidth and does not suffer from numerical truncation errors
anymore [19].

For this study, we used a U5303 A with a customized spec-
trometer firmware developed in a collaboration between IAP,
Acqiris, and other Swiss universities (simply U5303 from now
on). It processes a 1.6 GHz bandwidth and includes some ad-
vanced features such as I/Q signal processing with amplitude and
phase correction as well as cross correlation that we did not use
for our measurements. It also uses a polyphase filter bank (PFB)
algorithm, which improves the channel response compared to the
FFT algorithm without significant loss of sensitivity [16]. Fig. 1
shows the measured channel responses of the AC240 (FFT) and
the U5303 (PFB). Compared to the FFT, which follows very
closely the expected | sinc(x)|2 behavior, the PFB shows much
faster sidelobe roll-off and a much better channel separation.

Together with the two Acqiris spectrometers, we have used the
USRP X310 from Ettus Research, which is a software defined
radio (SDR) receiver [20]. For this study, it was used with a
customized FFT spectrometer firmware, processing a 200 MHz
bandwidth around the ozone line frequency. As an option, the
USRP bandwidth can be extended by frequency switching to
observe a broader spectral region, and therefore to get profiling
capabilities at lower altitudes [21]. For instance, this spectrom-
eter is now operated in our two wind monitoring radiometers
observing the ozone emission line at 142 GHz [22]. The main
characteristics of the spectrometers used in this study are shown
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Fig. 1. Measured channel responses of the AC240 and the U5303. The ampli-
tude is normalized to the center channel and the frequency axis is normalized with
the channel spacing for both spectrometers. The black dashed line (superimposed
to the green line) is the theoretical channel response for an FFT spectrometer
with a rectangular window function.

TABLE I
DIGITAL SPECTROMETERS USED IN THIS STUDY

in Table I. A more detailed comparison of the spectrometers and
how they were connected to the front-end can be found in [16].

III. MEASUREMENT CAMPAIGN

Between January and June 2019, we operated a test instrument
based on the MOPI 5 receiver (denoted simply MOPI 5 from now
on) on the roof of one of the buildings of the University of Bern
(47◦N) in Switzerland [18]. As back-ends, the AC240, U5303
and USRP were connected in parallel to the instrument and
provided simultaneous observations of the atmospheric ozone
emission line at 110.836 GHz at an elevation angle of 40◦. The
radiometer was calibrated by switching continuously between
the atmospheric signal, an ambient temperature calibration tar-
get and a liquid nitrogen (LN2) cold target. If we neglect the
time needed for technical maintenance, MOPI 5 provided more
than 350 h of parallel observations with the three spectrometers.
Despite the laborious manual refilling of the liquid nitrogen
target, the observations covered a broad range of atmospheric
conditions distributed mostly over four months (January to
April). An example of the time series recorded during the month
of February is shown in Fig. 2.

A. Calibration and Integration

To investigate the bias between the calibrated spectra of
the AC240 and the two other back-ends previously described
in [16], we have devised new harmonized calibration and inte-
gration routines for the three spectrometers. They use a hot–cold
calibration scheme and compute 10 min averaged brightness
temperature spectra for each spectrometer. Based on a set of

Fig. 2. Time series with 10 min averaged brightness temperature (TB) from
the 3 spectrometers (top panel), hourly averaged air pressure and temperature
(middle panel), and precipitation and relative humidity (bottom panel) recorded
in Bern.

Fig. 3. Sketch of the parameters used for the bias description. The shaded area
show the frequency bands used to fit the slope of the spectra. The continuum
amplitude (TB,c) is the brightness temperature at which the fitted slope crosses
the line center frequency. The line amplitude (TB,l) is the difference between
the emission peak and the continuum amplitude.

additional parameters (noise temperature spectrum, number of
spectra for each target, etc.), this new routine identifies the
periods where technical problems occurred on the instrument
and flags the corresponding calibrated spectra. It enables one to
sort out the spectra of dubious quality before integration.

To improve our understanding of the bias, we decided to
investigate the relationship between the bias and the atmospheric
opacity. At microwave frequencies increases in tropospheric
water vapor are the main cause of increasing opacity, and hence
increasing continuum brightness temperature and decreasing
stratospheric ozone line strength. In the case of the MOPI 5
observations at 110.836 GHz, the oxygen emission band at
118 GHz additionally induces a characteristic slope in the
calibrated spectrum, with a brightness temperature increasing
towards higher frequencies (see Fig. 3). Therefore, it is possi-
ble to compute the tropospheric opacity observed during each
calibration cycle from its mean spectral brightness temperature
TB,mean using the method described in [23]. It enables sorting of
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Fig. 4. Comparison of the integrated spectra recorded from the three spectrometers in February 2019 for two brightness temperature bins, corresponding to two
different atmospheric opacities. The details of the calibration and integration processes are described in the text. (a) Low atmospheric opacity: TB,mean < 80 K.
(b) High atmospheric opacity: 140 K < TB,mean < 150 K.

the calibrated spectra based on their tropospheric opacity before
integration. Note that in order to get meaningful results, inte-
grating the same calibration cycles from the three spectrometers
is required.

Taking the U5303 as the reference, we computed the mean
calibrated brightness temperature from the central channels for
each spectrum and collated the calibrated spectra into different
brightness temperature (TB) bins before integration. For the
February time period, it resulted in 15 different TB bins, with
TB,mean ranging from 75 to 210 K. Note that we used the
same integration periods for the three spectrometers but that
the integration time for each TB bin is different as the number
of calibrated spectra belonging to each bin is different.

B. Bias Description and Correction

Fig. 4 shows a comparison of the integrated spectra from
the three spectrometers for two different TB bins (out of 15)
recorded during the month of February. On the February time
period, the integrated spectra from the USRP and the U5303
agree very well, with an averaged brightness temperature differ-
ence |ΔTB | < 20 mK at the frequency line center (±25 MHz)
for all bins. On the contrary, the AC240 shows a systematic
negative bias at the line center (|ΔTB | > 0.4 K at all bins) and
a different spectral slope, which confirms the bias previously
observed on the daily spectra by [16]. In addition, the negative
bias at the line center and the slope difference on the AC240 are
more pronounced at lower tropospheric opacity [see Fig. 4(a)]
compared to the higher tropospheric opacity case [see Fig. 4(b)].
The differences shown in Fig. 4 underline the significance of the
bias seen on the AC240 but they do not enable identification of
its potential sources.

In order to get a better description of the bias observed
on the AC240, we computed the three parameters sketched in

Fig. 3, i.e., line amplitude, slope, and continuum amplitude for
each integrated spectrum. To study the relationship between
the bias and the brightness temperature, we computed these
parameters on hourly integrated spectra from the two broadband
spectrometers. Compared to the spectra based on TB bins, it
allows us to get more data points and a constant integration
time (1 h).

Fig. 5 shows the differences between the parameters evaluated
for the U5303 and the AC240 hourly integrated spectra between
January and April 2019. It confirms a certain consistency of the
bias on the MOPI 5 time series and illustrates its dependency
to the brightness temperature. Both the line amplitude and the
slope biases follow a close to linear trend with the brightness
temperature, which is in accordance with the first observations
made from Fig. 4.

Whereas the line amplitude and slope biases have a similar
shape, this is not the case for the continuum bias shown in
Fig. 5(c). It suggests that the full bias might be a combination
of multiple error sources.

Most radiometers assume a linear amplitude transfer charac-
teristic between the calibration loads and the sky observation. It
is usually a good approximation but never exactly true and any
departure from linearity would result in a bias on the calibrated
spectra. From now on, we will refer to this bias simply as
“nonlinearities” to distinguish it from the other error sources.
As a first order approximation, this nonlinearity is often taken
into account by adding a quadratic term on the linear transfer
characteristic. It results in a negligible bias when the observed
spectrum matches the temperature of one of the calibration loads
and in a maximum bias in between. In general, the calibration
bias can be derived from a set of brightness measurements at
different scene temperatures (as done in [24], [25]). In our case,
we can make use of our parallel spectrometers and use the
sky measurements directly. As both the U5303 and the USRP
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Fig. 5. Parameters from Fig. 3 computed on hourly integrated spectra between January and April 2019. All three panels show the difference between the parameters
computed on the AC240 and the U5303 as a function of the mean brightness temperature of the integrated spectra. (a) Relative differences of the line amplitude
bias. It is computed as a fraction of the line amplitude as defined in Fig. 3. For instance for TB = 100 K, the line amplitude is ≈ 10 K so that the line amplitude
bias is ≈ 0.8 K (or ΔTB,l = 8%.) (b) Relative differences of the slope bias computed as a fraction of the fitted slope on the U5303. (c) Absolute differences in
the continuum bias. The black line shows the modeled quadratic calibration bias that accounts for the nonlinearities.

correspond on the whole range of brightness temperature, we
can consider their measurements as the true scene temperature
and assume that the continuum bias seen in Fig. 5(c) arises
from nonlinearities in the AC240. We can then apply a quadratic
correction term to account for its nonlinear amplitude transfer
characteristic.

The black line in Fig. 5(c) shows modeled nonlinearities
resulting from such a quadratic correction term. It has been
derived from the continuum difference between the AC240 and
the U5303 (ΔTB,c), setting ΔTB,c = 0 at Tcold and Thot and
approximating a maximal continuum bias ΔTB,c = −0.2 K in
between both calibration load temperatures at

TB =
Thot + Tcold

2
≈ 185K. (1)

With this simple assumption we are able to reproduce the
continuum bias quite well, although our observations do not
match the black line in Fig. 5(c) exactly. This might be explained
by the fact that Thot is assumed constant for the whole time
series and maybe more importantly, because the mean brightness
temperature (abscissa of Fig. 5) is actually computed around
the line center, which means that it is a slight overestimation
of the full spectrum averaged brightness temperature. Also, we
would need more observations at higher brightness temperatures
to accurately fit the maximal bias value but as a first estimation,
this simple correction is able to correct quite accurately for the
nonlinearities on the MOPI 5 measurements.

Although the nonlinearities can account for the continuum
bias, they do not explain the line amplitude and slope biases.
Looking at Fig. 6(a), we see that even though TB is close to the
cold load temperature (TB ≈ 80K), the slope and line amplitude
biases are significant, when they should be close to zero if they
were only due to nonlinearities. Both seem to follow a close
linear relationship with TB with larger uncertainties at higher
TB . The growing spread of the data points with TB is explained
from the growing continuum emission (which is absorbing most
of the ozone line features at higher TB) combined to a lower
number of observations at higher TB .

The line amplitude and slope biases seem to be the results of
a significant “spectral leakage” that would impact the AC240.
We still do not understand what exactly could cause such a
leakage (see section IV), but it resembles the result of a constant
brightness temperature scaling on the AC240. Using a constant
scaling factor and incorporating our modeled nonlinearities, we
are able to provide a first order correction for the integrated
spectra of the AC240

TB,corr =
1

(1 − α)
(TB − αTB − ΔTB,c) (2)

where TB,corr is the corrected brightness temperature spectrum,
α is a scaling factor, TB is the mean value of the measured
spectrum calculated over the entire bandwidth of the AC240,
and ΔTB,c is the nonlinearity correction described above.

Fig. 6 shows the comparisons between the integrated spectra
from the U5303 and the AC240 for two atmospheric opacities
and three different cases: the original bias (green lines) and the
corrected spectra using a constant scaling factor with (purple)
and without (grey: ΔTB,c = 0) the nonlinearity correction. We
see that (2) is able to reduce the bias between the AC240 and the
U5303. The correction for nonlinearities limits the broadband
bias observed when the brightness temperature moves away
from the calibration load temperatures, whereas the scaling
factor is effective at reducing the slope and the line center
biases. We find that a constant scaling factor (α = 8%) works
well for the range of brightness temperatures observed, not only
for the month of February but also for the rest of the MOPI 5
observations.

To summarize, it seems that the full bias is a combination
of nonlinearities and of a spectral leakage on the AC240. The
nonlinearities can be modeled, corrected and it is essentially
a broadband contribution to the spectrum which depends on
the atmospheric conditions (or on TB,mean). On the contrary,
the fractional spectral bias seems to remain more or less in-
dependent of the atmospheric conditions because a constant
scaling parameter is able to correct for the whole range of
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Fig. 6. Comparison of the AC240 and the U5303 integrated spectra recorded for two brightness temperature bins, corresponding to two different atmospheric
opacities. The bottom panels show the absolute brightness temperature differences between the AC240 spectra before (green line as in Fig. 4) and after it is corrected
according to (2). The grey curves do not account for nonlinearities (ΔTB,c = 0) whereas the purple ones show the full correction with modeled nonlinearities.
(a) Low atmospheric opacity: TB,mean < 80 K. (b) High atmospheric opacity: 140 K < TB,mean < 150 K.

atmospheric conditions. The fact that the line amplitude and
slope biases evolve with TB (see Fig. 5) might be related to
the way these parameters are computed and it will need further
studies to validate the dependency of the spectral bias on the
atmospheric conditions. Note that the spectral leakage is much
more significant for ozone retrievals than the nonlinearities: the
former impacts the line amplitude and the slope of the spectrum
directly while the latter is essentially a broadband contribution.
The line amplitude bias is of particular concern because of its
amplitude (≈ 8 to 9% at the line center) and its immediate
impact on the retrieved ozone profile whereas the continuum
and slope biases are usually fitted before or during the retrieval
process.

C. Ozone Retrievals

To study the effect of the observed bias and its approximate
correction on the atmospheric profiles, we performed ozone
retrievals from the MOPI 5 integrated spectra. At microwave
frequencies, the pressure broadening of thermal emission lines
enables us to retrieve vertical profiles of atmospheric gases from
passive radiometric observations at selected frequencies (e.g.,
110.836 GHz for ozone). A retrieval consists at finding the best
estimate of the real profile from the shape of the integrated
spectra, the measurement errors, a set of a priori information,
and a so-called forward model [5]. In microwave radiometry,
the forward model is essentially a radiative transfer model that
describes the physical relationship between the ozone profiles
and the radiometric observations.

As for the calibration routine, we have devised a new routine to
retrieve atmospheric ozone profiles from the MOPI 5 measure-
ments at 110.836 GHz. As a forward model, we have used the
latest version of the atmospheric radiative transfer simulator 2.4

(ARTS) [26]. It is a radiative transfer simulation software with
a focus on the microwave region and it also includes some
instrumental effects (e.g., channel response) on the simulated
spectra. It simulates the atmospheric emission spectra at the
radiometer location according to given atmospheric conditions
(pressure, temperature, and atmospheric constituents). ARTS
provides a large choice of predefined atmospheric scenarios that
can be used as inputs for the forward model.

In this study, we used the Fascod climatology, more specif-
ically its mid-latitude winter atmospheric scenario [27]. It is
included in the ARTS package and provides all relevant atmo-
spheric variables for the forward model. As a priori ozone pro-
files, we used a monthly climatology derived from the European
Centre for Medium-Range Weather Forecasts (ECMWF) opera-
tional reanalysis extended by an AURA/MLS climatology above
around 70 km (similarly as [14]). The spectroscopic parameters
were taken from the high-resolution transmission molecular
absorption database (HITRAN) [28]. Following the formalism
of [5], the optimal estimation method is now integrated within
the ARTS package itself, which enables the inversion of the
integrated spectra directly within ARTS. This setup was used
successfully in [21] for ozone retrievals at 142.175 GHz.

Water vapour is the main contributor to opacity at microwave
frequencies and is mainly found in the troposphere. Therefore,
its contribution to observation of middle-atmospheric ozone
is essentially a broadband absorption of radiation emitted by
the ozone molecules and it is often removed by a so-called
tropospheric correction [23]. In our case, the water vapour
continuum absorption was retrieved together with ozone directly
from the integrated spectra. Also, due to the lack of standing
wave attenuation techniques during the MOPI 5 campaign, we
had to include some baseline features to the retrievals (poly-
nomial and sinusoidal) to obtain converging results. As the
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Fig. 7. Example of ozone retrievals from the three spectrometers for the
integrated spectra shown in Fig. 4(a). The left panel shows the ozone volume
mixing ratio (VMR) with its associated total error, the middle panel shows
the measurement response (MR), and the right panel shows the smoothing and
measurement errors from the retrievals (see text for details).

integration time was different for each integrated spectrum, it
resulted in very different noise levels that had to be taken into
account in each retrieval and therefore, the noise covariance
matrix was adapted for each brightness temperature bin to get
the best possible retrieval. Note that the rest of the retrieval setup
(forward model, a priori, spectroscopy, etc.,) was identical for
the three spectrometers.

Besides the ozone volume mixing ratio (VMR) profiles, the
optimal estimation method provides diagnostic quantities that
can be used to derive the averaging kernels (AVKs) or the
uncertainty budget of the retrievals (see [5] for more details).
The AVKs describe the sensitivity of the retrieval to changes in
the true ozone profile and is used to compute the measurement
response (MR). The MR is the sum of the AVKs for each alti-
tude and quantifies the amount of information contained in the
retrievals that is coming from the actual measurements at a given
altitude (the remaining part is coming from the a priori profile).
For instance, a MR over 0.8 indicates that the contribution of
the radiometric measurements to the “optimal estimated” profile
is higher than 80%, i.e., that the a priori contribution is less
than 20%. In the case of ozone retrievals, the errors can be
separated into three main components: the errors related to the
forward model (neglected in the following because they are the
same for the three spectrometers), the so-called smoothing error
and the measurement error (or retrieval noise). The smoothing
error arises from the limited spatial resolution of the microwave
radiometer, which prevents resolving fine vertical structure in the
profile. The measurement error is linked with uncertainties in
the radiometric measurement (e.g., thermal noise). The sum
of the smoothing and the measurement error is usually called
the total error. A representative example of ozone VMR pro-
files retrieved from the different spectrometers is shown in
Fig. 7 together with their respective measurement responses
and retrieval errors characterization. Fig. 8 shows the cor-
responding AVKs for these specific retrievals, which corre-
spond to the integrated spectra from the first TB bin shown in
Fig. 4(a).

Fig. 8. Averaging kernels (AVKs, grey lines) and measurement responses
(MR) corresponding to the ozone retrievals shown in Fig. 7 for the three
spectrometers. For clarity, the MR has been divided by 2 (black lines) to be
plotted together with the AVKs. We have highlighted some AVKs and labelled
them with their corresponding altitude.

D. Bias on the Ozone Profiles

To compare the ozone profiles retrieved from the three spec-
trometers, it is important to underline some of the features shown
in Figs. 7 and 8. We see on these figures that the MRs from the
AC240 and the U5303 are very similar whereas the MR from
the USRP is quite different and seems shifted towards higher
altitudes. It is explained by its smaller bandwidth and higher
spectral resolution compared to the AC240 and the U5303 (see
Table I), which enables the USRP to retrieve ozone profile from
≈ 30 to 80 km altitude (MR � 80% is often considered as a
lower limit for meaningful retrievals, i.e., when the contribution
from the a priori to the final profile is lower than 20%), whereas
the AC240 and the U5303 have retrievals capabilities from ≈ 20
to 70 km. The declining MR of the USRP at low altitudes means
that from 30 km downward, the retrieved ozone profile from the
USRP is increasingly influenced by the a priori profile and so it
explains the strong deviation of the USRP ozone profile from the
AC240 and the U5303 below 30 km (see Fig. 7). Between 30 and
60 km, the retrieved profiles from the USRP and the U5303 are
in good agreement (e.g., the mean relative difference between
the ozone profiles is less than 3%), despite some remaining
oscillations in some of the retrievals as discussed later. The
AC240 and U5303 have similar retrieval capabilities (similar
AVKs and MRs) so they can be compared directly. Between 20
and 60 km, the AC240 profile in Fig. 7 shows a strong negative
ozone bias compared to the U5303, with close to 0.5 ppmv less
ozone retrieved from the AC240 at the ozone peak around 35 km
altitude.

To evaluate the effect of the spectral and nonlinearity correc-
tions (2) on the ozone profiles, we also retrieved the corrected
integrated spectra from the AC240 with the same retrieval
routine. Focusing on the ozone difference between the two
broadband spectrometers, Fig. 9 shows examples of the relative
bias between the AC240 and the U5303 before and after applying
the correction on the AC240 integrated spectra. Fig. 10 shows
the relative ozone bias (averaged on 10 km altitude ranges) of
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Fig. 9. Ozone retrievals from the integrated spectra of two different TB bins for the U5303, the AC240, and the AC240 corrected using (2). For each TB bin or
atmospheric opacity case, the left panel shows the retrieved ozone profiles and the middle panel shows the measurement response. The right panel show the relative
bias between the ozone profiles retrieved from the AC240 (with and without correction) and the U5303, taken as the reference. (a) Low atmospheric opacity:
TB,mean < 80 K. (b) High atmospheric opacity: 140 K < TB,mean < 150 K.

Fig. 10. Mean relative bias in ozone volume mixing ratio compared to the ref-
erence spectrometer (U5303) for all altitude ranges and brightness temperature
bins (see Section III-A) of the February time period. The bins are labelled using
their mean spectral brightness temperature TB,mean. The upper panel shows
the original bias of the AC240 spectrometer whereas the lower panel shows the
remaining bias after correction with (2) of the AC240 integrated spectra prior to
the retrieval. The black squares show the altitude ranges where the measurement
responses is constantly lower than 80%.

the AC240 before (upper panel) and after (lower panel) the
correction for all TB bins in February. Compared to the U5303,
it confirms that the AC240 has a systematic bias of 5% to 12%
less ozone from 20 to 70 km altitude. More specifically, the
ozone bias is more or less constant between 20 and 50 km and
rises slightly above 50 km. Both Figs. 9 and 10 show that, after
correction of the AC240 integrated spectra, the bias between
this spectrometer and the U5303 is significantly reduced. It is
the case for all TB bins and for all altitude ranges, which is
consistent with the systematic negative bias observed on the
integrated spectra of the AC240.

As the ozone bias does not strongly depend on the brightness
temperature bin (see Fig. 10), Table II presents the mean relative

TABLE II
MEAN RELATIVE BIAS ON THE OZONE PROFILES WITH CORRESPONDING

ABSOLUTE VALUE (IN PPMV)

ozone bias (with corresponding absolute VMR bias [ppmv])
as a function of the altitude range. The effect of the spectral
correction is highlighted by showing the ozone profile difference
between the AC240 before and after applying the correction
(AC240-AC240c). As this column does not use the U5303 as
the reference, it allows one to see the real impact of (2) on the
ozone retrievals. It shows a more or less constant relative bias
with altitude and means that the spectral correction has the same
effect at all altitudes.

For some retrievals, we noticed oscillations on the resulting
VMR profiles (see the right panel of Fig. 9) that we could
not remove during the data processing. These oscillations are
seen in the data of all three spectrometers and can be explained
by a baseline ripple on the integrated spectra, which is mostly
caused by standing waves form the LN2 target. In most oper-
ational monitoring radiometers this ripple is reduced with an
optical path-length modulator, which was not available during
this test campaign, resulting in noticeable baselines within the
integrated spectra. The spectral noise differences between the
spectrometers and the TB bins also made the removal of these
oscillations difficult, especially at higher tropospheric opacity,
where the ozone line is increasingly absorbed by the water vapor
continuum. In our opinion though, these oscillations are artificial
and do not call the validity of the bias results into question.
However, they may explain why we do not observe a trend in the
ozone bias with the TB bins and therefore, further investigation
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is needed to provide any conclusions regarding the evolution of
the ozone bias with brightness temperature.

To conclude, despite some technical difficulties during the
retrieval processing, the second column of Table II provides a
first quantification of the ozone profile bias originating from
the AC240 while the fourth column quantifies the effect of the
spectral and nonlinearity corrections (2) applied to the integrated
spectra. The observed ozone bias is consistent with the spectral
bias observed on the integrated spectra of the AC240 and its
amplitude is quite large and might explain some of the biases
seen in some ozone or water vapour time series derived from the
AC240.

IV. DISCUSSION

The MOPI 5 measurement campaign was quite limited in time
and was primarily designed as a test setup for the comparison
of digital back-ends. Whereas it provided a unique dataset for
the identification of a spectral bias on the AC240, it sets some
limitations on the retrieval capabilities and the amount of data
collected during this measurement campaign. As an example,
the need to manually refill the liquid nitrogen target during the
campaign or the large spectral baselines did limit the amount of
decent measurements quite significantly and explains why we
mostly focused on the month of February in our study. Also, it
did not enable us to understand the bias sources, nor to properly
validate its successful correction. It results in a limited ability
to extrapolate the MOPI 5 results to other instruments, atmo-
spheric lines or different signal-to-noise ratios without further
validation. Hereafter, we discuss our hypotheses and attempts
to explain and reproduce the spectral bias on the integrated
spectrum of the AC240.

A. Origins of the Bias

The systematic bias seen on the integrated spectra from the
AC240 compared to the U5303 seems to have multiple sources.
Whereas nonlinearities explains well the continuum difference,
it fails to explain the spectral leakage leading to the line ampli-
tude and slope biases. The line amplitude is especially problem-
atic in the case of ozone monitoring because both the slope and
continuum biases can be mostly accounted for in the retrieval
by the tropospheric correction [23]. In case of nonlinearities, a
simple tropospheric correction would still lead to a small error
on the frequency line center but this effect should remain small
compared to the effect of the spectral leakage.

To this day, we have investigated multiple possible explana-
tions for the observed bias of the line amplitude. Laboratory
measurements of the channel response with a swept continuous
wave (CW) signal generator in Fig. 1 show that the AC240
follows closely the expected | sinc(x)|2 frequency response of
an FFT with a rectangular window function. The convolution
of this channel response with simulated ozone emission lines
introduces only a negligible bias at the line center and it cannot
explain the observed bias of the AC240. This theoretical channel
response is also taken into account in the retrieval with ARTS,
but its effect on the retrieved ozone profiles is negligible. The
channel response measurements were also repeated with a much

smaller amplitude of the swept CW signal added to a broadband
noise background signal. Also in this case a behavior close to the
expected | sinc(x)|2 response was observed, with only a small
increase of the side lobe levels for very low signal to background
power ratios (SBR).

B. Laboratory Tests

We attempted to recreate the bias of the AC240 to the U5303,
using various power levels and SBRs. A CW signal was coupled
with a wideband noise generator (NG) to create an approxima-
tion of an atmospheric emission line. The NG output was capped
to 800 MHz using a lowpass filter and attenuated until the spec-
trometer counts were close to the atmospheric measurements.
The CW was matched to the peak of a real absorption line and
tuned to a frequency located at the center of a channel for both
spectrometers simultaneously. In an effort to make the test more
representative, the CW frequency was chosen to be as close to the
location of the absorption line in the MOPI 5 measurements as
possible. The output was split and read by both spectrometers in
parallel. For the test the CW was cycled ON and OFF every 2 s and
the measurements for each state averaged over the test duration.
By computing the relative difference between the Ion (SG ON)
and Ioff (SG OFF) spectra for each spectrometer, any power
leakage from the SG channel into the other channels should be
visible. The relative difference is calculated as follows:

Δrelative =
Ion − Ioff

Ioff
. (3)

This CW test did not show any spectral leakage from either
spectrometer. The same test was repeated at other signal fre-
quencies, power levels, and SBRs with similar results.

It could be still questioned whether these tests with a coherent
CW source are sufficiently representative for the observation of
an incoherent atmospheric emission line. For that reason we
repeated these measurements with a narrow, band limited noise
signal instead of the CW signal generator. It was generated
using a second amplified noise diode, which was followed by a
band pass filter with a 3 dB bandwidth of either 5 or 10 MHz.
A programmable 70 dB step attenuator was used to switch
between the “ON” and “OFF” cases, which were then added to
the broadband noise background. The amplitude of the broad-
band noise background could be also changed with a second
programmable attenuator to mimic the total power calibration
of a real radiometer with a hot and a cold calibration load. Fig. 11
shows an example of a U5303 spectra for the background signal
with and without the added narrow band noise, as well as with
the 6 dB higher level for the “hot” calibration.

Fig. 12 shows the relative difference between the “ON” by
“OFF” states of the band limited noise source calculated with
(3). Outside of the narrow band signal the level of the relative
difference remains close to zero for the U5303, whereas it
increases noticeably for the AC240. This, along with a minor
negative offset of the AC240 at the signal peak, is an indication
of spectral leakage in the AC240. Given that we did not see this
offset during the previous tests with CW signals, the overall
increase in signal power (now spread across a multitude of
channels) must be the key difference. We tested this by changing
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Fig. 11. Example for the three different kinds of spectra recorded during
laboratory tests, showing U5303 only.

Fig. 12. Relative difference as computed with equation (3) for both U5303
and AC240. Signal frequency: 190 ± 5 MHz.

both the amplitude and width of the signal and could see that
the magnitude of the spectral leakage could be reduced by either
reducing the width or amplitude of the signal. While this is an
indication for the origin of the bias, the magnitude of the leakage
is still very small compared to the apparent correction factor for
MOPI 5. It should also be considered that the SBR of the test was
significantly higher (≈ 1.5) than for the MOPI 5 measurement
campaign (0.05 or lower).

As previous tests only considered two spectra for comparison,
the third test was designed to mimic the calibration process
more closely. When considering a “hot” (Ioff+6 dB) spectrum in
addition to a “cold” (Ioff ) calibration spectrum and a synthetic
atmospheric spectrum (Ion), a “calibrated” spectrum can be
produced by

Ical =
Ion − Ioff

Ioff+6dB − Ioff
. (4)

When comparing the Ical spectra of the AC240 to the U5303
an offset of roughly −3% was visible in the narrow band signal
which is consistent with the idea that power is leaking into
other channels. Signal amplitude and width (by substituting a
smaller bandpass filter) were varied to determine the effect on the
offset. Neither change had a noticeable effect on the signal offset
in percentage terms. However, the offset between AC240 and
U5303 away from the signal changed. A noticeable, but small

positive offset of the AC240 from the U5303 was observed in the
measurement with the highest SBR (≈ 0.17), but disappeared
for all other measurements. Possibly, the reduction in power
and width of the signal reduced the magnitude of the spectral
leakage to an extent where it was no longer noticeable. When
examining the relative difference between only the “hot” and
“cold” spectra, using (3) we could see a negative offset across the
whole spectrum of similar magnitude as seen in the “calibrated”
spectra. Meaning the offset in these tests could be caused by a
nonlinearity of the AC240 instead of power leakage, however
more tests are required to further investigate this effect and its
relation to the spectral bias seen during the MOPI 5 measurement
campaign.

V. CONCLUSION

The main goal of this contribution was to compare the in-
fluence of different digital spectrometers on passive microwave
observations of middle-atmospheric ozone. It further investi-
gated a systematic bias previously observed between the cal-
ibrated spectra recorded by the widely used AC240 and the
more recent U5303 and USRP X310 digital spectrometers. The
parallel observations obtained during a measurement campaign
confirmed that the AC240 was consistently biased compared
to the other two spectrometers. The bias is made up of a
lower emission line amplitude and a different spectral slope
compared to the U5303 which seems to be the results of a
spectral leakage on the AC240. Attempts to reproduce the
spectral bias in the laboratory were inconclusive. While we
could find some evidence of spectral leakage of the AC240,
its observed effect was too small to produce an offset matching
the bias observed in the MOPI 5 measurements. Further tests
are planned so the root cause of the bias can be determined. In
addition, we have identified nonlinearities on this spectrometer,
which induce dependency of the bias to the weather conditions
(i.e., on the atmospheric opacity). We showed that the observed
bias can be reduced significantly with a simple correction con-
sisting of a constant scaling factor and by accounting for the
nonlinearities.

We further investigated the effect of the bias on the ozone
mixing ratio profiles by performing retrievals with the integrated
spectra recorded by the three spectrometers. We observed a neg-
ative bias between 6.5 and 11% on the ozone profiles retrieved
from the AC240 compared to the U5303 between 20 and 70 km
altitudes. We also showed that the spectral correction applied on
the integrated spectra can significantly reduce the ozone profile
bias of the AC240.

The bias observed on the ozone profiles is considerable and
might have large impacts on the time series recorded with the
AC240. It could help explain the biases already reported with
this spectrometer, not only for ozone, but also for water vapour
observations. As the origin of the bias is not fully understood yet,
further investigation is necessary before implementing the cor-
rection for other instruments or atmospheric lines. The AC240
is currently being replaced in several microwave radiometers
and we are preparing parallel measurements with AC240/U5303
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on a 142 GHz ozone radiometer and with AC240/USRP on a
22 GHz water vapour radiometers of NDACC. It should provide
the required validation to extrapolate our approximate correction
to the rest of the NDACC instruments that have used, or are still
using, the AC240.
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6 Investigation of the ozone diurnal
cycle over Switzerland

In the third and last study of my thesis, I investigated the ozone diurnal cycle over Switzerland
using the harmonized time series of GROMOS and SOMORA. This chapter presents these
investigations and summarises the results which were recently published in Sauvageat et al.,
2023.

Middle-atmospheric ozone is subject to strong diurnal cycle with complex dependencies on
the altitude, geographic location, sun insolation, temperature, chemistry, and dynamics. There-
fore, it is important to account for it when comparing different observing systems or to compute
accurate ozone trends, especially considering the uncertainties regarding the post-2000 strato-
spheric trends. Observations of the strato-mesospheric are rare though and passive ground-based
MWRs are well suited for such observations as they are essentially the only few observing systems
that can perform continuous, day and night ozone measurements in the middle atmosphere.

The bases for this study were developed in the frame of a Master thesis written at the IAP by
Hou, 2022, for which I provided data and support for the analysis. After some good first results
obtained by Hou, 2022, it was decided to continue the investigation of the strato-mesospheric
ozone diurnal cycle with the unique setup offered by GROMOS and SOMORA. The idea was
two-fold: first we wanted to see how well the diurnal cycle was represented in the recently
harmonized time series of GROMOS and SOMORA. In fact, the diurnal cycle is a good test
signal for models and retrieval algorithms. In the previous GROMOS ozone series, the diurnal
cycle was either overestimated (Studer et al., 2013, focusing on the filter bank period) or missing
some prominent features like the daytime stratospheric ozone maximum (Hocke K., personal
communication for the FFTS period). As the ozone diurnal cycle measured by GROMOS was
used as a reference in many ozone diurnal cycle study in the past decade (e.g. Parrish et al.,
2014; Maillard Barras et al., 2020), it seemed important to better understand the reason of these
discrepancies.

Therefore, I performed a similar analysis as Parrish et al., 2014 and investigated the monthly
diurnal cycle above the mid-latitudes. The observations were compared against three model-
based datasets, namely the recently published GEOS-GMI Diurnal Ozone Climatology (GDOC),
(Frith et al., 2020), free-running simulation from the Whole Atmosphere Community Climate
Model (WACCM) and simulations from the Belgian Assimilation System for Chemical ObsErva-
tions (BASCOE). There is good agreement found between the harmonized series from GROMOS
and SOMORA and against the three model-based dataset at most pressure levels and seasons.
Most of the discrepancies seem to arise from the difference in vertical resolution between the
two MWRs and the models. However, we also report a similar bias as Parrish et al., 2014 near
the stratopause and similar delays in the onset of ozone depletion in the lower mesosphere, for
which no explanation has been found yet.

The new harmonized time series from GROMOS and SOMORA offer a unique setup for
observation of the ozone diurnal cycle, especially with regards to its short-term variability. In
fact, in a modelling study based on WACCM, Schanz et al., 2014 identified regional variability
of the ozone diurnal cycle which were attributed to regional anomalies in Ox , nitrogen oxides
(NOy) and temperature. For the first time, we present observations that confirm the existence
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of short-term variability (in the order of days) of the ozone diurnal cycle during wintertime. The
magnitude of the short-term variability exceeds the monthly or the inter-annual variability of
the ozone diurnal cycle and is important to understand the regional ozone variability at short
time scales. Also, it might be worth considering when accounting for the ozone diurnal cycle in
dataset homogenization. Focusing on a case study during the winter 2014-2015, we can provide a
plausible explanation for the observed variability, which is also well reproduced in the BASCOE
simulations. Following the SSW of January 2015, irruption of polar air containing low abundance
of nitrous oxide N2O — the primary source of nitrogen oxides NOx — caused a reduction in the
ozone catalytic depletion cycle, therefore increasing the ozone production during daytime. It
resulted in an increase of ∼ 5 times of the diurnal cycle amplitude during a period of a few days.
Short-term variability is also observed at period where no clear changes of NOx is visible and
therefore, there are also other reasons that can explain this variability. One possibility might be
the short-term tidal variability which is relatively unexplored and unobserved yet but of high
interest and could affect the ozone diurnal cycle. It was out of the scope of the publication to
investigate all of them, but it is an area of research which deserves more investigations.

6.1 Publication: Ozone diurnal cycle over Switzerland
Following the Master thesis of Hou, 2022, some of these results were presented at the SPARC
General Assembly in October 2022 and the full study has recently been published in Atmospheric
Chemistry and Physics.
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Abstract. In Switzerland, two ground-based ozone microwave radiometers are operated in the vicinity of each
other (ca. 40 km): the GROund-based Millimeter-wave Ozone Spectrometer (GROMOS) in Bern (Institute of
Applied Physics) and the Stratospheric Ozone MOnitoring RAdiometer (SOMORA) in Payerne (MeteoSwiss).
Recently, their calibration and retrieval algorithms have been fully harmonized, and updated time series are now
available since 2009. Using these harmonized ozone time series, we investigate and cross-validate the strato–
mesospheric ozone diurnal cycle derived from the two instruments and compare it with various model-based
datasets: the dedicated GEOS-GMI Diurnal Ozone Climatology (GDOC) based on the Goddard Earth Observ-
ing System (GEOS-5) general circulation model, the Belgian Assimilation System for Chemical ObsErvations
(BASCOE) – a chemical transport model driven by ERA5 dynamics, and a set of free-running simulations from
the Whole Atmosphere Community Climate Model (WACCM). Overall, the two instruments show very similar
ozone diurnal cycles at all seasons and pressure levels, and the models compare well with each other. There is a
good agreement between the models and the measurements at most seasons and pressure levels, and the largest
discrepancies can be explained by the limited vertical resolution of the microwave radiometers. However, as in a
similar study over Mauna Loa, some discrepancies remain near the stratopause, at the transition region between
ozone daytime accumulation and depletion. We report similar delays in the onset of the modelled ozone diurnal
depletion in the lower mesosphere.

Using the newly harmonized time series of GROMOS and SOMORA radiometers, we present the first obser-
vations of short-term (sub-monthly) ozone diurnal cycle variability at mid-latitudes. The short-term variability is
observed in the upper stratosphere during wintertime, when the mean monthly cycle has a small amplitude and
when the dynamics are more important. This is shown in the form of strong enhancements of the diurnal cycle,
reaching up to 4–5 times the amplitude of the mean monthly cycle. We show that BASCOE is able to capture
some of these events, and we present a case study of one such event following the minor sudden stratospheric
warming of January 2015. Our analysis of this event supports the conclusions of a previous modelling study,
attributing regional variability of the ozone diurnal cycle to regional anomalies in nitrogen oxide (NOx) concen-
trations. However, we also find periods with an enhanced diurnal cycle that do not show much change in NOx
and where other processes might be dominant (e.g. atmospheric tides). Given its importance, we believe that the
short-term variability of the ozone diurnal cycle should be further investigated over the globe, for instance using
the BASCOE model.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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1 Introduction

Beyond its role in the protection of earth from harmful ultra-
violet radiation, ozone is a key species in the energy balance
of the middle atmosphere, strongly influencing the radiation
budget and thermal state of the stratosphere and mesosphere.
Following the success of the Montreal Protocol in 1987, full
recovery of the ozone layer is expected for the 21st century
with significant regional variability and uncertainties. In par-
ticular, there is a high degree of uncertainty about the lower
stratospheric ozone recovery, and there is increasing observa-
tional evidence that ozone is still declining at some locations
in the lower stratosphere (Ball et al., 2018; Maillard Barras
et al., 2022a; Godin-Beekmann et al., 2022), without satis-
factory explanation to date.

Ozone is a very reactive molecule involved in many
(photo-)chemical reactions in the middle atmosphere. The
set of pure oxygen photochemical reactions leading to the
production and destruction of ozone was first described by
Chapman (1930) and is known as the Chapman cycle. To-
gether with catalytic depletion cycles involving many dif-
ferent species (NOy , Cly , HOy , etc.), they mostly drive
the ozone amount in the middle atmosphere at multiple
timescales. In particular, ozone concentrations are subject to
complex diurnal cycle patterns depending on the geographic
location, altitude, season, and other factors (Schanz et al.,
2014), which makes it both important and difficult to fully
take into account in models or observations.

The importance of the ozone diurnal cycle in the meso-
sphere has been recognized early through the use of photo-
chemical models and from early measurements (e.g. Prather,
1981; Vaughan, 1982; Pallister and Tuck, 1983; Zommer-
felds et al., 1989). Its main patterns are well known and have
been successfully observed and modelled (Connor et al.,
1994; Ricaud et al., 1991; Huang et al., 1997). In the strato-
sphere though, the ozone diurnal cycle is much weaker which
makes accurate observations challenging. However, it needs
to be taken into account when comparing different observ-
ing systems or to compute accurate trends (Bhartia et al.,
2013; Maillard Barras et al., 2020). In recent years, there has
been a renewed interest to improve the consideration of the
diurnal variations of ozone and nitrogen oxides in satellite
measurements (Frith et al., 2020; Schanz et al., 2021; Strode
et al., 2022), partly because of the remaining uncertainties
in post-2000 stratospheric ozone trends. For instance, Frith
et al. (2020) used a modified version of the GEOS-5 model
to produce a global, zonally averaged ozone diurnal climatol-
ogy: the GEOS-GMI Diurnal Ozone Climatology (GDOC).
The idea was to publish an easy-to-use climatology of scaling
factors to account for ozone diurnal variability in intercom-
parison studies or for the creation of a merged ozone dataset.
More recently, Strode et al. (2022) developed similar year-
specific scaling factors for comparisons with the SAGE II-
I/ISS measurements.

To validate such diurnal scaling factors, accurate observa-
tions are needed at different altitudes and locations. However,
such observations remain relatively sparse and challenging,
especially in the stratosphere where the ozone diurnal cycle
amplitude is small. Also, many satellites are sun synchronous
or use the sun as source, which limits their ability to derive
full diurnal cycles. Some satellite-based ozone diurnal cycles
have been successfully derived, however, from SAGE/ISS
(Sakazaki et al., 2013, 2015) and from SABER on the Ther-
mosphere Ionosphere Mesosphere Energetics and Dynam-
ics (TIMED) satellite (Huang et al., 2010a). Although the
satellite-based observations offer a global view on the ozone
diurnal cycle, they do need to aggregate data in space or time
to derive a diurnal cycle, therefore blurring any short-term or
regional fluctuations in the cycle amplitude.

Passive microwave ground-based radiometers (MWRs)
are well suited for ozone diurnal cycle observations, be-
cause they operate continuously and do not use the sun as
a source. These instruments have been used successfully by
different groups to monitor the diurnal cycle, not only in
the mesosphere but also in the stratosphere (Connor et al.,
1994; Schneider et al., 2005; Haefele et al., 2008; Parrish
et al., 2014; Studer et al., 2014; Schranz et al., 2018). In the
tropics, Parrish et al. (2014) derived detailed stratospheric
ozone diurnal cycles over Mauna Loa from MWR measure-
ments and compared them with satellite measurements and
the Goddard Earth Observing System Chemistry Climate
Model (GEOSCCM). They found a good agreement between
the MWR and satellite observations as well as remaining
discrepancies with the model in the upper stratosphere (3.2
to 1.8 hPa). In the polar region, Schranz et al. (2018) found
larger discrepancies between MWR measurements and SD-
WACCM simulations over Ny-Ålesund but only focused on
a single year of measurements.

In this contribution, we derive updated ozone diurnal
cycles over Switzerland from two co-located (ca. 40 km)
ground-based MWRs between 2010 and 2022. The time
series have recently been fully reprocessed with a harmo-
nized algorithm (Sauvageat et al., 2022b), and they pro-
vide a unique set of measurements to study the ozone di-
urnal cycle and validate model simulations over the mid-
latitudes. Compared to the three previous studies on ozone
diurnal cycle over Switzerland (Zommerfelds et al., 1989;
Haefele et al., 2008; Studer et al., 2014), this study combines
the two MWRs over an extended time period (> 10 years)
and focuses on the time where the two instruments used
the same digital spectrometer (after 2009). The combina-
tion of the spectrometer update and of the recent harmoniza-
tion extended the altitude range and improved the sensitivity
of the ozone retrievals. We obtain significant improvements
in the updated stratospheric ozone diurnal cycle measured
by the GROund-based Millimeter-wave Ozone Spectrome-
ter (GROMOS) in Bern. In fact, the study from Studer et al.
(2014) showed overestimated diurnal cycle amplitude com-
pared to the model simulations. Although it was focused on
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the time period when GROMOS used a filter bank spectrom-
eter (before 2009), we believe that part of the discrepancies
were also due to the retrieval algorithm. Given that this in-
strument provided one of the main references for ozone di-
urnal cycle comparison studies over the mid-latitudes in the
last decade, we believe that it is highly valuable to present in
detail these updated results.

In fact, the objective of the present study is multiple. First
we use the harmonized time series to derive the updated diur-
nal cycle above Switzerland and provide a comparative basis
for different models at mid-latitudes. We especially aim at
providing an additional validation for the dedicated GEOS-
GMI Diurnal Ozone Climatology (GDOC), which has been
published for use as a data analysis tool. In addition, we
compare our measurements with two other types of model-
based datasets: the Belgian Assimilation System for Chem-
ical ObsErvations from Envisat (BASCOE) chemistry trans-
port model (CTM) and the Whole Atmosphere Community
Climate Model (WACCM) chemistry climate model (CCM).
Finally, we present the first observations of short-term (sub-
monthly) ozone diurnal variability and investigate the causes
for such variations. We use the global, high-resolution simu-
lations of BASCOE coupled with reanalysis data from ERA5
(Hersbach et al., 2020) to cross-validate our observations. We
discuss a case study of the winter 2014–2015 and provide
other examples where short-term fluctuations of the ozone
diurnal cycle were observed.

The publication is organized as follows: Sect. 2 introduces
the datasets and the methods used to compute the ozone
diurnal cycle. Section 3 presents the results including the
monthly ozone profile comparisons (Sect. 3.1), the intercom-
parisons of the monthly averaged ozone diurnal cycle over
Bern (Sect. 3.2), and an example of observed short-term vari-
ability during the boreal winter 2014–2015 (Sect. 3.3). Fi-
nally, Sect. 4 presents a summary of the main results and
some conclusions.

2 Materials and methods

In the following, we present succinctly the datasets and the
methods used in our study. Regarding the datasets, we focus
mostly on the microwave radiometer time series and on the
main model characteristics, and we provide references for the
reader for additional details. Also, we summarize the most
important features and relevant publications for each dataset
in Table 1.

2.1 Microwave ground-based radiometers

Microwave ground-based radiometers (MWRs) are passive
remote sensing instruments that can be used to derive trace
gas or temperature profiles in the atmosphere. MWRs mea-
sure the emission of atmospheric molecules in the microwave
frequency range. Therefore, they do not rely on the sun for
their observations and provide quite high temporal resolu-

tion and continuous sampling, which makes them an excel-
lent candidate for diurnal cycle studies.

In Switzerland, two ozone microwave radiometers are
operated close to each other (ca. 40 km) on the Swiss
Plateau. The GROund-based Millimeter-wave Ozone Spec-
trometer (GROMOS) is operated by the Institute of Applied
Physics (IAP) at the University of Bern (46.95◦ N, 7.44◦ E;
560 m a.s.l.) since 1994 and the Stratospheric Ozone MOn-
itoring RAdiometer (SOMORA) is operated by the Federal
Office of Meteorology and Climatology MeteoSwiss in Pay-
erne (46.82◦ N, 6.94◦ E; 491 ma.s.l.) since 2000. The two in-
struments have been designed at the IAP, have similar design,
and use the rotational ozone emission line at 142.175 GHz
to derive strato–mesospheric ozone profiles. Also, they have
similar viewing geometries; both observe the sky at ∼ 40◦

elevation angle and experience similar atmospheric opacity
conditions. Following discrepancies identified between the
two instruments (Bernet et al., 2019; SPARC/IO3C/GAW,
2019), a complete harmonization of the data processing has
recently been performed for GROMOS and SOMORA. It
resulted in harmonized, continuous, hourly time series of
strato–mesospheric ozone starting in 2009, which are now
freely available (Sauvageat et al., 2022b).

The vertical resolution of the MWRs is quite coarse (∼
10 km up to 3 hPa and ∼ 15 km above), and the vertical ex-
tent of the ozone profile is from 60 to 0.02 hPa (∼ 20 to
75 km), corresponding to the range where the a priori con-
tribution to the retrieved profile is lower than 20 % (Fig. 1).
The MWRs coarser vertical resolution needs to be taken into
account for intercomparison with higher-resolution datasets
(e.g. models), also for the diurnal cycle comparisons. The
usual way is to apply a smoothing procedure to the higher-
resolution dataset for the comparisons. In our study, we use
the classical “averaging kernel smoothing” which essentially
convolves the high-resolution dataset with the averaging ker-
nels (AVKs) of the MWR retrieval using Eq. (1) (Rodgers
and Connor, 2003). Equation (1) also applies the effect of the
a priori contribution of the MWR retrievals onto the higher-
resolved profile and is usually expressed as

xc = xa+A(x− xa), (1)

with xa being the a priori profile (derived from monthly
WACCM profiles in our case), A the averaging kernel ma-
trix, and x and xc respectively the original and convolved
high-resolution profiles.

GROMOS and SOMORA essentially have the same sen-
sitivity, allowing us to compare their observations directly.
It can be seen by looking at the mean AVKs and the mea-
surement contribution of the retrievals shown in Fig. 1. This
also means that there is only little difference whether we use
GROMOS or SOMORA AVKs for the smoothing procedure.
In the following, all convolutions on the higher-resolution
profiles are performed using the GROMOS AVKs. Figure 1
shows the mean AVKs of the full GROMOS and SOMORA
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time series; however, for all the convolutions we use the ap-
propriate monthly daytime or nighttime AVKs.

2.1.1 Satellite measurements

For validation purposes, we use measurements from the Mi-
crowave Limb Sounder (MLS) mounted on the Aura space-
craft (Waters et al., 2006). Since its launch in July 2004,
the MLS instrument has been used extensively for trace
gas observations and is one of the main measurement ref-
erences for global ozone monitoring studies. More specifi-
cally, we use the latest ozone retrieval product (v5), following
the screening guidelines provided in Livesey et al. (2022).
The MLS ozone vertical resolution ranges from ∼ 2.5 to
∼ 5 km in the stratosphere and mesosphere, whereas its hor-
izontal resolution ranges between 300 and 500 km. As spa-
tial co-location criteria, we keep only measurements around
Switzerland (±1.8◦ in latitude and ±5◦ longitude). Aura
overpasses Switzerland twice a day, at 02:20 and 13:10 LST
(local solar time), thus providing the day-to-night ozone ra-
tios but not the full diurnal cycle. In Sect. 3.3, we also show
some measurements of temperature and nitrous oxide from
MLS; however, as higher temporal resolution was needed
for the short-term analysis, these were obtained with more
relaxed co-location criteria (±3.6◦ latitude and ±10◦ longi-
tude) but following the same screening guidelines (Livesey
et al., 2022).

2.2 Model-based datasets

2.2.1 GDOC

GEOS-GMI Diurnal Ozone Climatology (GDOC) is a
model-based climatology of ozone diurnal cycle derived
from the NASA Goddard Earth Observing System general
circulation model, version 5 (GEOS-5). The goal of this cli-
matology is to provide a simple data analysis tool to account
for ozone diurnal variability, e.g. when comparing different
satellite profiles.

For the production, GEOS-5 was run in replay mode con-
strained to 3-hourly MERRA-2 assimilated meteorological
fields from January 2017 to December 2018 (see Orbe et al.,
2017; Frith et al., 2020, and references therein for model
details). As final product, the GDOC provides zonally aver-
aged (on 5◦ latitude bands) ozone diurnal cycles from 90 to
0.3 hPa (∼ 20 to 55 km) with equivalent vertical resolution of
∼ 1 km and a time resolution of 30 min. The climatology is
also available (on request) on original model levels but has
not been evaluated below 30 hPa and above 0.3 hPa, which is
the reason why we chose not to use it outside of this pressure
range.

It provides monthly climatological ozone values as a func-
tion of local solar time (LST) normalized to midnight ozone
values. The GDOC does not contain the original ozone pro-
files, which prevents the application of the averaging kernel
smoothing procedure on this dataset. Consequently, we only

show the original high-resolution profile from the GDOC
dataset.

2.2.2 BASCOE

This study uses the chemistry transport model (CTM) sim-
ulation performed by the Belgian Assimilation System for
Chemical ObsErvations (BASCOE; Errera and Fonteyn,
2001; Errera et al., 2008). The simulation covers the 2010–
2020 period and is driven by 6-hourly wind and tempera-
ture fields taken from ERA5 (Hersbach et al., 2020), prepro-
cessed in a similar set-up as described in Chabrillat et al.
(2018) and Minganti et al. (2022). The simulation is per-
formed with a time resolution of 30 min, a horizontal reso-
lution of 2◦ in latitude and 2.5◦ in longitude, and 42 hybrid
pressure levels from the surface to 0.01 hPa with a vertical
resolution between 1 km in the lower stratosphere and 4 km
in the lower mesosphere. The BASCOE model focuses on
the calculation of the chemical composition of the strato-
sphere. It includes around 60 chemical species interacting
through around 200 reactions (gas phase, photolysis, and het-
erogeneous) and a parametrization to account for the effect of
sulfate aerosols and polar stratospheric clouds on the strato-
spheric composition (Huijnen et al., 2016). Background sul-
fate aerosols are taken from the Climate Model Intercom-
parison Project Phase 6 (CMIP6) recommendations, whereas
surface emissions of long-lived species are taken from the
“Historical Greenhouse Gas Concentrations” (HGGC) rec-
ommendations also produced for CMIP6 experiments (Mein-
shausen et al., 2017). The model provides a realistic compo-
sition of the stratosphere when compared to independent ob-
servations (see, for example, Prignon et al., 2021; Minganti
et al., 2020, 2022). For this study, the model outputs have
been interpolated at the location of Bern so that they can be
compared with the two MWRs.

2.2.3 WACCM

We also use results from the Whole Atmosphere Commu-
nity Climate Model (WACCM), version 4, in the configura-
tion described by Schanz et al. (2021). WACCM is a fully
coupled global chemistry climate model developed at the
National Center for Atmospheric Research (NCAR) with
a stratospheric chemistry module based on the Model of
Ozone and Related Chemical Tracers (MOZART) (Kinnison
et al., 2007). It simulates the atmosphere from the surface to
∼ 150 km altitude, with a vertical resolution between 1.1 and
2 km in the middle atmosphere. WACCM was run with a hor-
izontal resolution of 4◦ latitude by 5◦ longitude, and for our
study we use the closest grid point to both Bern and Payerne,
which corresponds to 46◦ N and 5◦ E. The model was run
with the pre-defined free-running “F 2000” scenario, simu-
lating a perpetual year 2000 but without data nudging.
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Figure 1. Mean averaging kernels and measurement contribution for (a) GROMOS and (b) SOMORA. The black lines are the averaging
kernel at individual pressure levels, whereas the colour lines are the respective measurement contribution (see upper x axis). The shaded
colour area shows the standard deviation of the measurement contribution.

Table 1. Summary of the datasets used in this study.

Dataset Type Coverage (horizontal, vertical) Reference

GROMOS MWR measurement local, 60–0.02 hPa Sauvageat et al. (2022b)
SOMORA MWR measurement local, 60–0.02 hPa Sauvageat et al. (2022b)
MLS Limb-sounding measurement global, 261–0.001 hPa Waters et al. (2006); Froidevaux et al. (2008)
GDOC Model-based climatology zonal, 30–0.3 hPa Frith et al. (2020)
BASCOE CTM global, surface–0.05 hPa Errera et al. (2008)
WACCM CCM, free-running global, surface–5.1× 10−6 hPa Garcia et al. (2007); Marsh et al. (2013)
ERA5 Reanalysis global, surface–0.05 hPa Hersbach et al. (2020)

2.3 Ozone profiles and day-to-night ratios

Before computing the ozone diurnal cycle from our dif-
ferent datasets, we first compare their monthly averaged
ozone profiles during daytime and nighttime and compute
their day-to-night ratios. We compare our two MWRs with
MLS and BASCOE, all averaged over the time period 2010–
2020, therefore removing most of the year-to-year variabil-
ity. WACCM is not included in these comparisons for two
reasons. First, we use the free-running WACCM simulations
for a single year, and it would make no sense to compare
it with the other datasets which are multi-year averages, es-
pecially in the wintertime when dynamics are an important
modulator of the ozone amount. Second, the monthly aver-
aged WACCM ozone profiles are actually used as a priori
data for our MWR retrievals; therefore, they can not be used
for validation against the retrieved MWR profiles.

For the ozone profile comparisons, we choose to use pro-
files whose time corresponds approximately to the MLS
overpass times (02:20 and 13:10 LST). Therefore, we keep
timestamps between 12:00 and 15:00 LST for the daytime
profiles and between 01:00 and 04:00 LST for the nighttime
profiles, regardless of the dataset. As explained in Sect. 2.1,
we convolve the BASCOE simulations and the MLS mea-
surements with monthly averaged daytime or nighttime
GROMOS AVKs.

2.4 Ozone diurnal cycle

Similarly to the GDOC climatology, we choose to express
the ozone diurnal cycle as ratio of ozone volume mixing ra-
tios (VMRs) relative to the midnight value. To compute the
reference midnight value (O3,NT in Eq. 1), we have used
different time periods to reflect the different time resolu-
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tions of the datasets. For the MWRs (∼ 1 h time resolution),
we compute the midnight reference value by taking an av-
erage of two nighttime measurements between 23:00 and
01:00 LST. For WACCM and BASCOE (30 min time reso-
lution), we use measurement between 00:00 and 01:00 LST,
whereas the GDOC was normalized to the values between
23:45 to 00:15 LST (Frith et al., 2020).

For each hour and at each pressure level, we then compute
the ratios to ozone at midnight using Eq. (2). To simplify the
notation, we do not explicitly write the pressure dependence
of all the terms.

1O3(h)=
O3−O3,NT

O3,NT
(2)

To compare with the monthly GDOC climatology, we com-
pute monthly averaged 1O3(h) from GROMOS, SOMORA,
WACCM, and BASCOE. For each dataset, we use the avail-
able time series, i.e. 12 years of data for the two MWRs
(2010–2022), 10 years for BASCOE (2010–2020), and the
1 year of the WACCM free-running model run. For the
MWRs, we additionally filtered the time series to remove
the measurements done at very high tropospheric opacity
(τ > 1.5), as they result in lower quality retrievals and can
potentially contaminate the monthly averages. To some ex-
tent, it also helps to limit any seasonal bias arising due to
the summertime higher opacity, although it is difficult to rule
out this effect completely (e.g. see discussion on the effect of
the opacity on GROMOS and SOMORA in Sauvageat et al.
(2022b)). For the diurnal cycle, the effect of this filtering is
not very large, and for the interested reader the unfiltered ver-
sion is provided in the Supplement (Figs. S5 to S16).

We compute errors on the MWRs and BASCOE ozone di-
urnal cycles as standard error of the mean (SEM). For each
month and LST hour, we compute the standard deviation of
1O3(h) and divide it by the square root of the number of
ozone profiles available for each hour.

2.5 Short-term variability of the ozone diurnal cycle

In addition to monthly averaged ozone diurnal cycle, we also
show observations of short-term (sub-monthly) variability of
the ozone diurnal cycle. GROMOS and SOMORA provide
a unique set-up for short-term ozone diurnal cycle observa-
tions, because they have continuous, hourly, co-located mea-
surements. Therefore, we can use them to compute the ozone
diurnal cycle on sub-monthly periods and cross-validate their
measurements. Also, we use BASCOE simulations to com-
pute the short-term variability of the ozone diurnal cycle over
Switzerland and to investigate the cause of such variability.

In order to detect sub-monthly variations in the ozone
diurnal cycle, we computed the day-to-night differences in
ozone VMR for GROMOS, SOMORA, and BASCOE. More
specifically, we compute the anomalies of the day-to-night
differences (DO3 ) to a monthly climatology. As daily anoma-

lies are too noisy, we average these differences on 5 d.

DO3 = O3,DT−O3,NT[ppmv] (3)

In this contribution, we focus on the winter 2014–2015 and
use BASCOE and MLS data to investigate and discuss po-
tential reasons explaining a specific event during this winter.
For further studies, we provide along with this publication
the full time series of DO3 daily anomalies for GROMOS,
SOMORA, and BASCOE.

3 Results and discussions

3.1 Monthly ozone profiles and day-to-night ratio

The comparisons of the monthly averaged ozone daytime and
nighttime profiles and day-to-night ratios are shown in Fig. 2
for December and Fig. 3 for June as proxies for the winter
and summer season. Figures A1 and A2 in Appendix A show
similar comparisons for March and September, respectively.
Similar comparisons but with respect to SOMORA MWR
can be seen in the Supplement (Figs. S1 to S4). Overall
we find a good agreement between measured ozone profiles
(GROMOS, SOMORA, and MLS), with relative differences
between the measured ozone profiles lower than 10 % up to
0.1 hPa. The differences between BASCOE and the MWR
are within 15 % between 30 and 0.2 hPa, with slightly larger
bias during the winter months. BASCOE notably underes-
timates ozone amounts in the upper stratosphere to lower
mesosphere (up to∼ 0.5 hPa) and overestimates ozone in the
lower stratosphere, regardless of the month or the time of day.
Above 0.2 hPa, the differences depend on the month consid-
ered, but the model tends to underestimate the daytime ozone
profiles, leading to a small overestimation of the day-to-night
depletion ratio over 0.2 hPa. The ozone deficit of BASCOE
in the middle atmosphere is consistent with previous studies
(Skachko et al., 2016) and could be due to an overestima-
tion of NO2 in the model simulations, thereby enhancing cat-
alytic ozone destruction though the so-called “Crutzen” cycle
(Crutzen, 1970). Note that this deficit of middle-atmospheric
ozone is found in other models as well (see, for example,
Fig. 3.1 in SPARC, 2010).

All datasets show the ozone daytime accumulation in the
stratosphere and its transition to ozone daytime depletion
around the stratopause (∼ 2–1 hPa). All datasets show strato-
spheric ozone accumulation during daytime (up to ∼ 1 hPa)
with stronger amplitude during the summertime, and they all
show the strong mesospheric ozone depletion during day-
time, growing in amplitude with altitude. They agree quite
well on the pressure at which peak accumulation and peak
depletion occur. During summer, there is an excellent agree-
ment between day-to-night ratios up ∼ 0.6 hPa. Above this
pressure level, the GDOC climatology systematically under-
estimates the daytime ozone loss, leading to less negative
day-to-night ratio than the other datasets. In the mesosphere,
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Figure 2. (a) Monthly averaged profiles, (b) relative differences ((X-GRO)/GRO), and (c) day-to-night ratios of ozone VMR above Switzer-
land in December. In panels (a) and (b), the solid lines are the daytime profiles, whereas the dashed lines are the nighttime profiles.

Figure 3. Same as Fig. 2 but for June.

BASCOE and MLS compare well with the MWRs up to
0.05 hPa, with day-to-night ratios in agreement within 15 %.

3.2 Comparison of monthly ozone diurnal cycle

Going beyond the day-to-night ratio, full monthly diurnal
cycles over Switzerland are shown for summer and winter
in Figs. 4 and 5 for the two MWRs and the three model-

based datasets (Figs. B1 and B2 in Appendix B show similar
results for spring and autumn, respectively). These figures
show the ratios to ozone midnight values as a function of the
LST between 60 and 0.02 hPa (respectively 30 and 0.3 hPa
for GDOC). As mentioned previously, the monthly averages
correspond to different time periods for each dataset: 2010–
2022 for GROMOS and SOMORA, 2010–2020 for BAS-
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COE, 2017–2018 for the GDOC, and 2000 perpetual year
for WACCM. Also, AVK smoothing procedures have been
applied to the WACCM and BASCOE dataset but not to the
GDOC. The original version without any AVK smoothing
can be seen for all datasets in the Supplement. For better vi-
sualization, we also show these diurnal cycles averaged over
nine selected pressure ranges. This is shown in Figs. 6 and 7
for winter and summer (in Figs. B3 and B4 in Appendix B
for spring and autumn). These figures show the original cy-
cle from each dataset together with the AVK smoothed cycle,
which enables us to clearly see the effect of the AVK smooth-
ing procedure on the high-resolution datasets. In order to bet-
ter compare the different months and datasets, Fig. 8 shows
vertical profiles of the diurnal cycle amplitude for all months
and datasets. Here, the amplitude is defined as the percentage
change between the maximum and the minimum normalized
ozone ratios (1O3 as defined in Eq. 2) during the course of a
day.

The new harmonized ozone time series from GROMOS
and SOMORA have excellent agreement in ozone diurnal
cycle. They agree well in patterns and amplitudes at all sea-
sons and most altitudes. Some small discrepancies can be
seen in summertime in the transition region (see, for ex-
ample, July or August in Fig. 8); however, as shown in
Sauvageat et al. (2022b), it is also the season where GRO-
MOS and SOMORA experienced the larger discrepancies
between their respective measurements. The two regimes of
the ozone diurnal cycle are clearly visible in all datasets.
Namely, the accumulation of ozone during daytime in the
stratosphere and the depletion of ozone during daytime above
∼ 1 hPa are well captured by all datasets.

Among the model datasets, we observe most discrepancies
of the diurnal cycle amplitude by the GDOC during winter-
time in the upper stratosphere (see January or February in
Fig. 8). To some extent, these discrepancies could be due to
the temporal (different averaging periods) and longitudinal
(zonal mean in GDOC) variability, which are both smoothed
out in the GDOC. As mentioned by Frith et al. (2020), this
is also the season where the ozone diurnal cycle is smaller
and where the model uncertainties are higher. Below, we will
present a summary of the differences between the MWRs and
the models, focusing on different altitude regions and discuss
in more details the reasons for the observed discrepancies.

3.2.1 Mesosphere (p < 0.3 hPa)

Overall, we observe a tendency of the models to overestimate
the diurnal ozone depletion in the mesosphere. It is mostly
noticeable above ∼ 0.1 hPa where the sensitivity values of
the MWRs are decreasing and where the measurement error
is growing fast. Therefore, even if the effect of the lower sen-
sitivity should be included through the AVK smoothing, bi-
ases above this altitude should be considered with care. Note
that at this altitude, BASCOE also has a limited vertical reso-
lution as it only uses two pressure levels above 0.1 hPa. Con-

sidering the above limitations, we still observe quite a good
agreement of the upper mesospheric diurnal cycle at all sea-
sons. In agreement with Parrish et al. (2014) but in contradic-
tion with the conclusions from Studer et al. (2014), we do not
observe a significant seasonal variation of the mesospheric
diurnal cycle amplitude. This is in better agreement with the
model results, which show similar amplitude throughout the
year.

3.2.2 Lower mesosphere (1–0.3 hPa)

In the lower mesosphere, we note a consistent bias between
the models and the observations around sunrise: the diurnal
ozone depletion observed by the MWRs consistently starts
earlier than the models. It is true for most months and could
be partly explained by differences in the vertical resolution
(e.g. see Fig. 7 at 51 and 56 km). Interestingly, it does not
seem to impact the sunset period, which rules out potential
errors arising from the time conversion between the differ-
ent datasets. This feature was also observed by Parrish et al.
(2014) over Mauna Loa, and it seems to persist even after
application of the AVKs (not for all months though), which
gives us confidence that it does not result from the a priori
data.

3.2.3 Stratopause region (3–1 hPa)

Around the stratopause, we can clearly see the complex tran-
sition region between the mesospheric diurnal depletion and
the stratospheric accumulation. This is where we notice the
largest biases between our different datasets. In fact, we ob-
serve discrepancies among the three model-based datasets
and between the observations and the models. The biases
around the stratopause (1–3 hPa) are similar to the ones re-
ported by Parrish et al. (2014) and Haefele et al. (2008), i.e.
differing behaviour in the pre-dawn hours and after sunrise.
They are seen at all seasons during daytime and reach val-
ues up to 2 % differences among the models themselves (e.g.
between 1 and 2 hPa in Fig. 7). Between the models and the
MWRs, the biases are significantly reduced by the applica-
tion of the AVK smoothing procedure, but we still note biases
up to 2 % in this region.

As will be shown in Sect. 3.3, the upper stratosphere
and lower mesosphere are also experiencing short-term vari-
ability of the ozone diurnal cycle, which can influence the
monthly averaged cycle. In particular, the datasets produced
using only a few specific years (i.e. WACCM or GDOC in
our case) will be influenced by the short-term variability of
these years, whereas it will be smoothed out in the MWR
or the BASCOE datasets which are averaged on 10 years or
more. As shown in Fig. S11 from the Supplement of Frith
et al. (2020), although the inter-annual variability is generally
limited below 5 hPa and during summer, inter-annual varia-
tions up to 5 % around 0.5–1 hPa can be seen during win-
tertime in the mid-latitudes. This supports the existence of
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Figure 4. Monthly averaged ozone diurnal cycle over Switzerland in December as seen in GROMOS, SOMORA, GDOC, BASCOE, and
WACCM datasets. Note that only the BASCOE and WACCM datasets have been convolved with the AVKs of GROMOS as explained in
Sect. 2.1.

Figure 5. Same as Fig. 4 but for June.
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Figure 6. Monthly averaged ozone diurnal cycle over Switzerland at four selected pressure ranges in December. For BASCOE and WACCM,
we show both the diurnal cycle before (solid lines) and after convolution (dashed lines) of the dataset with the AVKs of GROMOS. To account
for the large changes in the diurnal cycle amplitude with altitude, the scale of the y axis is adapted for each sub-plot.

short-term variability in the ozone diurnal cycle and might
therefore explain some of the remaining discrepancies near
the stratopause region.

3.2.4 Middle and lower stratosphere (30–3 hPa)

In the middle and lower stratosphere, we observe the typical
behaviour of the stratospheric ozone diurnal cycle: a small
dip after sunrise followed by a gentle accumulation reach-
ing a maximum in the late afternoon. The stratospheric cycle
shows a high seasonal variability, with a maximum diurnal
cycle amplitude around the summer solstice and lower diur-
nal variations during winter. In summer, we observe a peak
amplitude of the ozone diurnal cycle of 3 %–4 % in the after-

noon around 5 hPa in July, reducing to less than 2 % in the
wintertime. For this reason, the dip after sunrise, attributed
to rapid dissociation of NO2 at sunrise (Pallister and Tuck,
1983), is mostly visible during the summer months. Note that
this is a significant improvement compared to the previous
retrievals of the GROMOS time series, where the dip was
not observed and where the amplitude of the stratospheric
cycle was high compared to the models (Fig. 6a and b in
Studer et al., 2014). With the new time series, the amplitude
of stratospheric ozone cycle is well captured by GROMOS
and SOMORA at most seasons. In fact, most of the discrep-
ancies that we observe in the middle stratosphere are the con-
sequences of the limited vertical resolution of the MWRs,
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Figure 7. Same as Fig. 6 but for June.

whereas the differences of the lower stratosphere stay mostly
within the error bars.

3.3 Short-term variability of the ozone diurnal cycle

In this section, we present the first measurements of short-
term ozone diurnal cycle variability using the unique set-
up offered by the co-located, hourly resolved measurements
from GROMOS and SOMORA. To our knowledge, it is the
first time that short-term variability of the ozone diurnal cycle
is observed, and in the following we try to identify some of
the reasons leading to such events, focusing on a case study
from the boreal winter 2014–2015.

The upper panel in Fig. 9 shows the ozone concentration
in the upper stratosphere from GROMOS, SOMORA, and

BASCOE. From the ozone time series already, there are time
periods where the ozone VMR shows some large fluctuations
on a diurnal basis in a season where the mean ozone cycle is
usually small (see Fig. 6, around 40 km). An example of such
a case can be seen at the beginning of January 2015 (arrow
in Fig. 9) or, for instance, at the end of January 2015. From
the BASCOE time series, we can even identify other periods
with enhanced cycles, which are not really seen as such in
the MWR measurements. These are some examples of what
we refer to as “short-term ozone diurnal cycle variability”,
generally lasting for a few days.

These enhancements can be better seen in Fig. 10, in the
form of day-to-night DO3 anomalies in the middle atmo-
sphere (60–0.1 hPa). It shows similar patterns in GROMOS
and SOMORA time series, with a large increase in DO3 of
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Figure 8. Monthly averaged vertical profiles of the ozone diurnal cycle amplitude. It shows the percentage change between the maximum
and the minimum ozone ratio values. The dashed lines show the model results after convolution with the AVKs of GROMOS.

Figure 9. (a) Ozone VMR from GROMOS, SOMORA, and BASCOE during the boreal winter 2014–2015. (b) Nitrogen oxides (NO and
NO2) simulated by BASCOE. All quantities are averaged between 3 and 1 hPa and the ozone time series over 2 h time periods. NOx values
are shown as daily mean of nighttime (NO2) and daytime (NO) values, respectively. The arrow highlights the period with an enhanced diurnal
cycle.
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around 1 hPa at the beginning of January 2015, followed by
a secondary peak in the second half of the month. To some
extent, BASCOE is also able to reproduce these two peaks in
the ozone diurnal cycle, somehow limited to below 1 hPa and
with limited vertical resolution.

Focusing on the upper stratosphere (3–1 hPa) where the
anomalies are highest, Fig. 11 shows the temporal evolu-
tion of different quantities during the winter 2014–2015. In
particular, Fig. 11b shows the day and nighttime ozone val-
ues. Focusing on the early January event, it can be seen that
there is a consistent increase in daytime ozone from the three
datasets, somehow delayed slightly in time in BASCOE com-
pared to the MWRs. Such an increase is also visible during
the second peak at the end of January for GROMOS and
SOMORA and somehow less clearly in the BASCOE series.
In terms of amplitude, this increase is substantial and corre-
sponds approximately to 4 to 5 times the monthly averaged
day-to-night difference in January, which is ∼ 0.1 ppmv at
this pressure level.

Corresponding to these peaks inDO3 anomalies, sharp de-
creases in nitrogen oxides (NOx) are simulated from BAS-
COE. In fact, the decrease affects both nitric oxide (NO) and
nitrogen dioxide (NO2). The two species are in photochem-
ical balance during the day as NO mainly originates from
photolysis of NO2 during daytime and can react with ozone
to give back NO2, forming a major catalytic ozone depletion
process in the middle atmosphere (Crutzen, 1970). In fact,
the effect of NOx on ozone maximizes between 20 and 45 km
altitude (∼ 50–1 hPa), corresponding well to the peaks of di-
urnal cycle enhancements seen in Fig. 10. To cross-validate
these simulations, we also show some nitrous oxide (N2O)
measurements taken by the MLS instrument on board the
Aura satellite in Fig. 11e. Also here, the early January peak
is visible as a decrease in the N2O measurement from MLS,
which makes sense as N2O is the main source of NOx in this
altitude region (McElroy and McConnell, 1971). Note that
this is not the only event identified where such a behaviour
can be seen. In fact, it seems that most winters seem to expe-
rience similar events (see, for example, similar plots for the
boreal winter 2016–2017 shown in Appendix C).

In order to provide a more global picture and investigate
the reasons for the N2O decrease seen above central Europe
in the MLS measurements, we investigated the dynamical sit-
uation of the Northern Hemisphere by looking at the ERA5
reanalysis data during this period. In fact, this event follows
closely a sudden stratospheric warming (SSW) which took
place in early January. It was a minor warming but with sig-
nificant disturbances on middle-atmospheric chemistry and
transport (Manney et al., 2015). In fact, Fig. 2 from Manney
et al. (2015) shows how the polar vortex briefly split at the
onset of the SSW, leading to a mixing of the air between
the mid-latitudes and the poles in the upper stratosphere.
Following this event, some filaments of polar air contain-
ing little ozone and N2O reached central Europe as can be
seen on the ozone map in Fig. 12. Such an irruption of polar

air over Switzerland would explain the decrease in the N2O
MLS measurements seen in early January and might well ex-
plain the subsequent changes in NOx and consequently in the
ozone diurnal cycle.

Interestingly, we do not observe the strong ozone decrease
associated with this filament of polar air reaching Bern, nei-
ther in the MWRs nor in the BASCOE time series. This
could be a problem from the ERA5 reanalysis data as they
do not feature any diurnal cycle at these altitudes and there-
fore might also lack the reaction of ozone to greater sun illu-
mination (resulting in more ozone production and therefore
increasing ozone amount in the low-ozone polar air which
would be missed by the model). Even though this event
might be considered a textbook example of such a dynamical
event, we find it interesting to find such a coherent picture
of a short-term event from a combination of ground-based
measurements, chemistry transport model, satellite measure-
ments, and reanalysis data.

In this publication, we focused on a specific case of short-
term diurnal cycle variability related to NOx changes in the
upper stratosphere. However, in the MWRs and in the BAS-
COE time series, the short-term variability is not always
associated with changes in NOx concentration. Among the
non-chemical processes that can impact the diurnal cycle
amplitude, solar tides are important, both through vertical
transport of Ox and through their modulation of temperature
which can have a significant impact on ozone photochemistry
(Schanz et al., 2014). Solar tides have periods of 1 solar day
(24 h) or of its harmonics (e.g. 12 or 8 h) and can therefore
impact the diurnal cycle as well, but generally their impact
should be larger in the upper mesosphere and above (see,
for example, Bjarnason et al., 1987; Huang et al., 2010b).
However, Sakazaki et al. (2013) reported significant influ-
ence from tidal vertical transport at ∼ 35 km already; there-
fore, short-term tidal variability could induce some short-
term variations of the ozone diurnal cycle in the upper strato-
sphere. The reciprocal is also true as variability of the strato-
spheric ozone thermal forcing can influence the generation of
tides (Goncharenko et al., 2012). There have been studies on
the tidal variability in the middle atmosphere, and it has been
shown that solar tides are subject to a wide range of temporal
variability, from intra-seasonal to short-term variability of a
few days (Kopp et al., 2015; Baumgarten et al., 2018). It has
also been shown that tides respond to SSW and can have non-
linear interactions with planetary and gravity waves. Hence,
it is likely that a coupling exists between the tidal variability
and the short-term variability observed in the ozone diurnal
cycle, but it is difficult to conclude on any causal relation
without additional data (e.g. high-resolution temperature or
wind measurements).
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Figure 10. Anomalies in day–night DO3 from GROMOS, SOMORA, and BASCOE during the boreal winter 2014–2015. For each dataset,
we show the differences of DO3 compared to a monthly climatology computed on the decade 2010–2020.

Figure 11. Time series of different quantities during the winter 2014–2015, all averaged between 3 and 1 hPa. Panel (a) shows the DO3
anomalies, panel (b) shows the ozone VMR of the three dataset during daytime and nighttime, panel (c) shows temperature from MLS and
ERA5, panel (d) shows NO and NO2 as simulated by BASCOE, and panel (e) shows N2O measurements from MLS.
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Figure 12. Situation over Europe in the upper stratosphere ∼ 5 hPa shortly after the minor SSW of early January 2015 as seen in the ERA5
reanalysis.

4 Conclusions

Using new harmonized ozone time series from two nearby
microwave radiometers enables us to study in great detail
the ozone diurnal cycle over Switzerland. With more than
11 years of parallel, independent measurements, these instru-
ments provide a unique validation source for satellite and
model-based datasets. We find that the recently published
GDOC climatology compares well with our MWRs above
Switzerland and agrees well with the WACCM and BASCOE
models in the stratosphere and lower mesosphere. As re-
ported by previous studies, we observe some remaining dis-
crepancies between our observations and the models near the
stratopause, in the transition region between ozone daytime
accumulation and depletion. The discrepancies remain small
and are significant only during summertime, where the diur-
nal cycle is stronger, providing better signal-to-noise ratio for
the observations. Some of our results contradict a previous
study also based on the GROMOS instrument (Studer et al.,
2014), now providing a better agreement of the ozone diurnal
cycle compared to model-based datasets but also compared
to another previous MWR diurnal cycle study (Parrish et al.,
2014). These updated results motivated the present study, and
they are a consequence of the spectrometer change and of the
recent harmonization of the calibration and retrieval routines
of GROMOS and SOMORA (Sauvageat et al., 2022b).

For the first time, short-term variations of the ozone di-
urnal cycle could be detected in two co-located MWR time

series, highlighting the value of ground-based radiometric
measurements to monitor the short-term dynamics and pho-
tochemistry in the middle atmosphere. The quantification of
these variations is limited by the rapidly increasing measure-
ment noise; however, some enhancements of the diurnal cy-
cle are clearly visible in the upper stratosphere during winter-
time, where the diurnal cycle is otherwise very small. Com-
pared to the averaged monthly diurnal cycle, we find an en-
hancement of 4–5 times the monthly mean diurnal cycle am-
plitude lasting for a few days. In fact, the observed short-term
variability of the ozone diurnal cycle seems much higher than
its intra-seasonal (month-to-month) or inter-annual variabil-
ity during wintertime.

Regional (longitudinal) variability of the stratospheric
ozone diurnal cycle has previously been identified by Schanz
et al. (2014) in a model-based study from WACCM. They
attributed the regional variability to changes in temperature
(atmospheric tides), Ox , and NOy . Our study supports that, in
some cases, short-term variability in the ozone diurnal cycle
can be attributed to changes in NOx concentrations through
dynamical transport. In other cases, other processes might
be acting to modify the amplitude of the ozone diurnal cy-
cle, e.g. changes in atmospheric tides. Our study also shows
that a CTM like BASCOE is able to simulate the changes in
the ozone diurnal cycle amplitude due to changes in NOx .
In view of its significance, we believe that the reasons and
importance of the short-term variability of the diurnal cycle
should be further investigated globally with BASCOE.
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It is beyond the scope of this publication to provide com-
prehensive analysis of this phenomenon, but we aim at bring-
ing some new data to better understand stratospheric ozone
diurnal cycle variability. It seems to be of particular interest
in views of the recent studies aiming at better accounting for
the stratospheric ozone diurnal variability in satellite datasets
(e.g. Frith et al., 2020; Strode et al., 2022; Natarajan et al.,
2023). Note that we focused our analysis on the upper strato-
sphere, where the short-term variability was most visible in
our observations, but short-term variations are not limited to
this region. In fact, our observations indicate that the vari-
ability is also present in the mesosphere and the lower strato-
sphere, where the role of NOx is less important and where
other processes likely dominate. To conclude, more work is
definitely needed to assess the importance of the short-term
variability of the ozone diurnal cycle and confirm the poten-
tial role of other mechanisms influencing it.

Appendix A: Monthly ozone profile comparisons

A1 Additional plots for spring and autumn

Figure A1. Same as Fig. 2 but for March.
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Figure A2. Same as Fig. 2 but for September.

Appendix B: Monthly diurnal cycle

B1 Additional plots for spring and autumn

Figure B1. Same as Fig. 4 but for March.
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Figure B2. Same as Fig. 4 but for September.
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Figure B3. Same as Fig. 6 but for March.
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Figure B4. Same as Fig. 6 but for September.

Appendix C: Short-term variability

C1 Short-term

In this section, we show measurements and simulations of the
short-term variability during the boreal winter 2016–2017.
Although more work is needed to unravel the complete pic-
ture of this winter, it shows another example of diurnal cycle
enhancement associated with a sharp decrease in nitrogen ox-
ides in the upper stratosphere.
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Figure C1. Anomalies in day–night DO3 from GROMOS, SOMORA, and BASCOE during the boreal winter 2016–2017. For each dataset,
we show the differences of DO3 compared to a monthly climatology computed on the decade 2010–2020.

Figure C2. Time series of different quantities during the winter 2016–2017, all averaged between 3 and 1 hPa. Panel (a) shows the DO3
anomalies, panel (b) shows the ozone VMR of the three dataset during daytime and nighttime, panel (c) shows temperature from MLS and
ERA5, panel (d) shows NO and NO2 as simulated by BASCOE, and panel (e) shows N2O measurements from MLS.
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Code and data availability. The GROMOS and SOMORA
level-2 data are available from the Bern Open Reposi-
tory and Information System in the form of yearly netCDF
files (https://doi.org/10.48620/65, Sauvageat et al., 2022a;
https://doi.org/10.48620/119, Maillard Barras et al., 2022b). The
recently harmonized calibration and retrieval routines are freely
available at https://doi.org/10.5281/zenodo.6799357 (Sauvageat,
2022). The data and analysis code reproducing the results pre-
sented in this paper are freely available. MLS v5 data (Schwartz
et al., 2020) are available from the NASA Goddard Space Flight
Center Earth Sciences Data and Information Services Center
(GES DISC): https://doi.org/10.5067/Aura/MLS/DATA2516. The
ERA5 dataset (https://doi.org/10.24381/cds.143582cf, Hersbach
et al., 2020, 2017) was downloaded from the Copernicus Climate
Change Service (C3S) Climate Data Store. The CMIP6 recom-
mendations for sulfate aerosols used in BASCOE are available
at ftp://iacftp.ethz.ch/pub_read/luo/CMIP6/ (last access: 27 June
2023).

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/acp-23-7321-2023-supplement.
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7 Conclusions and Outlook

7.1 Concluding remarks
In this dissertation, I presented the work done to improve the quality of ozone time series
measured by two Swiss microwave radiometers: GROMOS, operated at the IAP in Bern and
SOMORA, operated at MeteoSwiss in Payerne. The data processing of the two instruments
underwent a full harmonization, yielding new calibration and retrieval routines and new time
series of middle-atmospheric ozone for both instruments from 2009 until today.

The new harmonized ozone retrievals now yield accurate ozone time series which are impor-
tant for long-term ozone trends over Switzerland and provide consolidated validation datasets
for satellite-based measurements. The new time series should enable reliable trend studies and
are ready to be used in LOTUS phase 3, which started recently (2023-2025). In fact, the con-
sistency between ground- and satellite-based observations is one of the focus areas identified
for this new phase of LOTUS, in preparation for the next WMO Ozone Assessment in 2026.
Because of the discrepancies between GROMOS and SOMORA, only the trends computed from
SOMORA were shown in the Ozone Assessment 2022 (WMO, 2022). The hope is that this work
will contribute to improving the quality and reliability of long-term strato–mesospheric ozone
measurements.

Overall, the harmonized ozone time series from GROMOS and SOMORA show an im-
proved agreement compared to the older series and validate well against external, satellite-based
datasets. Mean relative differences between GROMOS, SOMORA and MLS are mostly lower
than 10% between 50 and 0.1 hPa (∼ 22 − 65 km) and lower than 5% in the mid- and up-
per stratosphere (∼ 30 − 50 km). A careful documentation was produced which can be found
along the time series (Sauvageat et al., 2022a; Maillard Barras et al., 2022b) and should help
explain most of the spurious periods remaining on the two time series. The outputs of the
routine have also been harmonized, making further studies using the two series easier. For now,
only the GROMOS dataset starting in 2009 has been uploaded to NDACC but the extended,
homogenized time series should follow soon (see Section 7.2.1).

I also investigated the performance of the digital spectrometer used in GROMOS and
SOMORA: the Acqiris AC240. The AC240 was suspected to introduce a systematic bias in
the atmospheric profiles retrieved from its measured spectra. The AC240 was compared against
two other, more recent spectrometers to assess the bias under a wide range of atmospheric
conditions and in the laboratory. Our investigations revealed that the AC240 suffers from a sys-
tematic spectral bias, which has a considerable influence on the retrieved ozone profiles, yielding
a negative bias in the order of 10% compared to the two other spectrometers. We showed that
a simple mathematical correction can be applied on the calibrated spectra to account for this
bias but unfortunately, it was not possible to reproduce the bias in the laboratory and its origin
remains unclear to this day. As mentioned in Chapter 5 though, similar bias amplitudes were
observed in independent measurements, giving us confidence that the bias is real and should be
accounted for in any time series measured with the AC240.

Finally, I used the harmonized time series of GROMOS and SOMORA to derive new strato–
mesospheric ozone diurnal cycles over Switzerland. Compared to the last study on this topic
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done with older GROMOS data, the stratospheric diurnal cycle amplitudes are now in better
agreement against different model-based datasets. For the first time, we also measured short-
term (in the order of days) variations in the upper stratospheric diurnal cycle during winter,
exceeding its interannual variability. In a case study, I showed that this short-term variability
is caused by meridional transport of air with low NOx abundance, leading to an increased
accumulation of ozone during daytime. It confirms certain model results obtained by Schanz et
al., 2014, and opens the way to many interesting new research questions, such as the occurrence
and significance of this variability on satellite homogenization studies, or the importance of
short-term tidal variability in the middle atmosphere.

7.2 Outlook
In this section, before presenting some general recommendation on future works that could
build upon this thesis, I would like to begin with a few remarks on the ongoing extension of
the GROMOS and SOMORA ozone time series to the pre-2009 period, as this is of primary
importance to establish new, harmonized ozone long-term trends.

7.2.1 Extension and homogenization of GROMOS and SOMORA time series

At first, the harmonization of the calibration and retrieval routines focused on the post-2009
period, when the two instruments used the same digital spectrometer (i.e., the AC240): this
is the version 2 of the time series which led to all the results presented in this dissertation.
However, to compute truly long-term ozone trends, there is a need to extend the harmonization
to the period before 2009 for the two instruments and to homogenize the complete time series.
By homogenization, it is meant the careful treatment of the transition period, during which
the spectrometer was updated. To do this homogenization without introducing jumps in the
series, different strategies exist depending on the research interest but in any cases, it should be
based on the period 2009-2011, where the older and the AC240 spectrometers were measuring
in parallel, on both instruments.

The reprocessing of the GROMOS time series with the harmonized algorithms has now
been completed back to 1994, which marks the start of the operational monitoring with this
instrument. After correction of the AC240 bias for the post-2009 period, the average difference
between the older filter banks and the AC240 between 2009 and 2011 was lower than 5% in
the stratosphere and lower than 10% in the lower mesosphere with no clear seasonal variations.
Therefore, a simple homogenization procedure can be applied to the GROMOS time series,
simply removing the mean difference computed during the transition period from the filter
banks retrieved profiles. This is similar as previously done by Moreira et al., 2015 and yields the
full GROMOS time series (version 3 ) shown in Fig. 1.6. A similar work is ongoing on SOMORA
at MeteoSwiss and should be completed soon.

At this point, I would like to point out that the correction for the AC240 bias for the post-
2009 period on GROMOS yields an excellent agreement with the older filter bank spectrometer
series but also degrades the agreement of the GROMOS time series against MLS. It was expected
as the GROMOS time series version 2 agreed so well with MLS and as the spectral bias produces
an error of around 10% on the ozone profile. As this bias is constant with time, it should not
impact any trends derived from properly homogenized time series, but it will definitely need
further investigations.

7.2.2 Recommendations for future work

Long-term ozone trends from GROMOS and SOMORA are of interest for the stratospheric
ozone community. Although the new trends have not been computed yet, the new harmonized

106



7.2. Outlook

ozone time series should enable the community to compute reliable ozone trends from GROMOS
and SOMORA. However, it is worth keeping in mind that, while the post-2009 times series have
been properly documented and validated against satellite datasets, it is not the case yet with
the pre-2009 time series and it would be valuable to extend the validation to the pre-2009 series
as well. Notably, some anomalous periods are still present after harmonization of the GROMOS
time series slightly before 2000.

Regarding the bias of the AC240, new measurement campaigns are now in progress to further
improve the understanding of the spectral bias. Namely, parallel measurements of the AC240
with other spectrometers are now ongoing on GROMOS and MIAWARA at the IAP. MeteoSwiss
is planning to upgrade the SOMORA spectrometer and plan for parallel measurements as well.

On the strato–mesospheric ozone diurnal cycle, there are many remaining questions, espe-
cially on the cause of the observed short-term variability. Whereas the study presented in this
dissertation was limited to a particular case study, there are now many possibilities to go beyond
and investigate any systematic behind the short-term variability.

To summarise, below are my main suggestions for the continuation of the GROMORA project
or for future studies:

• Finalize and validate the full homogenized time series of GROMOS (1994–now) and
SOMORA (2000–now)

• Compute updated ozone trends from GROMOS and SOMORA

• Provide further validation and improve the understanding of the AC240 spectral bias from
the multiple parallel measurement campaign in progress or to come.

• Investigate in more details the short-term variability of the ozone diurnal cycle, e.g. with
BASCOE. The simulations can be combined with the recently harmonized co-located tem-
perature measurements from the temperature radiometer (TEMPERA), for instance to
study potential influence of short-term tidal variability.

• Investigate and monitor the effects of the development of 5G mobile network on GROMOS.
In fact, we recently discovered radio frequency interferences (RFIs) affecting GROMOS
which are believed to originate from the increasing use of 5G frequencies in Switzerland (the
IF of GROMOS is in the centre of a recently allocated 5G band). If needed, the adoption
of RFI mitigation strategies, widely used in satellite microwave radiometry, should be
investigated.
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A Additional tables and plots

This chapter presents some additional materials related to the new harmonized calibration and
retrieval algorithms of GROMOS and SOMORA.

A.1 Ozone a priori data
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Figure A.1: Monthly day and nightime a priori profiles used in the GROMORA
retrievals.
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A.2. Yearly diagnostics
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Figure A.2: Ozone a priori covariance matrix used for the GROMORA retrievals.
Left: Diagonal variance profile. Right: 2D representation of the full covariance

matrix against pressure levels.

A.2 Yearly diagnostics
Example of yearly diagnostics plots for the harmonized calibration and retrieval algorithms.
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Figure A.3: Standard set of flags defined for the level 1. The top panel shows
the flags for the calibrated spectra and the bottom one for the integrated spectra

for GROMOS. For the meaning of the different flags, see Sauvageat, 2021
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A.2. Yearly diagnostics
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Figure A.4: Yearly concatenated diagnostic plots for GROMOS. It shows the
noise level of the spectra (top), the final value of the cost function for each retrieval
(middle), and the number of iterations performed before convergence of the OEM

algorithm.
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