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Abstract

The ground-based radiometer GROMOS, stationed in Bern (47.95◦ N, 7.44◦ E),
Switzerland, has a unique dataset: it obtains ozone profiles from November 1994 to
present with a time resolution of 30 min and equal quality during night- and daytime.
Here, we derive a monthly climatology of the daily ozone cycle from 17 yr of GRO-5

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 observations. The di-
urnal ozone cycle from GROMOS is compared to two models: The Whole Atmosphere
Community Climate Model (WACCM) and the Hamburg Model of Neutral and Ionized10

Atmosphere (HAMMONIA). Aura Microwave Limb Sounder (Aura/MLS) ozone data,
from night- and daytime overpasses over Bern, have also been included in the com-
parison. Generally, observation and models show good qualitative agreement: in the
lower mesosphere, daytime ozone is for both GROMOS and models around 25 % less
than nighttime ozone (reference is 22:30–01:30). In the stratosphere, ozone reaches15

its maximum in the afternoon showing values several percent larger than the midnight
value. It is important that diurnal ozone variations of this order are taken into account
when merging different data sets for the derivation of long-term ozone trends in the
stratosphere. Further, GROMOS and models indicate a seasonal behavior of daily
ozone variations in the stratosphere with a larger afternoon maximum during daytime in20

summer than in winter. At 0.35 hPa, observations from GROMOS and Aura/MLS show
a seasonal pattern in diurnal ozone variations with larger relative amplitudes during
daytime in winter (−25±5 %) than in summer (−18±4 %) (compared to mean values
around midnight). For the first time, a time series of the diurnal variations in ozone
is presented: 17 yr of GROMOS data show strong interannual variations in the diurnal25

ozone cycle for both the stratosphere and the mesosphere. There are some indications
that strong temperature tides can suppress the diurnal variation of stratospheric ozone
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via the anticorrelation of temperature and ozone. That means the spatio-temporal vari-
ability of solar thermal tides seems to affect the diurnal cycle of stratospheric ozone.

1 Introduction

Studying the diurnal ozone variations can help to test photochemical and transport
models (Herman, 1979; Pallister and Tuck, 1983). Additionally, understanding the diur-5

nal variations in ozone is crucial for ozone trend analysis: one difficulty in merging vari-
ous ozone datasets to create a homogeneous long-term time series is that instruments
measure in different sun synchronous orbits and therefore sample data at different local
solar times (LST). Combining these different data sets without properly accounting for
the diurnal variations of ozone can result in a systematic bias in the determined ozone10

trend. Further, some satellites drift in orbit over their lifetime. The result being a change
of equator-crossing LST and ozone time series which are affected by the diurnal vari-
ation of ozone (Bhartia et al., 2012). A comprehensive description of the diurnal ozone
variation in the stratosphere is yet missing.

Various papers have discussed the diurnal ozone cycle in the stratosphere and15

mesosphere. Wilson and Schwartz (1981) used in-situ rocket measurements to study
diurnal ozone variations above 48 km. Lobsiger and Künzi (1986) reported on the night-
time increase of mesospheric ozone during winter 1985 and Zommerfelds et al. (1989)
assessed the diurnal ozone variations in the mesosphere during winter 1987 using
data from ground-based microwave observations for the location of Bern, Switzerland.20

Ground-based microwave measurements of stratomesospheric ozone from Bordeaux,
France were analyzed by Ricaud et al. (1991) and the diurnal cycle of ozone was
studied for two layers (at 42 km and 55 km) during three periods in autumn. Using the
ozone data set from SABER on the TIMED satellite, Huang et al. (2008, 2010a) derived
diurnal ozone variations based on zonal means in the stratosphere and mesosphere.25

Model studies on diurnal variations in ozone have been done e.g. by Herman (1979);
Pallister and Tuck (1983); Vaughan (1982, 1984); Allen et al. (1984).
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Additionally, several comparisons between model and observation were carried out
to improve our understanding of the diurnal ozone cycle in the middle atmosphere. Ri-
caud et al. (1996) used data from the MLS instrument onboard the UARS satellite and
compared the results to two photochemical models and with ground-based microwave
measurements made from Bordeaux, France. Schneider et al. (2005) showed diurnal5

ozone variations from the Bordeaux microwave radiometer between 1995 and 2002
and compared their observations to photochemical and transport model results. Hae-
fele et al. (2008) investigated diurnal ozone variations in the stratosphere using ground-
based radiometer measurements from Payerne, Switzerland and two chemistry climate
models (CCMs). They find that above 2 hPa, ozone strongly decreases during daytime10

while below 2 hPa, a daytime enhancement in ozone is observed. This behavior is at-
tributed to the [O] / [O3] ratio which is inversely dependent on air density. Their observed
ozone variations in the upper stratosphere and lower mesosphere are in accordance
with their used photochemical models. They also note a seasonal dependence of daily
ozone variations by looking at March, June and September data (average of 2 yr).15

Dikty et al. (2010) looked at daytime ozone variations from the HAMMONIA model out-
put and SABER (Sounding of the Atmosphere using Broadband Emission Radiometry)
onboard the TIMED (Thermosphere Ionosphere Mesosphere Energetics Dynamics)
satellite. Good agreement is found between HAMMONIA and SABER daytime ozone
variations in the upper stratosphere. Beig et al. (2012) examined diurnal variations of20

ozone in the tropics above 1 hPa from HAMMONIA and HALOE onboard UARS. They
note that the amplitude of diurnal variation derived from HALOE is slightly lower than
that produced by HAMMONIA.

Recently, Sakazaki et al. (2013) presented the global pattern of diurnal ozone vari-
ations in the stratosphere from data of the Superconducting Submillimeter-Wave-25

Emission Sounder (SMILES) attached on the International Space Station (ISS). The
observation period was October 2009 to April 2010. They further compared their results
to two chemistry-transport models (CTMs). By analyzing CTM data for the underlying
mechanisms in the stratospheric diurnal ozone variations, they identified three different
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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.

The major driver of diurnal variations in the upper stratosphere and lower meso-
sphere (below 0.01 hPa) is photochemistry (Dikty et al., 2010). Odd oxygen Ox (O+O3)5

is produced during day through photolysis of molecular oxygen:

O2 +hν→ O+O. (1)

Diurnal variations in ozone are dominantly caused by partitioning between O and O3 in
Ox (Sakazaki et al., 2012, 2013). The reactions are described by

O+O2 +M → O3 +M (2)10

O3 +hν→ O2 +O (3)

where Eq. (2) describes the recombination of molecular and atomic oxygen back to
ozone together with a third body M and Eq. (3) represents the photolysis of ozone
by solar radiation. Photochemical box models can reproduce and explain the daytime15

depletion in the upper stratosphere and the afternoon maximum in the middle strato-
sphere. When diurnal ozone variations of observations are compared to models, they
are generally well reproduced in the upper stratosphere and mesosphere.

In contrast, no clear picture exists for diurnal variations of ozone in the middle and
lower stratosphere. Not only photochemistry, but dynamics (e.g. through the vertical20

transport by diurnal tides) contribute to the daily ozone variations. Compared to the
mesosphere, amplitudes in the stratosphere are much smaller and in the order of a few
percent. The diurnal cycle in stratospheric ozone is therefore difficult to measure and
not a lot of adequate observations exist. Model simulations on the other hand may have
difficulty in correctly implementing dynamical features, such as e.g. a possible diurnal25
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cycle in the gravity wave flux and vertical winds. The high spatio-temporal variability
of atmospheric tides in the middle atmosphere e.g. can only be described by special-
ized simulations of advanced models and is a challenging research topic of middle
atmospheric dynamics (Ortland and Alexander, 2006).

Diurnal ozone variations can be further affected through the dependence of chemi-5

cal reaction rates on temperature tides. An early study by Barnett et al. (1975) showed
that there is an anticorrelation between ozone and temperature variations near the
stratopause. Finger et al. (1995), using SBUV ozone and NCEP/CPC temperature
data, find that while in the upper stratosphere and lower mesosphere ozone and tem-
perature are generally negatively correlated, in the lower stratosphere the correlation10

between them is positive. This is due to the dependence of photochemical reaction
rates on temperature. Recently, Huang et al. (2012) analyzed the ozone-temperature
diurnal correlation using TIMED/SABER data from 2004 to 2007. They show varying
patterns of diurnal variations, depending on altitude and latitude and note that both
ozone and temperature diurnal variations show systematic and regular phase progres-15

sion in LST. Additionally, other reactions such as ClOx-, HOx- and NOx-chemistry can
affect the diurnal ozone cycle in both mesosphere and stratosphere (Pallister and Tuck,
1983; Brasseur and Solomon, 2005; Khosravi et al., 2012). Pallister and Tuck (1983)
noted the importance of active nitrogen chemistry at 40 km while active hydrogen dom-
inates above 43 km.20

The millimeter-wave radiometer GROMOS, stationed in Switzerland, continuously
retrieves ozone profiles since November 1994. GROMOS is part of the Network for the
Detection of Atmospheric Composition Change (NDACC). It obtains ozone profile in
the stratosphere and lower mesosphere with equal quality during day- and nighttime.
With a time series of nearly 20 yr and a time resolution of 30 min, GROMOS is ideally25

suited to study the diurnal ozone variations at midlatitudes.
In this study we analyze diurnal variations in ozone from 17 yr of GROMOS observa-

tion. The manuscript is organized as follows. In Sect. 2, data sets from GROMOS and
models are described, while Sect. 3 describes the methods of data analysis. Section 4
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presents a monthly mean climatology of diurnal ozone variations from 50 to 0.2 hPa
(∼21 to 59 km). We further compare results from GROMOS with the model outcomes
from WACCM and HAMMONIA. Section 5 focuses on the mean seasonal variations
(January to December) of the diurnal ozone cycle at 5.7 hPa (∼35 km) and at 0.35 hPa
(∼55 km). In Sect. 6, the interannual variability of the daily cycle on these two pressure5

levels is investigated. Conclusions are given in Sect. 7. Previous studies of diurnal
ozone variatons have mainly been based on limited time periods. Here, using 17 yr of
GROMOS observation, we show for the first time a full seasonal climatology as well as
interannual variations of the diurnal ozone cycle for a midlatitude station.

2 Data sources10

2.1 GROMOS radiometer

Since November 1994, the millimeter-wave radiometer GROMOS (GROund-based
Millimeter-wave Ozone Spectrometer) is operated continuously at Bern, Switzerland
(47.95◦ N, 7.44◦ E). GROMOS observes the middle atmosphere in north-east direc-
tion through detection of the collision broadened emission of the ozone transition at15

142.17504 GHz. GROMOS is part of the Network for the Detection of Atmospheric
Composition Change (NDACC) and its data set is used for cross-validation of satellite
experiments, studies of ozone-climate interactions and middle atmospheric dynamics,
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; Hocke20

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 has been upgraded and a Fast-Fourier-Transfom
spectrometer (FFTS) is used additionally as backend. The data set used here is the25

ozone time series from the 17 yr of filter bench measurements.
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The 45-channel filter bench had a bandwidth of 1.2 GHz with a frequency resolu-
tion varying from 200 kHz at the line center to 100 MHz at the wings. Since the middle
atmospheric signal is attenuated by the troposphere (mainly due to water vapor), a
tropospheric correction is applied to the observed spectra. A spin-off from the tropo-
spheric correction is the estimation of the tropospheric opacity τ (for more information5

see Lobsiger et al., 1984; Lobsiger, 1987; Ingold et al., 1998).
From the tropospheric corrected line spectrum, ozone volume mixing ratio (VMR)

profiles are determined in the retrieval process. The retrieval of GROMOS ozone pro-
files is based upon the optimal estimation method of Rodgers (Rodgers, 1976) as im-
plemented by the Arts/Qpack software (Eriksson et al., 2005, 2011). Bandwidth and fre-10

quency resolution allow the retrieval of ozone profiles from approximately 25 to 65 km.
With an integration time of 30 min, the total relative error of retrieved VMR profiles is
in the order of 7 % for the stratosphere and increases toward the lower and upper alti-
tude limit (up to 20 % at 20 km and up to 30 % at 70 km). The GROMOS radiometer is
described in more detail by Peter (1997).15

2.2 WACCM model

The Whole Atmosphere Community Climate Model (WACCM) is a community access
model which was developed by the National Center of Atmospheric Research (NCAR)
in Boulder, Colorado (Garcia et al., 2007; Marsh et al., 2007; Tilmes et al., 2007). The
model consists of individual land, ice, ocean and atmospheric model components. They20

interact within the software framework of the Community Earth System Model (CESM)
where a coupler merges and brokers the data exchange. For our numerical simulation
we used version 4 of WACCM with a pre-configured simulation scenario called F 2000.
This configuration reads climatologies of sea surface temperatures and ice coverage.
The stub land model part satisfies the coupler needs. Atmosphere and land model25

are simulated actively within this configuration. The WACCM chemistry module is from
the Model for OZone And Related chemical Tracers, version 3 (MOZART-3), which
includes detailed stratospheric chemistry (Kinnison et al., 2007). WACCM is capable
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of reproducing the tidal seasonality. Using WACCM simulations, Pedatella et al. (2012)
investigated solar tide changes in the mesosphere and above that occur in response to
sudden stratospheric warmings. In order to simulate short term ozone variations, 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 every 4 model steps, resulting in a time5

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 Ionized Atmosphere) is a three-
dimensional general circulation and chemistry model developed at the Max Planck10

Institute 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).
HAMMONIA includes important atmospheric dynamics, radiation, and chemistry and
treats them interactively. It covers an approximate altitude range from the surface to
250 km on 119 pressure layers. HAMMONIA, like WACCM, is coupled to the MOZART15

chemistry module (MOZART-3). Dikty et al. (2010) compared upper mesospheric day-
time variations (6 a.m. to 6 p.m.) of ozone and temperature in the tropics from HAM-
MONIA and SABER observation. In a more recent paper by Beig et al. (2012), diurnal
ozone and temperature variations of the equatorial mesosphere are studied by using
HALOE satellite data and the HAMMONIA model on the 24 h time scale. Analysis of20

the diurnal (Achatz et al., 2008) and semidiurnal (Yuan et al., 2008) thermal tides in the
mesosphere and lower thermosphere in HAMMONIA data show that many important
aspects of tidal observations are reproduced by the model.

The model output from HAMMONIA used in this manuscript are 3-hourly ozone
values and the closest grid point to Bern at 45◦ N and 7.5◦ E has been taken for the25

comparison with GROMOS. We therefore have 8 ozone model values per day for the
location of Bern. The vertical resolution increases from about 700 m in the lower and
middle stratosphere to about 3 km in the middle mesosphere.
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3 Data analysis

3.1 Ozone spectra from GROMOS

For our analysis we averaged monthly LST sorted data from 17 yr of GROMOS to
obtain mean emission lines of ozone at 142 GHz (depending on LST). This prevents us
from studying day to day variations but allows us to derive a monthly climatology. Time5

bins are chosen as 0 a.m./ 1 a.m./ 2 a.m./ ... / 23 a.m. UT ±1 h, giving us 24 spectra
per month. The overlapping time intervals allow us to have a longer integration time
and have the advantage that single too low or too high values don’t affect the rest of
the sample as much.

Figure 1 shows the 24 mean intensity spectra of April 2008 (different colors). Per time10

interval, the averaged number of individual tropospheric corrected spectra to obtain the
mean spectrum vary, depending on the month and the time. The number of spectra
averaged for one month ranges from around 800 to 1200. Spectra measured during
times (summer months) of high atmospheric opacity (tropospheric opacity larger than
1.2) are not included. Integration over one month is done to reduce the noise on the15

data. The standard deviation is approx. 3 K at the line center and 1 K at the line wing,
while the error of mean ranges from 0.1 K (line center) to 0.03 K (line wing).

Figure 1a and b show the full spectra calculated by using the median (a) and the
arithmetic mean values (b), respectively. A zoom of the line center is given in Fig. 1c and
d. Figure 1d shows larger fluctuations than c. The median calculation is generally more20

robust and 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
filter bench channels and time periods of high opacity values.

Figure 1c also shows nicely the increase of ozone at nighttime (thick blue line), where
the peak at the line center is strongest due to the increase of mesospheric ozone.25
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3.2 Ozone profiles from GROMOS

The retrieved profile is a mix of an a priori guess and information from the measure-
ment. For GROMOS, the a priori ozone profiles are taken as a monthly mean climatol-
ogy where no diurnal variation is included.

Figure 2 (left panel) shows the mean retrieved profiles for January at Bern during5

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 two middle panels of Fig. 2 give the GROMOS
averaging kernel (AVK) matrix for nighttime, respectively daytime. AVKs for altitude
levels of 28 (blue), 40 (purple) and 52 (red) km are enhanced and they peak at the10

corresponding altitude. The vertical resolution can be estimated by the full width at
half maximum (FWHM) and lies within 10 to 20 km. The right panel of Fig. 2 shows
the mean a priori contribution in percent for night- and daytime observations (blue,
respectively magenta). The a priori contributions are nearly identical and GROMOS
measures with equal night- and daytime quality.15

The generally low vertical resolution of ground-based microwave radiometers should
be taken into account in comparison studies with other (higher resolution) instruments
and models. This is usually done by convolving the high resolution data with the AVKs
of the low resolution instrument. Here, we decided not to smooth model data with
our GROMOS AVKs since the aim is to characterize the diurnal variations and not to20

impose the limited resolution of radiometer measurements to models, in which case
interesting features might get lost.

For the analysis therefore, no degrading of the vertical resolution of the models has
been done. The model data has been interpolated onto the same vertical pressure grid.
All data presented are ozone volume mixing ratios (VMRs).25
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3.3 Derivation of daily ozone cycle

The diurnal variations of ozone at the location of Bern for GROMOS and models were
calculated by

∆O3,abs=O3−O3,nmean (4)

5

∆O3,rel=
O3−O3,nmean

O3,nmean
(5)

where the mean nighttime ozone values O3,nmean is taken by monthly averaging the
time interval 11:30 p.m. to 1:30 a.m. at each pressure level. For the climatology of
diurnal ozone variations of GROMOS, the error of the mean values including the natural
variability is estimated by the standard deviation σi from 17 yr of measurements, where10

the index i = 1 : 24 gives the hourly time bin i based on LST. Model simulations from
WACCM and HAMMONIA included one model year (representative for all years of
observation). Interannual variation of the diurnal ozone cycle is studied only by using
GROMOS data.

4 Diurnal cycle of ozone15

4.1 GROMOS

Figure 3a, 3b, 3c, 3d give the mean diurnal ozone variations from 17 yr of GROMOS
measurements. Representative for winter, spring, summer and autumn, January, April,
July and October are shown. Plotted are LST variations in ozone and diurnal variations
∆O3,abs (Eq. 4) in absolute as well as ∆O3,rel (Eq. 5) in relative units from 50 to 0.2 hPa.20

Magenta lines indicate a solar zenith angle (SZA) of 90◦ which roughly corresponds to
sunrise and sunset.
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The rapid repartitioning between O and O3 can be seen clearly by the sharp transi-
tion at sunrise and sunset between high nighttime and low daytime ozone abundances
in the mesosphere. Generally, the amplitude of the diurnal variation increases with de-
creasing pressure. This is due to the slower recombination of O3 (Eq. 2) relative to
the rate of O3 photolysis (Eq. 3) (Allen et al., 1984). The mean diurnal variation for5

April (Fig. 3b) is in agreement with Zommerfelds et al. (1989), who also see a daytime
decrease in the ozone contectration of −30 % (compared to nighttime ozone) for April
1987 at 56 km over Bern.

Moving down in altitude into the stratosphere, we find a transition: Daytime ozone
depletion switches to a daytime increase in ozone by a few percent. Around 5 hPa, an10

afternoon maximum of approximately 4 % in winter and 6 % in summer can be seen
around 3 p.m.).

Note, that ozone volume mixing ratios are larger in the summer stratosphere com-
pared to winter (6.5 ppm versus 7.5 ppm).

4.2 Comparison between GROMOS and models15

Figure 4a and 4b are equal to Fig. 3c but show the unconvolved outputs from WACCM,
respectively HAMMONIA. The month of July has been chosen for the comparison since
the stratosphere in summer is less disturbed compared to winter when planetary wave
activity is high. Further, a smaller year-to-year variation is found in summer measure-
ments than for winter where dynamical processes are strong (planetary waves). It is20

important to note that, as mentioned in Sects. 2.2 and 2.3, both models use the chem-
istry mechanism MOZART. Other components of the models such as dynamical cores
and physical parameterization are different.

Models and GROMOS agree generally well. Both show a similar pattern of diurnal
variations with similar amplitudes. Some differences are pointed out: (1) The altitude25

level at which data show a change from strong ozone destruction to an ozone increase
during daytime is not the same. While GROMOS sees this around 2 hPa, both models
show the transition around stratopause level (1 hPa). This difference in transition alti-
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tude between observation and model has also been noted by (Scheiben et al., 2013),
who studied the diurnal variations of middle atmospheric water vapor. (2) The afternoon
maximum appears at a slightly higher altitude in the models than for GROMOS obser-
vations (around 3 hPa). (3) WACCM and HAMMONIA, both, show a phase progression
in local time as a function of altitude, which is not seen by GROMOS.5

Some of the discrepancies may be related to the limited altitude resolution of GRO-
MOS. It has to be noted, that the altitude difference between 2 hPa and 3 hPa is only
3 km and possibly cannot be resolved by GROMOS.

The downward phase progression in the model results of WACCM and HAMMONIA
(Fig. 4a and 4b) from around 1 hPa in the morning (around 6 a.m.) to approximately10

3 hPa in the afternoon (around 4 p.m.) has been noted before in thermal tides: Huang
et al. (2010b) derived diurnal temperature variations (migrating tides) from SABER on
TIMED. They note that transport by tides can affect ozone diurnal variations in a similar
way (Huang et al., 2010a). It has to be kept in mind that, GROMOS, measuring at a
fixed location, cannot separate migrating and non-migrating tides. At the end of the day,15

there is a another shift of the ozone maximum towards higher altitudes. This has been
discussed for the mesosphere by Marsh et al. (2003) and attributed to the temperature
dependent production rate of HOx. GROMOS cannot confirm these modeling results.

Figures 5a and 5b 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 blue20

(together with standard deviation σi ) and the models are given in black (WACCM) and
red (HAMMONIA). Additionally, the relative difference between nighttime and daytime
overpasses for Bern (1:30 a.m./p.m. LST) from the MLS instrument onboard the Aura
satellite are given as green diamonds. January and July data from Aura/MLS data were
average for the time period 2004 to 2011.25

At 55 km, the daytime amplitudes from models in January are slightly smaller than
for GROMOS and Aura/MLS sees an even smaller variation. For July, the amplitude of
all data sets (except for Aura/MLS) are found to be in very good agreement (−25 %).
A reason for the off-value from Aura/MLS might be, that the satellite data are not con-
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volved with GROMOS AVKs. Please note that no significant nighttime variation is seen
in all data sets.

At 1.42 hPa, GROMOS measures a decrease in ozone during daytime (−5 to −7 %),
while models already switched to a slight increase. Observation by the Mauna Loa
microwave instrument (Parrish et al., 2012) for March (average of 1996–2012) shows5

also a decrease of −5 % at 1.3 hPa, supporting our measurements. The phase nev-
ertheless is slightly shifted: GROMOS measures the minimum at about 12 p.m., while
Parrish et al. (2012) give 1 to 2 p.m.

For 5.8 hPa in January, an afternoon maximum (of approx. 3 %) is found at 3 p.m.,
agreeing very well with the observation from Aura/MLS. The WACCM and HAMMONIA10

do not show a diurnal variation (amplitude <1 %). The Mauna Loa microwave instru-
ment measures also an amplitude of approx. +3 %, again for March. The phase is again
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 pm.
The models also show a daily variation with an afternoon maximum at 4 pm of +3 %.15

While for January models mostly are within the GROMOS σ-bars, they do not overlap
for July.

For 25 km, σ-values are larger than the diurnal ozone amplitudes which do not ex-
ceed 1 % for all data sets. Hence, if there is a diurnal cycle in the lower stratosphere,
amplitudes are very small (at midlatitudes). It is not possible to draw any further con-20

clusions.

5 Seasonal variation of the diurnal ozone cycle

We looked at the mean seasonal variation for two fixed pressure levels. Figure 6 shows
the diurnal cycle as a function of month (January to December) in the stratosphere at
5.76 hPa. The results from GROMOS (a) are compared to the WACCM output (b).25

Magenta lines indicate again sunrise and sunset. The behavior of HAMMONIA is very
similar (not shown here).
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The afternoon maximum is clearly visible in both, observation and model for all
month. They further agree on stronger diurnal afternoon amplitudes in summer than for
winter. They do vary though on the amplitude strength. GROMOS peaks in July with
+6 % and WACCM peaks from May to August with +3 %. When looking at a slightly
higher level (3.3 hPa) in WACCM data (not shown here), the agreement is much better5

and WACCM also shows a seasonal maximum of +5 % in July.
WACCM shows a decrease of ozone by about −1 % after sunrise in all seasons ex-

cept winter, an effect not measured by GROMOS. This dawn minimum has already
been seen in the model results by Pallister and Tuck (1983). They attributed this deple-
tion of ozone in the morning to the chemistry of NOx.10

Figure 7 is as Fig. 6, but for the mesosphere at 0.35 hPa. The general seasonal
variation agrees and daytime depletion of ozone is around −25 %. An intriguing feature
is that while GROMOS shows a stronger day to night variation in winter (up to −30 %
in November), WACCM has the largest diurnal amplitude in summer (with a relative
amplitude of −26 %). Figure 8 shows the time series of relative night-to-day ratios from15

Aura/MLS at 0.38 hPa (black line). A moving average of the time series can be found
by the red line of Fig. 8. An annual cycle with larger relative night-to-day ratios in winter
than for summer is supporting the GROMOS observations from Fig. 7. Further studies
on the seasonal dependency of the diurnal ozone cycle are needed to help understand
and resolve this discrepancy between the WACCM model and measurements.20

6 Interannual variation of the diurnal ozone cycle

We used the 17 yr of GROMOS measurement to study the interannual variation of
diurnal variations in ozone. Figure 9 presents the results for the two pressure levels
5.76 hPa and 0.35 hPa from Sect. 5. As in Figs. 6 and 7, we find the diurnal amplitude
to be larger in summer than winter at 5.76 hPa and smaller in summer than winter at25

0.35 hPa. Nevertheless, 9 shows that there are strong interannual variations in both
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stratosphere and mesosphere. Averaging several years of data therefore might not
capture the diurnal behavior of specific years.

We tried to verify the strong decrease of GROMOS daytime ozone in winter 2006
in the mesosphere (at 0.35 hPa) by looking again at the Aura/MLS data of Fig. 8.
Aura/MLS also shows a stronger than usual ozone decrease during daytime for Febru-5

ary 2006, but the values of the previous and next month do not show as large ampli-
tudes. The large negative values during daytime in winter 2006 might be linked to the
strong sudden stratospheric warming (SSW) event, described by Manney et al. (2009).
However, other SSWs seem not to have such a prominent signal.

The anomaly at sunrise in the stratosphere of summer 2000 might be explained by10

an anomaly of NOx in the stratosphere (Gebhardt et al., 2013). Another possible rea-
son for the anomaly in summer 2000 is the temperature dependence of ozone. As
mentioned in the introduction, ozone and temperature perturbations are anticorrelated
in the upper stratosphere. This is illustrated in Fig. 10. It shows the day-night differ-
ences of stratospheric ozone and temperature (moving average over 12 months) using15

data from ECMWF (European Centre for Medium-Range Weather Forecast) (2.5 to
5.5 hPa). The correlation coefficient is R = −0.75 (±0.07) at the 95 % confidence level.
In summer 2000, the anomaly of Fig. 10 (low ∆O3, large ∆T ) supports the low day-
time anomaly seen in GROMOS data of Fig. 9a. The signal in temperature and ozone
(small ∆T and large ∆O3) of 1998 in Fig. 10 might be related to the enhanced El Niño20

Southern Oscillation (ENSO) activity of that year and a stronger excitation of thermal
tides. Pedatella and Liu (2012) investigated the migrating and non-migrating variabil-
ity of tides in the mesosphere and lower thermosphere due to the ENSO based on
WACCM simulations. Recently, they also found that the ENSO-driven variability in the
migrating diurnal tide is found to be primarily due to changes in the tropospheric forcing25

(Pedatella and Liu, 2013). We suppose that the increase of temperature during daytime
leads to a reduced accumulation of ozone during daytime (temperature-dependence of
ozone photochemistry).
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7 Conclusions

Stratospheric and mesospheric ozone, measured by the radiometer GROMOS from 17
yr of observation, has been analyzed in order to study its diurnal variability from 50 to
0.2 hPa (∼21–59 km). A climatology of the diurnal ozone cycle above Bern, Switzer-
land, is presented. The observational results from GROMOS have been compared with5

simulation outputs from the WACCM and the HAMMONIA model. Additionally, the two
local solar times of overpasses over Bern from Aura/MLS have been included in the
intercomparison.

We find that observation and models are generally consistent. Amplitudes in the
mesosphere are in the order of −25 % and in the stratosphere an afternoon maximum10

in the order of +4 % is apparent. The sharp phase transition from nighttime ozone
enhancement at mesospheric altitudes to daytime ozone enhancement in the middle
and upper stratosphere occurs in the model simulations approximately 3 km higher
than in the GROMOS measurements.

We investigated for the first time the seasonal variability of the diurnal cycle. The15

long-term climatology 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 in the order of +3 %,

2. a smaller relative diurnal amplitude during summer compared to winter in the20

mesosphere. At 0.35 hPa, the diurnal amplitude in winter is up to −30 %, while for
summer it is around −22 %.

Opposed to the latter result, mesospheric WACCM outputs show a larger mesospheric
amplitude during summer compared to winter.

Further, by looking at the time series of the diurnal ozone cycle from 17 yr of GRO-25

MOS time series, we find a strong interannual variability. Indications are found that
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temperature tides influence the diurnal variation of stratospheric ozone which is due to
the temperature-dependent ozone photochemistry.

Our observational results indicate that the seasonal and interannual variability of the
diurnal variation of stratospheric ozone have to be considered when correcting satellite
data for the diurnal ozone signal to estimate stratospheric ozone trends. Therefore, on-5

going effort is needed in order to improve our knowledge of the diurnal ozone variations
in the stratosphere. For this reasons, a team of scientists from various observation and
model communities have built up a team at the International Space Science Institute
(ISSI) with the goal to tackle the still unresolved subject on “Characterizing Diurnal
Variations of Ozone”.10
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Fig. 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 colors correspond to different time bins.
A zoom into the line center is given in (c) for the median calculation and (d) for the arithmetic
mean, respectively. Four time bins are highlighted by the thick lines.
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Fig. 2. Averaged GROMOS daytime (magenta) and nighttime (blue) profiles for January 2010
as well as the apriori profile (red) are given in the left panel. In the two middle panels, one finds
the daytime and respectively nighttime averaging kernel (AVK) matrix for January. The a priori
contribution to the retrieved daytime (magenta) and nighttime (blue) profiles is shown in the
right panel.
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Fig. 3a. Mean diurnal ozone variation of GROMOS between 50 and 0.2 hPa for January. The
left panel shows the variation of ozone volume mixing ratios (VMR) as a function of local solar
time (LST). The center panel gives the absolute mean difference, while the right panel shows
the relative mean difference ∆O3 in percent. Both, absolute and relative mean differences, are
with respect to the mean nighttime value (22:30–01:30) of January. Magenta lines indicate a
solar zenith angle of 90◦.
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Fig. 3b. Same as Fig. 3a, but for the month of April.
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Fig. 3c. Same as Fig. 3a, but for the month of July.
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Fig. 3d. Same as Fig. 3a, but for the month of October.
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Fig. 4a. Mean diurnal ozone variation of WACCM between 50 and 0.2 hPa for July. The left,
middle and right panel are described in Fig. 3a.
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Fig. 4b. Mean diurnal ozone variation of HAMMONIA between 50 and 0.2 hPa for July. The left,
middle and right panel are described in Fig. 3a.
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Fig. 5a. Relative mean differences for 4 different pressure levels in January. GROMOS is given
by the blue line, while WACCM is given in black and HAMMONIA is given in red. The errorbars
denote the mean standard deviation of GROMOS. Additionally, the relative mean difference
between nighttime and daytime ozone of the two Aura/MLS overpasses is shown by the two
green diamonds.
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Fig. 5b. Same as Fig. 5a, but for the month of July.
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Fig. 6. Mean seasonal variation of diurnal ozone cycle of GROMOS (a) and WACCM (b) for a
fixed pressure level in the stratosphere (5.76 hPa).
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Fig. 7. Mean seasonal variation of diurnal ozone cycle of GROMOS (a) and WACCM (b) for a
fixed pressure level in the mesosphere (0.35 hPa).
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Fig. 8. Time series of relative mean difference between nighttime and daytime ozone values
of Aura/MLS between January 2005 and December 2011. Grey diamonds show monthly mean
values. A moving averaged of 3 month is applied (red).
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Fig. 9. Interannual variation of diurnal ozone cycle from 1995–2011. Pressure levels are the
same as given in Fig. 6 and Fig. 7: (a) shows the interannual variation at 5.76 hPa, while (b)
gives the interannual variation at 0.35 hPa.
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Fig. 10. Anticorrelation between day and night difference in temperature (ECMWF) and ozone
(GROMOS) around 4±1.5 hPa.
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