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Abstract. The ground-based radiometer GROMOS, sta-
tioned in Bern (47.95◦ N, 7.44◦ E), Switzerland, has a unique
data set: it obtains ozone profiles from November 1994 to
present with a time resolution of 30 min and equivalent qual-
ity during night- and daytime. Here, we derive a monthly cli-
matology of the daily ozone cycle from 17 years of GRO-
MOS observation. We present the diurnal ozone variation of
the stratosphere and mesosphere. Characterizing the diurnal
cycle of stratospheric ozone is important for correct trend
estimates of the ozone layer derived from satellite observa-
tions. The diurnal ozone cycle from GROMOS is compared
to two models: the Whole Atmosphere Community Climate
Model (WACCM) and the Hamburg Model of Neutral and
Ionized Atmosphere (HAMMONIA). Generally, observation
and models show a good agreement: in the lower meso-
sphere, daytime ozone is for both GROMOS and models
around 25 % less than midnight ozone. In the stratosphere,
ozone reaches its maximum in the afternoon showing val-
ues several percent larger than the midnight value. Further,
GROMOS and models indicate a seasonal behaviour of the
diurnal ozone variations in the stratosphere with a larger af-
ternoon maximum during daytime in summer than in winter.
Using the 17 years of ozone profiles from GROMOS, we find
strong interannual variations in the diurnal ozone cycle for
both the stratosphere and the mesosphere. Interannual vari-
ability in temperature, atmospheric circulation and composi-
tion may explain the observed interannual variability of the
diurnal ozone cycle above Bern.

1 Introduction

There are numerous reasons to study the diurnal variation in
stratospheric and mesospheric ozone. The diurnal ozone vari-
ation can be utilized as a benchmark for photochemical and
transport models (Herman, 1979; Pallister and Tuck, 1983).
In addition, the diurnal ozone variation can serve as a natural
test signal for remote sensing instruments and data retrieval
techniques (Parrish et al., 2013). Further, an accurate assess-
ment of the diurnal ozone variation is needed for a reliable
trend detection in the global ozone distribution. Satellites are
in different sun-synchronous orbits, and therefore they sam-
ple ozone data at different local solar time (LST). Merging
of ozone data sets from different satellites without properly
accounting for the diurnal ozone variation can result in a sys-
tematic bias in the determined ozone trend.

Bhartia et al.(2013) described the problem of the orbit
drift of the NOAA satellites which host the Solar Backscatter
UV (SBUV) experiment. Meanwhile, the SBUV experiment
yields a 42-year series of global ozone measurements, which
are a backbone for trend estimates of stratospheric ozone.
According toBhartia et al.(2013) the present knowledge on
the diurnal ozone variation is not sufficient for a reliable cor-
rection of diurnal sampling effects in the ozone data series of
SBUV. Observation and modelling indicate that the ampli-
tude of the diurnal variation in stratospheric ozone is about a
few percent (Haefele et al., 2008; Parrish et al., 2013). How-
ever sampling biases due to the small diurnal ozone variation
have to be taken seriously since the expected recovery rate of
the stratospheric ozone layer is small.Jonsson et al.(2009)
predicted an ozone trend of about +2 % per decade in the
middle stratosphere from 2010 to 2040.
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Just for remembering the basics, we would like to mention
the reactions of the Chapman cycle (Chapman, 1930), which
are most important for understanding of the diurnal ozone
variation.

O2 + hν → 2O (λ < 240nm) (R1)

O+ O2 + M → O3 + M (R2)

O3 + O → 2O2 (R3)

O3 + hν → O2 + O (λ < 1140nm) (R4)

M stands for an air molecule. In the daytime stratosphere, the
catalytic NO cycle counteracts the ozone production by the
Chapman cycle (Schanz et al., 2014). In the daytime meso-
sphere, catalytic ozone depletion by odd hydrogen has to be
considered in addition to the Chapman cycle. The anticorre-
lation of ozone and temperature is mainly due to the tempera-
ture dependence of the rate coefficients of the Reactions (R3)
and (R2) (Craig and Ohring, 1958; Barnett et al., 1975).

Regarding the past research on the diurnal variation of
stratospheric ozone, it is evident that numerical simulations
were in clear advance of the observations. Numerical simu-
lations with a photochemical box model in the middle strato-
sphere at northern midlatitudes showed that ozone decreases
for a short time of 1–2 h after sunrise by about 1 % with re-
spect to midnight ozone (Herman, 1979; Pallister and Tuck,
1983; Vaughan, 1982, 1984; Allen et al., 1984). Pallister and
Tuck (1983) attributed the dip in morning ozone to the fast
increase of NO after sunrise. Then ozone slowly accumulates
and reaches a maximum of about +3 % in the late afternoon.
In the following 2–3 h and after sunset, ozone decreases to its
midnight value.

Observations of the small diurnal variation in stratospheric
ozone were not so convincing. Using ground-based ozone
microwave radiometry,Connor et al.(1994) found a diur-
nal variation in stratospheric ozone quite consistent with
the results of the photochemical models. Self-critically they
pointed out that the statistical significance of the measure-
ments is not sufficient for clear observational evidence of the
diurnal ozone variation.Haefele et al.(2008) investigated di-
urnal ozone variations in the stratosphere using ground-based
radiometer measurements from Payerne, Switzerland, and
two chemistry climate models (CCMs). Though the obser-
vations and the models showed the increase of stratospheric
ozone during daytime, the study ofHaefele et al.(2008)
cannot be regarded as “100 % observational evidence”. The
problem is that ground-based ozone microwave radiometry
could be influenced by the diurnal variation in tropospheric
water vapour or other factors. Since the radiometer is at
491 m above sea level, it is impossible to prove that tropo-
spheric opacity can be excluded as a possible cause of the
retrieved diurnal variation in stratospheric ozone.

Using the ozone data set from SABER on the TIMED
satellite, Huang et al.(2008, 2010a) derived the diurnal
ozone variation based on zonal means in the stratosphere.
Huang et al.(2010a) found an increase of about 5 % in af-

ternoon ozone (day of year 85, 28◦ N), which agrees well
with Haefele et al.(2008). An excellent place for space-
borne observation of the diurnal variation in stratospheric
ozone is the International Space Station (ISS), which has a
low orbit inclination of 52◦ and thus a fast sampling in local
solar time.Sakazaki et al.(2013) presented the global pat-
tern of the diurnal variation in stratospheric ozone from data
of the Superconducting Submillimeter Wave Limb Emission
Sounder (SMILES) attached on the ISS. The observation pe-
riod was October 2009 to April 2010. They further compared
their results to two chemistry-transport models (CTMs). By
analysing CTM data for the underlying mechanisms in the
stratospheric diurnal ozone variations, they identified three
different regimes: (1) variations at 20–30 km are caused by
dynamics; (2) at 30–40 km, diurnal variations are caused by
photochemistry; and (3) those at 40–50 km are caused by
both dynamics and photochemistry.

All observations together could be regarded as sufficient
evidence of the diurnal variation in stratospheric ozone. The
most convincing ground-based observational evidence was
presented byParrish et al.(2013) using a large data set of
a ground-based ozone microwave radiometer at the Mauna
Loa Observatory (3397 m above sea level, 19.5◦ N), where
tropospheric opacity is very low. They provided a carefol
data analysis of a large number of measurements and also
discussed possible technical issues of the instrument, which
may effect the retrieved diurnal ozone variation.Parrish et al.
(2013) also compared the stratospheric ozone measurements
of the radiometer at Mauna Loa to coincident measurements
of the satellites AURA/MLS and NOAA/SBUV and found a
good agreement. Finally the observational results ofParrish
et al.(2013) confirmed the diurnal variation in stratospheric
ozone which was firstly simulated byHerman(1979).

Since the results of the low-altitude ground-based mi-
crowave radiometers in Payerne and Bern (Haefele et al.,
2008, present study) are similar to those of the high-altitude
microwave radiometer ofParrish et al.(2013), we are confi-
dent that diurnal variations of tropospheric water vapour are
correctly removed by the retrieval algorithm so that ground-
based ozone microwave radiometry seems to be the most im-
portant tool for the characterization of the observation of the
diurnal variation in stratospheric ozone besides spaceborne
remote sensing of ozone with fast sampling in local solar
time (e.g. geostationary satellite or ISS with low inclination
orbit).

In this study we analyse the diurnal variation in ozone
from 17 years of observations (November 1994–2011) of
the GROMOS microwave radiometer at Bern. The GRO-
MOS microwave radiometer was already active at the advent
of the ozone hole.Lobsiger and Künzi(1986) reported on
the nighttime increase of mesospheric ozone during winter
1985 using early ozone measurements of the GROMOS mi-
crowave radiometer at Bern. Unfortunately GROMOS was
only campaign-based operated with different instrumental
set-ups in the time from 1985 to 1994 so that an analysis
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of the early ozone measurements would be quite difficult in
view of ozone trend analysis or characterization of the inter-
annual variability of the diurnal ozone variation. The purpose
of the present study is to learn about the average seasonal be-
haviour of the diurnal ozone variation. Secondly we are inter-
ested in the interannual variability of the diurnal variation in
stratospheric ozone. Both aims of our study are important for
planing a correction of diurnal sampling effects in ground-
and space-based measurements of stratospheric ozone.

It is beyond the scope of the present observational study
to give a tutorial on the physics and chemistry of the diur-
nal variation in stratospheric ozone. For a tutorial, the reader
is referred to a numerical simulation study ofSchanz et al.
(2014), who described the global, regional and seasonal be-
haviour of the diurnal ozone variation in the middle strato-
sphere.

Our manuscript is organized as follows. In Sect.2, data
sets from GROMOS and models are described, while Sect.3
explains the methods of data analysis. Section4 presents the
monthly mean climatology of diurnal ozone variations from
50 to 0.2 hPa (∼21 to 59 km), and the results from GRO-
MOS are compared with the model outcomes from WACCM
and HAMMONIA. Section5 describes in more detail the
mean seasonal variation (January to December) of the diurnal
ozone cycle at 5.7 hPa (∼35 km) and 0.35 hPa (∼55 km). In
Sect.6, the interannual variability of the diurnal ozone vari-
ation on these two pressure levels is presented. Conclusions
are given in Sect.7.

2 Data sources

2.1 GROMOS radiometer

Since November 1994, the millimetre-wave radiometer
GROMOS (GROund-based Millimeter-wave Ozone Spec-
trometer) has been continuously operated in Bern, Switzer-
land (47.95◦ N, 7.44◦ E; 550 m a.s.l.). GROMOS observes
the middle atmosphere in the north-east direction through
detection of the collision-broadened emission of the ozone
transition at 142.17504 GHz. The ozone line spectra are con-
verted into vertical ozone profiles from the stratosphere to the
lower mesosphere. The ozone data quality during nighttime
is as good as during daytime since the measurement signal
is the thermal microwave emission by ozone molecules. This
characteristic of ground-based ozone microwave radiometry
is of course most important for monitoring of the diurnal
ozone variation, and it is not provided by any other ground-
based measurement technique.

GROMOS is part of the Network for the Detection of At-
mospheric Composition Change (NDACC), and its data set is
used for cross-validation of satellite experiments, studies of
ozone–climate interactions and middle atmospheric dynam-
ics, as well as for long-term monitoring of the ozone layer in
the stratosphere (Peter and Kämpfer, 1995; Peter et al., 1996;

Calisesi et al., 2001; Dumitru et al., 2006; Hocke et al., 2006;
Steinbrecht et al., 2006; Hocke et al., 2007; Flury et al., 2009;
Steinbrecht et al., 2009; Studer et al., 2012; Hocke et al.,
2013).

From November 1994 to October 2011, a filter bench has
been used for spectral analysis. In July 2009, GROMOS was
upgraded and a fast Fourier transform spectrometer (FFTS)
is used additionally as back end. The data set used here is
the ozone time series from the 17 years of filter bench mea-
surements. The 45-channel filter bench had a bandwidth of
1.2 GHz with a frequency resolution varying from 200 kHz
at the line centre to 100 MHz at the wings. Ozone profiling
by the microwave radiometer is only interrupted in case of
high humidity (just a few “tropical hours” during summer in
Switzerland) and intervals of heavy rain when the ozone line
becomes invisible due to strong tropospheric attenuation of
the ozone line emission. Under normal conditions, the ozone
line spectrum can be corrected for the tropospheric attenua-
tion. Using the brightness temperature in the continuum of
the spectrum (far wing of the line), the tropospheric opacity
is determined (Ingold et al., 1998). The knowledge of the tro-
pospheric opacity permits the so-called tropospheric correc-
tion, which means that the effect of tropospheric attenuation
is removed from the measured ozone line spectrum.

From the tropospheric corrected line spectrum, vertical
profiles of ozone volume mixing ratio (VMR) are determined
in the retrieval process. The retrieval of the ozone profiles
is based upon the optimal estimation method ofRodgers
(1976) and atmospheric radiative transfer calculations as im-
plemented by the Arts/Qpack software (Eriksson et al., 2005,
2011). Bandwidth and frequency resolution allow the re-
trieval of ozone profiles from approximately 25 to 65 km.
With an integration time of 30 min, the total relative error of
retrieved ozone profiles is of the order of 7 % for the strato-
sphere and increases toward the lower and upper altitude
limit (up to 20 % at 20 km and up to 30 % at 70 km). These
error estimates are based on recent and past intercomparisons
of coincident data from GROMOS, ozonesondes, nearby li-
dars and satellites (Studer et al., 2013; Dumitru et al., 2006).
The GROMOS radiometer is described in more detail byPe-
ter (1997).

2.2 WACCM model

The Whole Atmosphere Community Climate Model
(WACCM) is hosted at the National Center for Atmospheric
Research (USA). It is a high top model with an upper
boundary at about 150 km altitude, detailed photochem-
istry and wave–mean flow interactions permitting a rather
realistic simulation of circulation, composition, energetics
and dynamics of the earth’s lower and middle atmosphere
(Garcia et al., 2007; Marsh et al., 2007; Tilmes et al., 2007).
The atmosphere model interacts with the individual land, ice,
and ocean models of the Community Earth System Model
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(CESM). A coupler handles the data exchange between the
models.

Our numerical simulation is based on version 4 of
WACCM with a pre-configured data integration called
F 2000 for the year 2000. This integration reads climatolo-
gies of sea surface temperature and ice coverage. Atmo-
sphere and land model are actively simulated within this
configuration. The WACCM chemistry module is from the
Model for OZone And Related chemical Tracers, version 3
(MOZART-3), which includes a detailed chemistry of the
stratosphere (Kinnison et al., 2007). WACCM is capable of
reproducing the tidal seasonality (Chang et al., 2008). Us-
ing WACCM simulations,Pedatella et al.(2012) investigated
the influence of sudden stratospheric warnings on the prop-
agation of solar tides throughout the atmosphere. In order
to simulate the diurnal ozone variation, the model time step
was downscaled to 15 min. For the comparison here, the grid
point for Bern is 46◦ N and 5◦ E, and the output is saved ev-
ery four model steps, resulting in a time resolution of 1 h.
The vertical resolution of WACCM ranges from 1.1 km in
the lower stratosphere to 3.5 above 65 km.

2.3 HAMMONIA model

HAMMONIA (Hamburg Model of the Neutral and Ion-
ized Atmosphere) is a three-dimensional general circulation
and chemistry model developed at the Max Planck Insti-
tute for Meteorology in Hamburg, Germany (Schmidt et al.,
2006). It is based on the ECHAM 5 atmospheric general
circulation model (Roeckner et al., 2003, 2006). HAMMO-
NIA includes important atmospheric dynamics, radiation,
and chemistry and treats them interactively. It covers an ap-
proximate altitude range from the surface to 250 km on 119
pressure layers. HAMMONIA, like WACCM, is coupled
to the MOZART chemistry module (MOZART-3).Dikty
et al. (2010) compared upper mesospheric daytime varia-
tions (6 a.m. to 6 p.m.) of ozone and temperature in the trop-
ics from HAMMONIA with observations of the satellite ex-
periment TIMED/SABER.Beig et al.(2012) studied diurnal
variations of ozone and temperature in the equatorial meso-
sphere by analysing data from the HAMMONIA model and
the satellite experiment UARS/HALOE. Analysis of the di-
urnal and semidiurnal tides in the mesosphere and lower ther-
mosphere in simulation data of HAMMONIA shows that
many observational results of tides are reproduced by the
model (Achatz et al., 2008; Yuan et al., 2008).

The model output from HAMMONIA used in the present
study consists of 3-hourly ozone values, and the closest grid
point to Bern at 45◦ N and 7.5◦ E has been used for the
comparison with GROMOS. We therefore have eight ozone
model values per day for the location of Bern. The verti-
cal resolution increases from about 700 m in the lower and
middle stratosphere to about 3 km in the mesosphere. HAM-
MONIA data used here are taken from 10 years of a free-
running simulation using as boundary conditions present-day

greenhouse gas concentrations, climatological present-day
sea surface temperatures and sea ice coverage, and constant
solar irradiance representative of solar minimum conditions.
The simulation is described in more detail bySchmidt et al.
(2010).

3 Data analysis

3.1 Ozone spectra from GROMOS

For our analysis we derive monthly mean spectra of the
ozone emission line. For a certain month all observed
spectra within a certain interval of Universal Time (UT)
are averaged. Time bins are chosen as 00:00, 01:00,
02:00,. . . 23:00 UT± 1 h. Obvious outliers in the measure-
ments are rejected already before the averaging process.
However we further reduce the effect of noise and small out-
liers by taking the median of the statistical ensemble of the
spectra within a certain UT interval. Small outliers can be
due to small instabilities and fluctuations of individual chan-
nels of the digital filter bench. Finally we get for each month
24 mean spectra which describe the mean diurnal variation
of the ozone emission line. An advantage of this method is
that the uncertainty of the mean spectrum can be assessed
by means of the lower and upper quantiles of the spectrum
ensemble.

Figure 1 shows the 24 mean spectra of brightness tem-
perature in April 2008 (different colours) which are quite
typical for the data quality in the present study. Because of
the pressure-broadening of the ozone line, the line centre in-
forms about mesospheric ozone (small frequency shift as-
sociated with low air pressure) and the line wing about the
stratosphere and troposphere (large frequency shift associ-
ated with high air pressure). Brightness temperature is pro-
portional to the spectral irradiance of the ozone line emission.
The number of spectra averaged for a certain month ranges
from around 800 to 1200. Spectra measured during times of
high tropospheric opacity (> 1.2) are not included. The stan-
dard deviation is about 3 K at the line centre and 1 K at the
line wing, while the error of the mean ranges from 0.1 K (line
centre) to 0.03 K (line wing).

Figure1a and b show the full spectra calculated by using
the median (a) and the arithmetic mean values (b), respec-
tively. A zoom of the line centre is given in Fig.1c and d.
Figure1d shows larger fluctuations than c. Contrary to the
arithmetic mean, the median calculation is able to suppress
the influence from individual bad data, which sometimes can
pass the outlier rejection routines. Bad data can exist due to
fluctuations of single channels of the digital filter bench and
time periods with high opacity values.

Figure 1c nicely shows the increase of ozone at night-
time (thick blue line), where the peak at the line centre is
strongest due to the increase of mesospheric ozone. This di-
urnal variation of the ozone spectra agrees well with the early
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Figure 1. GROMOS spectra for April 2008, averaged with(a) median and(b) arithmetic mean. The averaged time intervals are taken as
00:00, 01:00, 02:00, ... 23:00 UT± 1 h, from all days of April 2008, resulting in 24 spectra per month. Different colours correspond to
different time bins. A zoom into the line centre is given in(c) for the median calculation and(d) for the arithmetic mean, respectively. Four
time bins are highlighted by the thick lines.

ozone spectra of GROMOS presented byLobsiger and Künzi
(1986).

In the following the diurnal ozone variation is described
as function of local solar time (LST). LST is defined by
LST = UT +φ ·24/360 h, whereφ is the geographic longitude
of the observation place and UT is the universal time.

3.2 Ozone profiles from GROMOS

The retrieval process derives an ozone profile from the mean
ozone spectrum under consideration of the uncertainties of
the model atmosphere and those of the measured ozone spec-
trum. Generally the retrieved ozone profile can be regarded
as a mix of the a priori guess and information from the mea-
surement. For GROMOS, the a priori ozone profiles are taken
as a monthly mean climatology where no diurnal variation is
included. Thus the diurnal ozone variation comes from the
measurement and is not prescribed in the retrieval process.

Figure2 (left panel) shows the mean retrieved profiles for
January at Bern during nighttime (blue line) and daytime
(magenta line), together with the a priori profile for January
(red). The nighttime ozone increase in the mesosphere, as
well as a daytime increase around 35 km, is apparent.

The retrieval also provides the averaging kernels, which
inform about the vertical resolution of the retrieved ozone

profile. The two middle panels of Fig.2 give the averaging
kernels (AVKs) of the GROMOS retrieval for nighttime and
daytime respectively. AVKs for altitude levels of 28 (blue),
40 (purple) and 52 (red) km are enhanced, and they peak at
the corresponding altitude. The vertical resolution can be es-
timated by the full width at half maximum (FWHM) of a
kernel line and lies within 10–20 km.

Further, the retrieval yields the profile of the a priori con-
tribution which clearly describes how much of the ozone pro-
file comes from the a priori guess and how much comes from
the measurement. The right panel of Fig.2 shows the mean a
priori contribution in percent for night- and daytime observa-
tions (blue, respectively magenta). The a priori contributions
are nearly identical, and GROMOS measures with equivalent
quality for night and day. Please note that the a priori contri-
bution is around zero at altitudes from 20 to 45 km. Thus
the retrieved ozone values at these altitudes are solely based
on the measured ozone line spectrum. The error assessment
of the mean ozone profiles is difficult. The systematic error
is around 7 % as mentioned before. For the determination of
the diurnal ozone variation, a constant systematic error would
play no role at all. On the other hand, it seems to be impossi-
ble to make an assumption about a possible systematic error,
which may vary with local solar time. However we find no
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Figure 2. The left panel shows the averaged GROMOS daytime (magenta) and nighttime (blue) profiles for January 2010 as well as the a
priori profile (red). The two middle panels depict the daytime and nighttime averaging kernel (AVK) matrices. The a priori contribution is
shown in the right panel for daytime (magenta) and nighttime (blue).

indication for such a variable systematic error in the GRO-
MOS measurements.

The model data are interpolated onto the same vertical
pressure grid as the ozone profiles of GROMOS. All ozone
data presented are ozone volume mixing ratios (O3 VMR).

3.3 Definition of the the diurnal ozone variation

The diurnal ozone variation at the location of Bern for GRO-
MOS and models were calculated by

1O3,abs= O3−O3,midnight (1)

1O3,rel =
O3−O3,midnight

O3,midnight
, (2)

where the O3,midnight is taken by monthly averaging the
ozone values of the time interval 22:30 to 01:30 LST at each
pressure level. For the climatology of diurnal ozone varia-
tions of GROMOS, the error of the mean values including
the natural variability is estimated by the standard deviation
σi from 17 years of measurements, where the indexi = 1 : 24
gives the hourly time bini based on LST. Model simulations
from WACCM and HAMMONIA included one model year
(representative of all years of observation). Interannual varia-
tion of the diurnal ozone cycle is studied only by using GRO-
MOS data.

3.4 Effect of AVK smoothing on the high-resolution
model data

The relatively low vertical resolution of ground-based mi-
crowave radiometers is often taken into account in compar-
ison studies with other (higher resolution) instruments and

models by means of the so-called kernel smoothing. This
is usually done by convolving the high-resolution data with
the averaging kernels of the low-resolution instrument. Most
authors assume that the high-resolution profile is not af-
fected by its own kernels and/or a priori profile (Tsou et al.,
1995). In this simplified case the high-resolution profile is
convolved with the AVKs of the low-resolution instrument.
Calisesi et al.(2005) considered the limited resolution of
both data sets, which is the correct method. However the
method introduced byCalisesi et al.(2005) really needs time
and good programming skills for the implementation.

For the aims of the present study, the simple approach of
Tsou et al.(1995) is sufficient since the intercomparison of
observation and models is not the focus of the present arti-
cle. We decided not to smooth the high-resolution model data
with the AVKs of GROMOS since the aim is to character-
ize the diurnal ozone variation and not to impose the limited
resolution of radiometer measurements to high-resolution
model data, in which case interesting features might be lost.

For one example of high-resolution WACCM data in July
2000, we show the effect of kernel smoothing. By means
of Fig. 3 the reader can better judge which characteristics
of the diurnal ozone variation are visible for the model and
which characteristics are smoothed out by the ground-based
microwave radiometer. Figure3a shows the diurnal ozone
variation simulated by WACCM in high resolution. Figure3b
is the WACCM data convolved with the AVKs of GROMOS.
An example of the AVKs of GROMOS is shown in the mid-
dle panel of Fig.2. Figure3b would be the result if GROMOS
observed the WACCM model atmosphere. It is evident that
GROMOS cannot observe the thin descending red layer after
sunrise at 04:00 LST in Fig.3a. Further, the extreme values
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Figure 3. Effect of AVK smoothing on the diurnal ozone variation
of WACCM in July 2000.(a) shows the high-resolution model out-
put. (b) is the result when the model output is convolved with the
averaging kernels of the GROMOS instrument. The AVKs of GRO-
MOS are shown in Fig.2.

are a bit reduced in the smoothed WACCM data of Fig.3b.
For example the maximum at 16:00 LST is a bit weaker and
also lowered from about 4 hPa to 6 hPa. On the other hand the
height of the phase reversal (change from blue to red colour)
is not changed at 14:00 LST by AVK smoothing, and it re-
mains at about 2 hPa. However in the morning and late af-
ternoon hours the height of the phase reversal is lowered by
AVK smoothing.

In the following we only show the high-resolution model
data, which are certainly a good motivation for the observers
to improve the vertical resolution of their instruments and
their retrieval techniques.

4 Results on the diurnal ozone variation

4.1 GROMOS

Figure4a, 4b, 4c, and4d give the mean diurnal ozone varia-
tions from 17 years of GROMOS measurements. Shown are
January, April, July and October, which represent the sea-
sons winter, spring, summer and autumn. Plotted are LST
variations in ozone and diurnal variations1O3,abs (Eq.1) in
absolute as well as1O3,rel (Eq. 2) in relative units from 50
to 0.2 hPa. Magenta lines indicate a solar zenith angle (SZA)
of 90◦, which roughly corresponds to sunrise and sunset.

The diurnal ozone variation is already obvious in the plots
of mean ozone at the left-hand-side panels of Fig.4a, 4b, 4c,
and4d. As expected, mesospheric ozone is decreased by 25–
30 % during daytime due to the intense solar UV radiation
(photodissociation of ozone, ReactionR4) and the smaller
recombination rate of ozone (ReactionR2) at upper altitudes
(Allen et al., 1984).

Figure 4a.Mean diurnal ozone variation of GROMOS between 50
and 0.2 hPa for January. The averaged data are based on 17 years
of observations (November 1994 to October 2011). The left panel
shows the variation of ozone volume mixing ratio (VMR) as a func-
tion of local solar time (LST). The middle panel gives the absolute
mean difference1O3, while the right panel shows the relative mean
difference1O3 in percent. Both absolute and relative mean differ-
ences are with respect to the mean nighttime ozone value (22:30–
01:30 LST) of January. Magenta lines indicate a solar zenith angle
of 90°.

Figure 4b. Same as Fig.4abut for the month of April.

The mean diurnal variation for April (Fig.4b) is in agree-
ment withZommerfelds et al.(1989), who also see a daytime
decrease in ozone of−30 % (compared to nighttime ozone)
for April 1987 at 56 km above Bern.Ricaud et al.(1996)
used data from the MLS instrument onboard the UARS satel-
lite and compared the results to two photochemical models
and ground-based microwave measurements from Bordeaux
observatory (44.8◦ N, France) and Table Mountain (34.4◦ N,
California). The diurnal variation of mesospheric ozone from
models and observations agreed within 10 %.Schneider et al.
(2005) obtained a decrease of−35 % for lower mesospheric
ozone at 55 km altitude during daytime.

A phase reversal of the diurnal ozone variation occurs at
about 2 hPa in Fig.4a, 4b, 4c, and 4d, where the bluish
colours of decreased daytime ozone in the mesosphere
change to reddish colours of increased daytime ozone in the
stratosphere. In April and July, the phase reversal height is
a bit lower than in January and October. Around 5 hPa, an
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Figure 4c.Same as Fig.4abut for the month of July.

Figure 4d. Same as Fig.4abut for the month of October.

afternoon maximum of approximately 4 % in winter and 6 %
in summer can be seen around 3 p.m. in Fig.4a, 4b, 4c, and
4d. Our afternoon ozone maxima are slightly higher than
those ofParrish et al.(2013), who found afternoon maxima
of 2–3 % with respect to midnight ozone above Mauna Loa
(19.5◦ N, Hawaii).

Haefele et al.(2008) also found that, above 2 hPa, ozone
strongly decreases during daytime while below 2 hPa a day-
time enhancement in ozone is observed. They attributed the
phase reversal to the [O] / [O3] ratio, which is inversely de-
pendent on air density. Thus the partitioning of odd oxygen
changes from O3 in the stratosphere to O in the mesosphere
during daytime. After sunset the atomic oxygen in the meso-
sphere rapidly recombines with molecular oxygen under for-
mation of ozone. For further explanation of the physics and
chemistry of the diurnal ozone variation, the reader is re-
ferred toHaefele et al.(2008) andSchanz et al.(2014).

The ozone variation in the stratosphere and lower meso-
sphere observed byHaefele et al.(2008) is in accordance
with the model simulations which they carried out. They also
discussed the seasonal dependence of the diurnal ozone vari-
ation by looking at March, June and September data. The
diurnal ozone variation at 3 hPa measured by the ozone mi-
crowave radiometer inHaefele et al.(2008) is stronger by a
few percent compared to the present study. They only used
2–3 years of data for derivation of the seasonal behaviour

in spring, summer and autumn. This may explain the super-
posed high-frequency oscillations in their results, which are
possibly due to data outliers or intraseasonal variability. The
advantage of our study is that we derived a smooth seasonal
behaviour of the diurnal ozone variation from the 17 years of
GROMOS measurements.

Contrary to photochemical model simulations (e.g.Her-
man, 1979; Pallister and Tuck, 1983), GROMOS does not
show a decrease of stratospheric ozone after sunrise. Pos-
sibly this characteristic is invisible for GROMOS because
of its relatively low vertical resolution. In addition the time
window length of 2 h, which was used for GROMOS may
suppress the observation of the small dip in ozone after sun-
rise. Parrish et al.(2013) measured a small dip in strato-
spheric ozone (around−1 %) after sunrise. The small dip
in stratospheric ozone after sunrise was also observed by
the SMILES experiment at the International Space Station
(Fig. 5a inSakazaki et al.(2013)).

It is likely that the vertical resolution of the Mauna Loa
radiometer is higher than the resolution of GROMOS. The
vertical resolution slightly depends on the spectral resolution
of the ozone line measurement, the elevation angle of the
antenna, and the retrieval parameters, which depend on the
data quality. Because of the very low tropospheric opacity on
Mauna Loa, the measurement and the retrieval can be per-
formed with a higher vertical resolution compared to GRO-
MOS. Besides this small discrepancy, Fig.4a, 4b, 4c, and4d
are in a good agreement with previous photochemical sim-
ulations and observations of the diurnal ozone variation. An
upgrade of the GROMOS spectrometer was recently carried
out so that in future GROMOS might be able to observe with
a higher vertical resolution (e.g. 8 km instead of 10 km).

4.2 Comparison between GROMOS and models

Figure5aand5bshow the outputs from WACCM and HAM-
MONIA for July and can be compared to Fig.4c of GRO-
MOS. July has been chosen for the comparison since the
stratosphere in summer is less disturbed compared to win-
ter when planetary wave activity is high. Further, a smaller
year-to-year variation is found in summer measurements than
for winter where dynamical processes are strong (planetary
waves). It is important to note that, as mentioned in Sects.2.2
and2.3, both models use the chemistry module MOZART.
Other components of the models such as dynamical cores
and physical parameterization are different.

Models and GROMOS agree well for the diurnal ozone
variation in July. They show similar patterns of the diur-
nal variation with similar amplitudes. Some differences are
pointed out: (1) the phase reversal height (where decreased
daytime ozone in the mesosphere changes to increased day-
time ozone in the stratosphere) is slightly different. While
GROMOS sees the phase reversal at around 2 hPa, both
models show the phase reversal at 1.5 hPa. Just after sun-
rise the phase reversal occurs even higher at 1 hPa, but this
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Figure 5a. Mean diurnal ozone variation of WACCM between 50
and 0.2 hPa for July. The left, middle and right panel are described
in Fig. 4a.

Figure 5b. Mean diurnal ozone variation of HAMMONIA between
50 and 0.2 hPa for July. The left, middle and right panel are de-
scribed in Fig.4a.

characteristic would be lowered down to 1.5 hPa if kernel
smoothing were applied to the high-resolution model output
(as shown before in Fig.3). (2) The afternoon maximum ap-
pears at a slightly higher altitude in the models than in GRO-
MOS observations (around 3 hPa). (3) WACCM and HAM-
MONIA both show a phase progression in local time (e.g.
downward motion of the red layer after sunrise), which is
partly hidden in the GROMOS observation because of the
insufficient vertical resolution of GROMOS. As well, the dip
of ozone after sunrise at 5 hPa seen in the models is possibly
smoothed out in the GROMOS measurements.

The downward phase progression in the model results of
WACCM and HAMMONIA (Fig. 5a and 5b) from around
1 hPa in the morning (around 6 a.m.) to approximately 3 hPa
in the afternoon (around 4 p.m.) has been noted before in
thermal tides:Huang et al.(2010b) derived diurnal temper-
ature variations (migrating tides) from SABER on TIMED.
On the other hand the rising sun may directly cause a de-
scending ozone layer by means of photodissociation (Fig.5a
and 5b). The photochemical box models already showed a
dip of mid-stratospheric ozone after sunrise indicating that
ozone photochemistry together with the diurnal change of the
solar zenith angle can explain many characteristics of Fig.5a

Figure 6a.Relative mean differences for four different pressure lev-
els in January. GROMOS is given by the blue line, while WACCM
is given in black and HAMMONIA in red. The error bars denote the
mean standard deviation of GROMOS.

and5b. Around sunset, there is an increase of ozone in the
stratopause region and also at higher altitudes after sunset.
This has been discussed for the mesosphere byMarsh et al.
(2003) and attributed to the temperature-dependent produc-
tion rate of HOx.

Figure 6a and 6b show the diurnal ozone variations for
mean January and July on four pressure levels (approx. at
55, 45, 35 and 25 km). GROMOS is given in blue (together
with standard deviationσi), and the models are given in
black (WACCM) and red (HAMMONIA). At 55 km, the
daytime amplitudes from WACCM and HAMMONIA agree
well with those of GROMOS in January. For July, the ampli-
tude of all data sets is found to be in very good agreement
(about 25 % decrease of daytime ozone).

Figure 6a and 6b are in a good agreement with Fig. 4
in Sakazaki et al.(2013), who compared satellite observa-
tions (10◦ S–10◦ N) of SMILES/ISS to model simulations
(MIROC3.2-CTM, SD-WACCM).Sakazaki et al.(2013) ob-
tained an excellent agreement between the simulated and
observed diurnal ozone variation at all altitudes from 24 to
54 km (absolute differences< 0.05 ppm).Dikty et al. (2010)
looked at daytime ozone variations from the HAMMONIA
model output and SABER onboard the TIMED satellite.
They reported a good agreement between HAMMONIA and
SABER daytime ozone variations in the mesosphere.Beig
et al.(2012) examined diurnal variations of ozone in the trop-
ics above 1 hPa from HAMMONIA and HALOE onboard
UARS. They noted that the amplitude of diurnal ozone vari-
ation derived from HALOE is slightly lower than HAMMO-
NIA. Generally we see that the diurnal variation in lower
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Figure 6b. Same as Fig.6abut for the month of July.

mesospheric ozone is well captured by models, ground-based
and space-based observations.

At 1.42 hPa, GROMOS measures a decrease in ozone dur-
ing daytime (−5 to −7 %), while models already switched
to a slight increase of daytime ozone. The Mauna Loa
microwave instrument (March average of 1996–2012) also
shows a decrease of−5 % at 1.3 hPa, supporting our mea-
surements (Parrish et al., 2012). However we should keep in
mind that both radiometers have a lower vertical resolution
than the models.

For 5.8 hPa in January, an afternoon maximum (of approx.
3 %) is found at 3 p.m. WACCM and HAMMONIA do not
show a relevant diurnal variation at this pressure level (am-
plitude< 1 %). The Mauna Loa microwave instrument also
measures an amplitude of approx. +3 %, again for March.
The phase is shifted by about 2 h (3 p.m. for the radiometer at
Mauna Loa and 1 p.m. for GROMOS in Bern). For July, the
diurnal amplitude of GROMOS increases up to +6 % around
4 p.m. The models also show a daily variation with an after-
noon maximum of +3 % at 4 p.m. While for January models
are mostly within the GROMOSσ -bars, they do not overlap
for July at 5.8 hPa.

For 23 hPa,σ values are larger than the diurnal ozone am-
plitudes which do not exceed 1 % for all data sets. Hence, if
there is a diurnal cycle in the lower stratosphere, amplitudes
are very small (at midlatitudes). GROMOS shows a small in-
crease of lower stratospheric ozone at daytime in July, while
Sakazaki et al.(2013) presented a small decrease of lower
stratospheric ozone in the late afternoon at the Equator based
on ISS/SMILES observations and SD-WACCM simulations.

In summary the intercomparison of GROMOS with
WACCM and HAMMONIA shows a good agreement if we
keep the effect of kernel smoothing in mind. Some features

– such as the descending thin layer after sunrise which are
seen by the models – are not resolved by GROMOS. The
low vertical resolution of GROMOS also leads to a small
downward shift of the phase reversal height. It also seems
that the small dip in ozone after sunrise in the stratosphere,
which is present in all models, including the photochemical
box models, is smoothed out by the low vertical resolution
of GROMOS. So the small dip in ozone after sunrise can be
a benchmark for further improvement of the radiometer and
the retrieval technique.

On the other hand, the observations of ground-based mi-
crowave radiometers still remain the unique benchmark for
the model simulations and satellite observations. The diur-
nal ozone variation observed by GROMOS agrees well with
reports from other ground-based microwave radiometers and
with the results ofSakazaki et al.(2013) at altitudes beyond
30 km. Thus we are now in good shape for a detailed study of
the mean seasonal and interannual variability in the diurnal
ozone variation as monitored by GROMOS since 1994.

5 Seasonal behaviour of the diurnal ozone variation

Figure7 shows the diurnal ozone variation as a function of
month (January to December) in the stratosphere at 5.76 hPa.
The results from GROMOS (Fig.7a) are compared to the
WACCM output (Fig.7b). Magenta lines indicate a solar
zenith angle of 90◦, which roughly corresponds to the time
of sunrise and sunset.

The afternoon maximum is clearly visible in both the ob-
servation and model for all months. They further agree on
a stronger afternoon maximum in summer than in winter.
GROMOS peaks in July with +6 % and WACCM peaks from
May to August with +3 %. The small ozone dip after sun-
rise is present in WACCM over the whole year with extreme
values less than−1 % at the end of January and from April
to July. GROMOS does not see the dip after sunrise be-
cause of its low vertical resolution. However GROMOS also
shows like WACCM that the accumulation of ozone is de-
layed to the noon and afternoon hours in all seasons. Further,
GROMOS shows some intraseasonal variability, for exam-
ple, stronger afternoon maxima at the beginning of May and
July.

Figure 8 is as Fig.7 but for the lower mesosphere at
0.35 hPa. The diurnal ozone variation agrees well for GRO-
MOS and WACCM. GROMOS has stronger bluish colours
than WACCM in the afternoon hours around March and
November where the daytime decrease of ozone is up to
−30 %. WACCM also shows a strong ozone decrease in the
afternoon hours. WACCM has a bit more intraseasonal vari-
ability than GROMOS, which can be due to the fact that only
1 year was taken for the WACCM plot, while 17 years were
averaged for the GROMOS plot.

It is interesting that GROMOS shows lighter bluish
colours at noon during the summer season compared to the
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Figure 7. Mean seasonal behaviour of the diurnal ozone variation for the pressure level 5.76 hPa in the stratosphere.(a) shows the observa-
tional result of the ground-based microwave radiometer GROMOS at Bern.(b) shows the simulation result of the model WACCM at a grid
point near Bern.

Figure 8. Same as Fig.7 but for the pressure level 0.35 hPa in the mesosphere.

other seasons. Atmospheric composition changes, diurnal
changes in temperature and of course the seasonal variation
of the solar zenith angle are possible reasons for the observed
seasonal and intraseasonal variations.

6 Interannual variation of the diurnal ozone variation

We used the 17 years of GROMOS measurements to study
the interannual variability in the diurnal ozone variation. Fig-
ure9 presents the results for the two pressure levels 5.76 hPa
and 0.35 hPa as in the previous section. The left-hand-side
panel shows the result for the diurnal variation of strato-
spheric ozone. It is interesting to see that the accumulation of
ozone until late afternoon slightly changes from year to year.
In addition, some years show enhanced intraseasonal vari-
ability (several horizontal red stripes within 1 year, e.g. 2005
or 2006). A reason for the intraseasonal variability in winter
could be the variability of the polar vortex, which is the main
cause for intraseasonal variability of atmospheric composi-
tion at Bern during winter (Studer et al., 2012; Hocke et al.,
2013). The intraseasonal variability in the summer strato-
sphere is a surprise. Atmospheric composition changes might
be an explanation. We find the diurnal amplitude to be larger
in summer than in winter at 5.76 hPa and smaller in summer
than in winter at 0.35 hPa. Nevertheless, Fig.9 shows that

there are strong interannual variations in both stratosphere
and mesosphere.

There is a strong decrease in GROMOS daytime ozone in
winter 2006 in the mesosphere (at 0.35 hPa). The large nega-
tive values during daytime in winter 2006 might be linked to
the major sudden stratospheric warming (SSW) described by
Manney et al.(2009). During a SSW, the atmospheric com-
position of the stratosphere is changed by meridional and ver-
tical transport of air masses.

A possible reason for the anomaly in summer 2000 is the
temperature dependence of ozone. As mentioned in the intro-
duction, ozone and temperature perturbations are anticorre-
lated in the upper stratosphere. This is illustrated in Fig.10.
It shows the day–night differences of stratospheric ozone
from GROMOS and temperature (moving average over 12
months) using data from ECMWF (European Centre for
Medium-Range Weather Forecast) (2.5 to 5.5 hPa). The cor-
relation coefficient isR = −0.75 (±0.07) at the 95 % con-
fidence level. The anomaly in temperature and ozone (small
1T and large1O3) of 2000 in Fig.10might be related to the
El Niño–Southern Oscillation (ENSO) 1997/1998.Pedatella
and Liu(2012) investigated the migrating and non-migrating
variability of tides in the mesosphere and lower thermo-
sphere due to the ENSO based on WACCM simulations.
They found that the ENSO-driven variability in the migrating
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Figure 9. Interannual variability of the diurnal ozone variation from Nov 1994 to Oct 2011.(a) shows the interannual variability at 5.76 hPa
in the stratosphere.(b) depicts the interannual variability at 0.35 hPa in the lower mesosphere.

Figure 10. Difference of noon value minus midnight value. The
red line shows this difference in case of temperature from ECMWF
operational reanalysis (12:00 UT minus 00:00 UT). The blue line
shows the difference in case of ozone from GROMOS at pressure
level 4±1.5 hPa.1T and1O3 are anticorrelated withR = −0.75.

diurnal tide is found to be primarily due to changes in the tro-
pospheric forcing (Pedatella and Liu, 2013). We suppose that
the increase of temperature during daytime leads to a reduced
accumulation of ozone during daytime.

We are quite far away from understanding the interan-
nual variability of the diurnal ozone variation. The GRO-
MOS observations indicate their existence, and it is reason-
able that the interannual variability of atmospheric composi-

tion, dynamics and thermal state of the middle atmosphere
can change the characteristics of the diurnal ozone variation.

7 Conclusions

Stratospheric and mesospheric ozone, measured by the ra-
diometer GROMOS from 17 years of observation, have been
analysed in order to study the diurnal ozone variation from 50
to 0.2 hPa (∼21–59 km). A climatology of the diurnal ozone
variation above Bern, Switzerland, is presented. The observa-
tional results from GROMOS have been compared with sim-
ulation outputs from the high-resolution chemistry climate
models WACCM and HAMMONIA.

We find that observation and models are generally consis-
tent. Amplitudes in the mesosphere are of about−25 %, and
in the stratosphere an afternoon maximum of about +4 % is
present. The phase reversal from decreased daytime ozone
at mesospheric altitudes to increased daytime ozone in the
stratosphere occurs in the model simulations at 1.5 hPa and
in the GROMOS measurements at 2 hPa. However the verti-
cal resolution of GROMOS is about 10 km so that GROMOS
only provides a rough estimate of the phase reversal height.

We presented for the first time the complete seasonal vari-
ability of the diurnal ozone variation. The long-term clima-
tology derived from the GROMOS measurements at Bern
shows

(1) a larger relative diurnal amplitude during summer
months for the stratosphere. For the pressure level of
5.8 hPa, the amplitude is +6 % in summer, while for
winter the amplitude is of the order of +3 %.

(2) a smaller relative diurnal amplitude during summer
compared to winter in the mesosphere. At 0.35 hPa, the
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diurnal amplitude in winter is up to−30 %, while for
summer it is around−22 %.

Opposed to the latter result, WACCM outputs show a larger
mesospheric amplitude during summer compared to winter.
A strong interannual variability of the diurnal ozone varia-
tion shows up in the 17 years of GROMOS observations. In-
dications are found that temperature-dependent ozone pho-
tochemistry may influence the diurnal variation of strato-
spheric ozone. Our observational results suggest that the in-
traseasonal, seasonal and interannual variability of the diur-
nal ozone variation should be considered when correcting
diurnal sampling effects in satellite data to improve trend
estimates of stratospheric ozone. Therefore, ongoing effort
is needed in order to improve our knowledge of the diurnal
ozone variation in the stratosphere. For these reasons, scien-
tists from various observation and model communities have
built up a team at the International Space Science Institute
(ISSI) with the goal of tackling the still unresolved subject of
“Characterizing Diurnal Variations of Ozone for Improving
Ozone Trend Estimates”.
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