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[1] In this paper we investigate daily variations in middle atmospheric water vapor and
ozone based on data from two ground-based microwave radiometers located in the
Alpine region of Europe. Temperature data are obtained from a lidar located near the two
stations and from the SABER experiment on the TIMED satellite. This unique set of
observations is complemented by three different three-dimensional (3-D) chemistry-climate
models (Monitoring of Stratospheric Depletion of the Ozone Layer (MSDOL), Laboratoire
de Météorologie Dynamique Reactive Processes Ruling the Ozone Budget in the
Stratosphere (LMDz-REPROBUS), and Solar Climate Ozone Links (SOCOL)) and the 2-D
atmospheric global-scale wave model (GSWM). The first part of the paper is focused on the
first Climate and Weather of the Sun-Earth System (CAWSES) tidal campaign that
consisted of a period of intensive measurements during September 2005. Variations in
stratospheric water vapor are found to be in the order of 1% depending on altitude.
Meridional advection of tidal nature is likely to be the dominant driving factor throughout
the whole stratosphere, while vertical advection becomes more important in the
mesosphere. Observed ozone variations in the upper stratosphere and lower mesosphere
show amplitudes of several percent in accordance with photochemical models. Variations
in lower stratospheric ozone are not solely governed by photochemistry but also by
dynamics, with the temperature dependence of the photochemistry becoming more
important. The second part presents an investigation of the seasonal dependence of daily
variations. Models tend to underestimate the H2O diurnal amplitudes, especially during
summer in the upper stratosphere. Good agreement between models and observations is
found for ozone in the upper stratosphere, which reflects the fact that the O3 daily variations
are driven by the photochemistry that is well modeled.
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1. Introduction

[2] One important driver of daily variations in middle
atmospheric trace constituents is photodissociation. Depend-
ing on altitude and constituent these changes can show large
amplitudes and abrupt transitions at sunrise or sunset quite
similar to step functions as in the case of ozone in the upper
stratosphere and mesosphere. In addition the periodic heating
of the atmosphere by absorption of solar radiation by strato-

spheric ozone and tropospheric water vapor as well as by
latent heat release excites planetary-scale waves that propa-
gate in the whole atmosphere. The sun-synchronous waves of
wavenumbers 1 and 2 are denoted as the diurnal and
semidiurnal migrating tides. These tides are spatiotemporal
disturbances in temperature, density, pressure and wind
which in turn produce variations in the distribution of
constituents through modulation of temperature-dependent
reaction rates, compression, and advection given a nonvan-
ishing gradient in concentration.
[3] The diurnal variation of upper stratospheric and

mesospheric ozone has been intensively discussed [Prather,
1981; Pallister and Tuck, 1983; Vaughan, 1984]. Odd
oxygen (Ox = O + O3) is produced during the day through
photolysis of molecular oxygen. In the middle stratosphere
(up to 40–44 km) all odd oxygen is in the form of ozone. As a
consequence, ozone volume mixing ratios are enhanced
during the day and reach a maximum in the late afternoon.
At higher levels the [O]/[O3] ratio increases owing to its
inverse dependence on density. Therefore more and more of
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5Physical-Meteorological Observatory, World Radiation Center, Davos,

Switzerland.
6Institute for Atmospheric and Climate Science, ETH Zurich, Zurich,

Switzerland.

Copyright 2008 by the American Geophysical Union.
0148-0227/08/2008JD009892

D17303 1 of 13



the odd oxygen resides as atomic oxygen and ozone shows a
strong depletion during the day. After dusk all the O recom-
bines with O2 to O3. In addition, odd oxygen is catalytically
destroyed during the day by NOx, ClOx and HOx. These
processes lead to a characteristic daytime variation in ozone
and to a dependence of the night/day ratio of ozone on water
vapor, which is the main source of HOx compounds
[Vaughan, 1984; Marsh et al., 2003].
[4] The temperature dependence of the ozone concentra-

tion near the stratopause was first noted by Barnett and Pyle
[1975]. Rood and Douglass [1985] and Douglass et al.
[1985] investigated the relationship between ozone and
temperature perturbations taking photochemistry and dynam-
ics into account and found that a wide range of phase
relationships can be observed depending on the importance
of the dynamical terms. Froidevaux et al. [1989] analyzed the
coupling of ozone and temperature taking into account only
photochemistry. In that case the phase relationship is gov-
erned by the ratio of the ozone chemical relaxation time, tc, to
the period of the temperature perturbation, tp. For tp/tc � 1
photochemical equilibrium is always maintained and the
perturbation in ozone mixing ratio, f 0O3

, can be estimated
from the temperature perturbation, T0, as

f 0O3
¼ �QEfO3

T2
T 0; ð1Þ

where fO3
is the ozonemixing ratio, T is temperature,QE is the

equilibrium sensitivity coefficient and its value is in the range
of 1400 K [Barnett and Pyle, 1975] depending on altitude
and for pure oxygen photochemistry. In case of photoche-
mical equilibrium, ozone and temperature are out of phase by
12 h. For temperature perturbations on a timescale of less
than about 4tc, equilibrium cannot be maintained and as a
consequence the sensitivity decreases and ozone leads
temperature by 6 h [Froidevaux et al., 1989]. In case of very
fast temperature perturbations, tp/tc < 0.1, ozone no longer
shows any response. Some initial results on the nature of
short-term (1–3 h) fluctuations of the ozone volume mixing
ratio around the stratopause have been reported by Hocke et
al. [2006].
[5] Adiabatic vertical transport also constitutes an impor-

tant link between temperature and ozone revealing a posi-
tive correlation for positive vertical gradients (ozone
increases with height) and negative correlation for negative
vertical gradients. The quantitative connection between
temperature perturbation and vertical displacement is given
in section 2.3.
[6] In contrast to ozone little is known about the diurnal

behavior of middle atmospheric water vapor because the
variations are small and difficult to measure [Randel, 1990].
H2O enters the middle atmosphere through the tropical
tropopause or is formed by methane oxidation in the strato-
sphere [see Randel et al., 1998, and references therein]. The
long chemical lifetime of water vapor makes it a good tracer
for atmospheric transport processes. Daily variations of H2O
in the middle atmosphere are therefore expected to be
dominated by advection. Large vertical gradients are found
in the lower mesosphere and meridional gradients are max-
imal during autumn in the stratosphere. However, diurnal
amplitudes in vertical and meridional winds are small at these
altitudes and hence amplitudes in water vapor are expected in

the order of 1% or less, only. To our knowledge this effect has
so far not been observed successfully. The small amplitudes
require a large amount of observations at a fixed location in
order to reduce statistical noise. These requirements are met
by the ground based radiometers reported here.
[7] In order to improve our knowledge of the composition

change under the combined effect of photochemistry and
tidal advection processes, observations are required. Up to
now there exists a variety of numerical models dedicated to
climate investigations, data assimilation, ozone-climate pro-
cesses, planetary waves or other issues. Many of such
models have been investigated with respect to diurnal
variations [see, e.g., McLandress, 1997; Hecht et al.,
1998; Morel et al., 2004]. Since the daily variations result
from dynamical-radiative interaction processes, their inves-
tigation and validation with observations provide helpful
information for the evolution and improvement of the
numerical models.
[8] In this work we investigate daily variations in middle

atmospheric water vapor, ozone and temperature observed
at Alpine NDACC stations (Network for the Detection of
Atmospheric Composition Change). The observed daily
variations are compared to the 3-D climate models MSDOL
[Bertaux et al., 1999], LMDz [Eyring et al., 2006] (both are
expected to implicitly include tides), SOCOL [Egorova et
al., 2005] and to the 2-D linearized global scale wave model
GSWM [Hagan et al., 1999], specifically developed to
reproduce tides of the dynamical parameters. The use of
both observational and model data should increase the
confidence in the derived diurnal cycles and allow for a
better characterization.
[9] The paper is organized as follows. In section 2 the

data sets obtained from measurements and models are
presented, and the derivation of daily variations is de-
scribed. Section 3 is dedicated to the first CAWSES
campaign with a detailed description and qualitative com-
parison of the daily variations derived from observational
and model data. In section 4 the analysis is extended to a
longer time period, and seasonal variations in the daily
cycles are investigated with special focus on lower meso-
spheric water vapor. A summary and conclusions are given
in section 5.

2. Data Sets and Analysis

2.1. Observations

2.1.1. MIAWARA
[10] The composition of the middle atmosphere is inves-

tigated with two ground based microwave radiometers
operated in Switzerland. The Middle Atmospheric Water
Vapor Radiometer, MIAWARA [Deuber et al., 2004], is run
by the University of Bern. The measurement site is close to
Bern (47�N,7�E) and is one of the Alpine NDACC stations
(Network for the Detection of Atmospheric Composition
Change). MIAWARA measures the pressure broadened
emission line of H2O at 22 GHz which allows to retrieve
vertical water vapor profiles between 25 and 65 km at a
sampling rate of one profile per hour. The back end
consists of an acousto-optical spectrometer with a fre-
quency resolution of 1.2 MHz and for the inversion a
bandwidth of 300 MHz centered around the line center
frequency has been chosen. The ARTS [Buehler et al.,
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2005] and QPack [Eriksson et al., 2005] software pack-
ages are used for the retrieval. The width of the averag-
ing kernels lies between 12 and 18 km at altitudes of 30
and 50 km, respectively. The measurement is equally
accurate for daytime and nighttime. Rain, however, does
not allow to take measurements. The total error (sum of
systematic error, noise and retrieval smoothing) is less
than 30% between 35 and 55 km and less than 40%
between 30 and 65 km. Precision, however, is more
important in the derivation of daily variations and is
estimated from the standard deviation of the retrieved
water vapor values and is less than 6% over the whole
altitude range. In order to detect variations in H2O of less
than 1% a time period of at least one month is required.
[11] Within the investigation of such small variations also

instrumental effects and calibration issues have to be
considered. The spectra measured at the ground have to
be corrected for the troposphere before information from the
middle atmosphere can be retrieved. This correction is a
pure scaling of the spectrum and it depends mainly on the
tropospheric opacity. Any time-dependent error in this
scaling factor could produce diurnal variations in the
retrieved water vapor values. We thus compared carefully
the diurnal cycles in opacity with those in water vapor and
could not find any correlation that is persistent throughout
the whole year. Also the seasonal evolution of the diurnal
amplitude in opacity differs significantly from the one in
water vapor. The same analysis has been done with receiver
temperature and water vapor revealing the same results.
There is no evidence that the diurnal variations in water
vapor reported in this paper are driven by the tropospheric
correction or by a diurnally evolving error in the calibration.
2.1.2. SOMORA
[12] The Stratospheric Ozone Monitoring Radiometer,

SOMORA, is run by MeteoSwiss at Payerne (47�N,7�E),
another Alpine NDACC station [Hocke et al., 2007]. It
measures the pressure broadened emission line of O3 at
142 GHz allowing to retrieve vertical profiles of volume
mixing ratio between 25 and 55 km with a vertical resolution
of 8–10 km and a time resolution of 30 min by using the
optimal estimation method of Rodgers [1976]. The back end
contains two acousto-optical spectrometers and the total of
3072 channels is reduced to 57 channels with a channel
width of 0.3–100 MHz. The total error (sum of systematic
error, noise, and retrieval smoothing error) is less than 15%
at altitudes from 20 to 40 km and around 30% in the lower
mesosphere [Calisesi, 2003]. The precision is derived from
the standard deviation of the nighttime ozone values between
20 and 4 h local solar time and lies between 2 and 3% of the
mean nighttime value below 40 km and increases to 7% at
55 km. The instrument is in operation since the year 2000.
Both radiometers are run continuously within NDACC.
2.1.3. Retrieval Issues
[13] In the retrieval process information from the mea-

surement, for example, the intensity spectrum of a transition
line of the molecule of interest, is added to a first guess of
the vertical distribution of the constituent under consider-
ation, namely to the a priori profile. The retrieved profile is
thus a mix of an a priori guess and information from the
measurement and it is characterized by the averaging kernel,
AVK, which is the response of the retrieved profile to a
change in the true atmosphere. The FWHM and the area of

the AVK functions are measures of the vertical resolution
and the sensitivity of the retrieval to the measurement. To
compare the retrieved profile to an other measured or
modeled profile with higher vertical resolution, the AVK
should be taken into account. However, we decided not to
take the AVK into account in the analysis for the following
reasons: In case of water vapor only little is known about
daily variations in the middle atmosphere. As it is the aim to
characterize these variations it does not make sense to
impose the deficiencies of the observations to the model data
even though this would improve the comparison. Interesting
features would get lost in the model data that are likely to
happen in the real atmosphere as well but that do not show up
in the observations owing to their limitations in resolution
and sensitivity. As a control most of the analysis has been
done also under consideration of the AVK and whenever
large discrepancies between observations and models can be
attributed to AVK effects it is discussed in the text.
[14] The altitude range where the contribution of the

measurement is high is mainly given by the spectral
bandwidth and the resolution of the measurement. The
thermal noise on the measured intensity spectrum is mapped
to the ozone and water vapor profiles by the retrieval. Hence
the retrieved mixing ratio values are most noisy at altitudes
where the contribution of the measurement is largest and
decrease toward the upper and lower boundary with increas-
ing contribution of the a priori profile. This explains why the
time series of water vapor as shown in Figure 3 in section
3.1.1 are more noisy at 3.14 hPa than at 0.10 hPa, for
instance. The decreasing contribution of the measurement
to the retrieved profile leads to an underestimation of the
daily variations at the upper and lower limit of the altitude
range as the daily variations are not accounted for in the a
priori profile. The investigated altitude range is restricted to
the levels where the contribution of the a priori value is less
than 40%. A priori information on H2O is based on the US
standard atmosphere and is kept constant for all seasons. The
a priori profiles of O3 are two climatological mean profiles for
summer and winter. Pressure and temperature profiles are
also required to retrieve the volume mixing ratio profiles and
ECMWF analyses at a 6-hourly basis are used.
2.1.4. OHP Lidar
[15] Since 1979 routine lidar measurements are con-

ducted at the Observatory of Haute-Provence (OHP) in
France (42�N,7�E), another Alpine NDACC station. This
site is located 3� south from Bern and 360 km apart which is
quite small compared to tidal scales. During clear nights, the
lidar can be operated continuously and provides hourly
temperature profiles between 30 and 80 km. The statistical
noise is better than 1 K below 70 km and improves at lower
altitudes up to a few tenth of degree at 30 km [Hauchecorne
and Chanin, 1980]. Because this lidar uses the 532 nm
wavelength, it cannot operate during daytime with the same
accuracy and only part of the diurnal cycle can be retrieved.
However, the diurnal evolution can be observed during
nighttime and the tidal signature can be extracted from a
composite time series (see section 2.3).

2.2. Models

2.2.1. MSDOL
[16] The Monitoring of Stratospheric Depletion of the

Ozone Layer system, MSDOL [Bertaux et al., 1999], is a
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3-D dynamics-chemistry-transport mechanistic model run-
ning with an interactive ozone chemistry using the
REPROBUS (Reactive Processes Ruling the Ozone Bud-
get in the Stratosphere) code [Lefèvre et al., 1994, 1998].
The ozone field can be fully interactive or adjusted by data
assimilation [Bertaux et al., 1999]. The model covers the
altitude range from 10 to 80 km with a resolution of about
3 km in the vertical, 5� in latitude and 11.6� in longitude.
For this study MSDOL has been running in an interactive
mode without data assimilation. However, to produce
realistic values horizontal wind, temperature and geopo-
tential fields below 10 hPa have been nudged to European
Center for Medium range Weather Forcast (ECMWF)
daily reanalysis data that are available every 6 h. The
ability of MSDOL to reproduce tides has been investigated
by Morel et al. [2004]. Radiative forcing is included in the
dynamical equations based on solar heating due to O3 and
O2 absorption, and CO2 infrared cooling. The solar heating
due to the absorption of UV radiation by O3 and O2 is
computed using the parameterization of Strobel [1978],
with coefficients updated from Zhu [1994]. CO2 cooling
rates for the 15 and 4.3 mm bands are calculated using the
algorithm supplied by Fels and Schwarzkopf [1981] and
Schwarzkopf and Fels [1985]. Gravity wave drag is
simulated using a simple Rayleigh friction. The chemical
model includes 33 chemical species and 5 chemical
families. The species are grouped into two categories:
short-lived species are assumed to be in photochemical
equilibrium in their family; long-lived species are affected
by both photochemistry and transport. The advection
scheme implemented in MSDOL is a van Leer Eulerian
scheme [van Leer, 1977].
2.2.2. LMDz
[17] LMDz-REPRO (LMD: Laboratoire de Météorologie

Dynamique, REPRO: see section 2.2.1) is a fully coupled
3-D Chemistry-Climate Model (CCM) [Eyring et al.,
2006] that is one of the components of the IPSL (Institut
Pierre-Simon Laplace) earth system model. The dynamical
model used is the stratospheric extension of the LMDz
fourth-generation atmospheric GCM described by Lott et
al. [2005]. It is a gridpoint model. In the horizontal
direction, the equations are discretized on a staggered
latitude-longitude Arakawa-C grid. It currently uses a
uniform resolution of 2.5� in latitude and 3.75� in longi-
tude. The vertical coordinate is a hybrid sigma pressure. It
currently uses 50 levels with the upper boundary near 65 km.
The resolution in the stratosphere varies slowly from 1 km at
12 km to 3 km at 50 km and reaches 6 km at the model top.
The salient features of the physical parameterizations used in
the model are a radiation scheme based on the ECMWF
scheme [Morcrette, 1989], a convection scheme based on
work by Tiedke [1989], a Subgrid Scale Orography (SSO,
which forces orographic gravity waves) scheme based on
work by Lott and Miller [1997] and Lott [1999], and a
Doppler-spread nonorographic gravity waves scheme based
on work by Hines [1997] and adapted from Manzini and
McFarlane [1998]. The transport of tracers is calculated
using the Van Leer scheme I (a first-order volume finite
scheme with slope limitation) [van Leer, 1977; Hourdin and
Armengaud, 1999]. The model is interactively coupled to the
module of atmospheric chemistry from the REPROBUS

chemistry transport model. The module contains a compre-
hensive stratospheric chemistry scheme. It describes a large
range of chemical reactions associated with species from Ox,
HOx, ClOx, BrOx and NOx families and source gases. The
model includes both gas-phase chemistry and heterogeneous
chemistry on aerosols and polar stratospheric clouds. The
model-calculated fields of radiatively active species such as
ozone or CH4 are used as input variables of the radiative
routine. As a result, chemistry impacts dynamics. In return,
themodel-calculated winds are used to transport the chemical
tracers and the model-calculated temperatures are used in the
chemical module. Therefore, dynamics impacts chemistry.
Because of this configuration, most CCMs are fully interac-
tive and are probably the most suitable tools to make
predictions of the atmospheric composition in a changing
climate.
2.2.3. SOCOL
[18] The chemistry-climate model SOCOL (Solar Climate

Ozone Links) is a combination of the middle atmosphere
MA-ECHAM4 General Circulation Model and a modified
version of the atmospheric chemistry-transport model
MEZON (Model for the Evaluation of Ozone Trends).
The MA-ECHAM4 model is the middle atmosphere version
of ECHAM4 (European Center/Hamburg 4), which has
been developed at the Max Planck Institute for Meteorology
in Hamburg, Germany. It is a spectral model with T30
horizontal truncation resulting in a grid spacing of about
3.75�; in the vertical direction the model has 39 levels in a
hybrid sigma-pressure coordinate system spanning the
model atmosphere from the surface to 0.01 hPa; a semi-
implicit time stepping scheme with weak filter is used with
a time step of 15 min for dynamical processes and physical
process parameterizations; full radiative transfer calcula-
tions are performed every 2 h, but heating and cooling rates
are calculated every 15 min. The model includes the
parameterizations for the orographic gravity wave and
momentum flux deposition due to a continuous spectrum
of vertically propagating gravity waves. A more detailed
description of MA-ECHAM4 is given by Manzini and
McFarlane [1998, and references therein]. The chemical-
transport part of the model [Rozanov et al., 1999; Egorova
et al., 2003] simulates 41 chemical species from the oxygen,
hydrogen, nitrogen, carbon, chlorine and bromine groups,
which are determined by 202 gas-phase and photolysis
reactions. The model also takes into account 16 heteroge-
neous reactions. The chemical solver is based on the pure
implicit iterative Newton-Raphson scheme. The reaction
coefficients are taken from Sander et al. [2000]. The
photolysis rates are calculated at every 2-hour-long chem-
ical-transport step using a look-up-table approach. This
parameterization takes into account the photodissociation
in the spectral region between 120 and 170 nm, which is
significant for the chemistry of the mesosphere. The trans-
port of all considered species is calculated using the hybrid
numerical advection scheme proposed by Zubov et al.
[1999]. MA-ECHAM4 and MEZON are interactively cou-
pled by the radiative forcing induced by ozone, water vapor,
methane, nitrous oxide, and chlorofluorocarbons. The CCM
SOCOL has been comprehensively evaluated by Egorova et
al. [2005] and Rozanov et al. [2005] as well as in the
framework of the SPARC CCMval campaign [Eyring et al.,
2006] and reviled some problems. Here in this study we use
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version 2.0 of CCM SOCOL in which found problems have
been corrected and described in detail by Schraner et al.
[2008].
2.2.4. GSWM
[19] The GSWM is a 2-D, linearized, steady state numer-

ical tidal and planetary wave model which extends from the
ground to the thermosphere. Background temperatures and
densities are specified by MSISE90 [Hedin, 1991]. Below
20 km the background winds are taken from the semiem-
pirical model of Groves [1995, 1997], but the stratomeso-
spheric jets and mesopause region winds are based upon
Upper Atmosphere Research Satellite (UARS) High Reso-
lution Doppler Interferometer (HRDI) climatologies [Hagan
et al., 1999]. Above 125 km mean zonal winds are from
HWM93 [Hedin, 1991, 1996]. GSWM employs the tropo-
spheric tidal heating formulae of Groves [1982] which are
based on 3-month averaged global models of specific
humidity centered on January, April, July, and October.
These heating rates were linearly interpolated for the
GSWM-00 calculations. In the stratosphere, throughout
the mesosphere, and into the lower thermosphere GSWM
tidal heating is based upon a parameterization reported by
Strobel [1978].
[20] For this study we used GSWM-00 which produces

monthly migrating tidal climatologies and which is a
extension to GSWM-98 [Hagan et al., 1999]. MSDOL
and GSWM have been compared in the work of Morel et
al. [2004] with respect to tides. The diurnal amplitude in
temperature shows a maximum at midlatitudes at around
45 km, corresponding to the region of maximum heating
by ozone. This maximum is described well by both models
but is generally smaller in GSWM. Above 60 km however,
the diurnal amplitudes predicted by GSWM are larger than
in MSDOL by a factor of 1.5.

2.3. Derivation of Daily Variations

[21] A statistical approach has to be chosen to derive
daily variations from climate model and radiometer data:
Each obtained value of volume mixing ratio, f, is trans-
formed to the relative deviation from the daily mean: f * =
(f � f )/f , where f is the daily mean. These deviations are
binned into i intervals of 24/i h based on local solar time
(i = 24 for ozone and i = 12 for water vapor). The mean
values of each of these intervals give finally the mean
deviation from the daily mean, the daily variation. The
errors of these mean values are estimated by si/

ffiffiffiffi

ni
p

where si is the standard deviation, and ni is the number
of data points within the interval i. As noise on the
retrieved values by far exceeds the amplitudes of daily
variations, the analysis requires at least one month of
data. This makes it impossible to study day to day
variations but still allows to study the seasonal behavior
of the daily cycle. Additionally, sine and cosine waves
with periods of 12 and 24 hour periods are fitted to the
daily cycles and the amplitude and phase of the diurnal
and semidiurnal component are derived from the coeffi-
cients. The phase is defined as the local solar time of the
maximum. Even though harmonic decomposition may not
always be a good representation of the physics behind the
daily variations of atmospheric composition and step or
tent functions might be more appropriate it is still useful
for direct comparison purposes.

[22] In case of lidar a lot of resources are required for
the operation. Full night measurements are only performed
on a campaign basis. In addition to the partial coverage of
the diurnal cycle, tides are also masked by the propagation
of gravity waves. Several nights are usually averaged to
get a better signal to noise ratio. However the mean
diurnal cycle due to tides can also interact with longer
periods and the analysis is not trivial [Morel et al., 2002].
With some assumption about the phase, or during winter
time when longer dark periods allow to cover 14 h of
continuous measurements, tidal amplitudes of temperature
can be retrieved by fitting a 12- and a 24-hour cosine
wave to the time series [Gille et al., 1991; Keckhut et al.,
1996].
[23] In case of GSWM the daily constituent variations are

calculated analytically as follows from GSWM winds and
monthly mean meridional gradients derived from MLS/
Aura satellite data [Froidevaux et al., 2006] and monthly
mean vertical gradients derived from radiometer data. To a
first approximation the contributions from zonal, meridional
and vertical advection can be calculated separately and
added together in order to get the total perturbation. The
ith component of the displacement, di(t, z), at time t and
altitude z is obtained by integration of the according wind
component. Multiplication of di(t, z) with the gradient in
volume mixing ratio along the dimension i, ri f, leads to
the constituent perturbation

f 0 t; zð Þ ¼ �di t; zð Þrif : ð2Þ

If adiabatic vertical motion is assumed the vertical displace-
ment, dz(t, z), can also be estimated from the temperature
perturbation as follows [Ehhalt et al., 1983]:

dz ¼ � T 0

T

g

N2
; ð3Þ

where T0, T andN2 are the temperature perturbation, the mean
temperature and the Brunt-Väisälä frequency squared,
respectively.

3. Observations During the First CAWSES
Campaign

[24] CAWSES (Climate and Weather of the Sun-Earth
System) is an international program sponsored by SCO-
STEP (Scientific Committee on Solar-Terrestrial Physics)
focused on the space environment and its impacts on life
and society. Within this project coordinated campaigns on
tides are organized to study their influence from the tropo-
sphere to the thermosphere. The first CAWSES campaign,
herein after referred to as C1, took place in September and
October 2005.
[25] During C1 both radiometers were running continu-

ously collecting 600 water vapor and 1800 ozone profiles.
The lidar was in operation whenever the conditions allowed
it covering the times specified in Figure 1. As discussed in
section 2.2 the MSDOL model has been nudged to ECMWF
reanalysis data to produce realistic atmospheric conditions
while LMDz was run in fully interactive mode for the year
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2005. The SOCOL run does not cover the year 2005 and is
not taken into account in this Section.

3.1. Time Series

[26] The vertical distribution of water vapor and ozone are
characterized by a pronounced maximum at 45–55 km and
30–35 km, respectively, as shown in Figure 2. These maxima
are herein after called peak heights. Large variability is found
among the different data sets in case of both ozone and water
vapor. The peak heights range from	50 km (MIAWARA) to
	60 km (SOCOL) in case of water vapor with maximum
values between 5 ppmv (LMDz) and 6.5 ppmv (SOCOL).
The peak heights in ozone are found between 30 km
(MSDOL) and 36 km (SOMORA) and the maximum values
are between 7 ppmv (SOCOL) and 8.25 ppmv (MSDOL).
3.1.1. Water Vapor
[27] Water vapor has been analyzed at 3.14 hPa (upper

stratosphere, below peak height) and at 0.10 hPa (lower

mesosphere, above peak height) and results are shown in the
top two panels of Figure 3. At 3.14 hPa a diurnal cycle is
apparent in the observations with a double bumped maxi-
mum of 1% of the daily mean between 6 and 12 h and a
clear minimum at 18 h. The MSDOL and LMDz models are
in good agreement with the observations showing enhanced
water vapor values between midnight and noon followed by
a minimum short after 18 h. The observed diurnal evolution
at 0.10 hPa is similar to the one observed at the lower level
with a pronounced maximum at 4 h but an amplitude less
than 0.5%. MSDOL shows a strong semidiurnal component
at this level. It has to be noted that the measurement does
not have the full sensitivity at this level and the amplitude is

Figure 2. Mean water vapor (solid line) and ozone (dashed
line) profiles of the first CAWSES campaign in September/
October 2005. MIAWARA-radiometer (black), SOMORA-
radiometer (black), MSDOL (red), LMDz (blue), and
SOCOL (cyan).

Figure 1. Time coverage of lidar measurements at OHP
from 1700 local time (LT) to 0500 LT during the first
CAWSES campaign in September/October 2005.

Figure 3. Mean relative daily variations of H2O and O3

volume mixing ratios at fixed pressure levels as a function of
local solar time and averaged for the first CAWSES campaign
in September/October 2005 derived from observations (black
line) and from models: MSDOL (red line) and LMDz (blue
line). The error bars represent the errors of the mean values as
described in section 2.3.
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likely to be underestimated. The LMDz model is close to its
top and is not shown at this level.
3.1.2. Ozone
[28] Ozone cycles are derived for the levels at 27.61 hPa

(lower stratosphere, below peak height), 3.14 hPa (strato-
sphere, above peak height) and 0.55 hPa (stratopause, above
peak height). Observations show a pronounced diurnal
cycle at 27.61 hPa with a maximum of 1% short before
midnight. Both MSDOL and LMDz are out of phase with
the observations by 6 h and show smaller amplitudes. In the
observations a phase change of 12 h takes place between the
27.61 and the 3.14 hPa level. At 3.14 hPa observed ozone
shows a maximum around 16 h as a consequence of the
production of odd oxygen through photolysis and the low
[O]/[O3] ratio. The peak to peak amplitude is around 5%
which is in agreement with photochemical models [Pallister
and Tuck, 1983; Ricaud et al., 1994]. The SOMORA
measurements confirm nicely the predictions of photochem-
ical models about midstratospheric ozone. Observational
evidence of this feature has been reported by Connor et al.
[1994], Huang et al. [1997] and very recently by Huang et
al. [2008] who’s results derived from TIMED/SABER are
in good agreement with our observations. MSDOL is almost
in perfect agreement with the observations at this level. The
flat shaped daytime enhancement is an indication of cata-
lytic destruction of ozone. LMDz does not show any
indication of daytime depletion at this level and overesti-
mates the amplitude in ozone. At 0.55 hPa ozone is
dramatically depleted in the daytime as most Ox resides in
the form of atomic oxygen because the [O]/[O3] ratio
increases with decreasing air density. The peak to peak
amplitude is around 25% (Figure 3) again in agreement with
photochemical models [Vaughan, 1984; Ricaud et al., 1994;
Schneider et al., 1999]. The night-day differences are well
reproduced by MSDOL and LMDz but a time lag of 2 h with
respect to the observations is noted.
3.1.3. Temperature
[29] The diurnal evolution of temperature can be observed

in the stratosphere by lidar. The comparison with the different
models reveal a quite good agreement as shown in Figure 4. It
has to be noted that the SOCOL run does not cover the year
2005 and the data shown in Figure 4 is for the year 2000. A

statistical tidal model was developed using UARS data
[Keckhut et al., 1996] for the OHP latitude and is also in
good agreement with OHP observations with an amplitude
slightly larger and a small phase shift of a few hours. The
recombined time series from monthly mean tidal analysis
from SABER data [Zhang et al., 2006] also show larger
amplitudes but agree well in terms of phase. No accurate
hourly temperature data could be retrieved in the mesosphere
from lidar measurements as the variability is too high and no
systematic diurnal evolution can be extracted from the noise.

3.2. Vertical Structure

[30] Diurnal anomalies around the altitudes where direct
forcing applies (photodissociation or direct radiative heating)
are not expected to follow sinusoid functions. However, to
investigate the diurnal evolution with altitude the mean daily
variations of water vapor and ozone derived from observa-
tions have been decomposed into the diurnal and semidiurnal
components at all pressure levels. The vertical structure of the
amplitude and phase of the diurnal component is shown in
Figure 5. The phase is defined as the local solar time of the
maximum.

Figure 4. Nighttime evolution of the temperature anomaly
with respect to the nighttime mean between 1700 LT and
0500 LT at 45 km. UARS refers to the statistical model
described by Keckhut et al. [1996].

Figure 5. (top) Vertical profiles of the amplitude and
phase of the diurnal component of water vapor variations
derived from observations (black line), MSDOL (red line),
and LMDz (blue line) averaged for the first CAWSES
campaign in September/October 2005. The phase is defined
as the local solar time of the maximum. The contributions of
meridional (red dashed line) and vertical advection (red
dash-dotted line), respectively, derived from MSDOL winds
and volume mixing ratio gradients according to equation (2)
are shown as well. (bottom) Vertical profile of amplitude
and phase of the daily variation in ozone from observations
(black line), MSDOL (red line), and LMDz (blue line). The
temperature phases derived from MSDOL (red dashed line)
and SABER data (green line) are also shown.
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3.2.1. Water Vapor
[31] The observed diurnal amplitude in H2O shows two

distinct maxima at 10 hPa and 0.6 hPa with values
around 1%. Above 0.6 hPa the amplitude does not
increase as one would expect because of the decreasing
contribution of the measurement to the retrieved value
(see section 2.1). The phase change from 9 h to 3 h at 3 hPa
coincides with the pressure level of a local minimum in
amplitude.
[32] The diurnal amplitudes derived from the model data

show similar vertical structures with local maxima in the
stratosphere but they are smaller than the observed ampli-
tudes. The maxima are found at 0.7 hPa in LMDz and at
2 hPa in MSDOL data, respectively. In addition to the
full MSDOL model also the contributions from meridio-
nal and vertical advection according to equation (2) are
presented in Figure 5. According to MSDOL meridional
advection is the main driver of the diurnal variation in
stratospheric water vapor. Semidiurnal variations are caused
by vertical and meridional advection to the same extent but
reach only half of the amplitude of the diurnal component
(not shown here). The interaction of vertically decreasing
meridional gradients with increasing wind amplitudes above

3 hPa leads to a local maximum in the diurnal amplitude at
2 hPa. Above 0.10 hPa vertical advection starts to govern
daily variations and the diurnal amplitude shows a fast
increase with height because of the amplification of the
tidal waves with decreasing density. LMDz does not show
this feature because the upper boundary of this model is at

0.10 hPa. In the stratosphere simulated amplitudes are
generally smaller than observed. The phases as simulated
by MSDOL and LMDz are very constant throughout the
stratosphere and show only little variation below 0.2 hPa.
Compared to the observations, MSDOL is 3 h in advance
below 3 hPa and 3-4 h behind above 3 hPa. Above 0.2 hPa
MSDOL reveals very different amplitudes and phases
suggesting different mechanisms for daily variations.
3.2.2. Ozone
[33] The vertical structure of diurnal amplitude and phase

in ozone is presented in the bottom panels of Figure 5.
Observations show a local maximum in amplitude of 3% at
10 hPa coincident with the level of the maximum ozone
volume mixing ratio (Figure 2). Above 2 hPa amplitudes
increase to high values as predicted by photochemistry.
Between 20 and 3 hPa the diurnal phase is constant at
14 h and an abrupt change occurs at 2 hPa where the
phase changes to midnight. This can be understood from
photochemistry as summarized in section 1. Below 20 hPa,
however, the phase is found short after midnight close to
the phase of observed temperature variations (Figure 5).
This is a strong indication that vertical advection is the
dominating process behind the ozone variations at this

level because it is below the peak height. Both models are
in good agreement with each other and reproduce all
features found in the observations. However, the local
maximum in amplitude is found at higher levels at around
3 hPa and the amplitudes are substantially smaller than
observed below 4 hPa. The phases as derived from the
observations and models agree well above 20 hPa and major
discrepancies between observations and models are found
below this level. But we note that ozone and temperature
modeled by MSDOL are in phase which confirms that
vertical transport may be the dominating process in the lower
stratosphere.

4. Seasonal Investigations

[34] In order to characterize the daily variations in ozone
and water vapor for different seasons, data of months 3, 6
and 9 have been averaged over 2–3 years. The coverage of
each data set is given in Table 1. In order to sufficiently

Table 1. Coverage of the Data Sets

Data Set Time Period

MIAWARA Jan 2003 to Sept 2006
SOMORA Jan 2003 to Dec 2006
SABER 2002–2006
MSDOL Sept 2004 to March 2006
LMDz 2005
SOCOL Jan 1998 to Dec 2000

Figure 6. Relative daily variations in water vapor and
ozone at constant pressure levels as function of local solar
time derived from observations (black line), MSDOL (red
line), LMDz (blue line), and SOCOL (cyan line). Data have
been averaged over several years (see Table 1) and over
months (left) 3, (middle) 6, and (right) 9. The error bars
represent the errors of the mean values as described in
section 2.3.
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reduce noise MIAWARA data have been averaged over the
months 3/4, 6/7 and 9/10.

4.1. Time Series

4.1.1. Water Vapor
[35] In case of dynamically driven changes it has to be

noted that the seasonality is a superposition of the season-
ality in the winds and the gradients of composition. There-
fore equinox conditions had to be split in spring and fall
equinox as the gradient in water vapor is of different
peculiarity for these seasons. The meridional gradient in
water vapor, as derived from Aura/MLS data [Froidevaux et
al., 2006], is maximal for the months 9 and 10 at 2 hPa
reaching 6 � 10�4 ppm/km, twice as large as in spring.
[36] Observations and models reveal no significant cycles

during spring equinox (Figure 6). During summer and fall a
diurnal component with a minimum at around 18 h is
dominating in the observations and the MSDOL and LMDz
models. Analysis of the MSDOL data reveals that during
the months 6 and 9 the meridional gradients are large and
lead to amplitudes of more than 0.3% while in spring
amplitudes of the full model do not exceed 0.1% and both
meridional and vertical advection are important (not shown
here). Only weak cycles are generally observed at 0.10 hPa
and maximum amplitudes of 0.1% are found for fall
equinox (Figure 6). In contrast to the observations the
MSDOL and SOCOL models show amplitudes up to 1%
at this level. Again, observed amplitudes are likely to be
underestimated because of the lower sensitivity at this level.
4.1.2. Ozone
[37] At 27.61 hPa, no systematic cycle can be found

in ozone during spring neither in observational nor in
model data. However in summer a clear minimum is
found at 6 h followed by a maximum at 16 h which is
also simulated by MSDOL with somewhat lower ampli-
tude. Observations reveal a maximum of 1% at 2 h during

fall equinox when the models are in good agreement with
each other showing similar amplitudes as observed but
are 6 h behind the observations. At 3.14 hPa the
enhancement during daytime is largest in summer when
the solar zenith angle is smallest and hence the produc-
tion of odd oxygen is largest. This is clearly reproduced
by LMDz and SOCOL while MSDOL shows strong
daytime depletion during all seasons. The smallest ampli-
tude is observed during spring equinox, where again a
flat-shaped daytime enhancement could be an indication
of catalytic destruction of ozone. However, there is no
evidence for daytime ozone depletion in LMDz and SOCOL
data.

4.2. Vertical Structure

[38] The vertical profiles of the diurnal amplitude and
phase derived from daily variations in ozone and water
vapor are shown in Figures 7 and 8 (see also section 3.2).
4.2.1. Water Vapor
[39] The largest amplitudes in water vapor are observed

during summer and fall at 1–2 hPa. The double-peak
structure observed during C1 (Figure 5) is not characteristic
for fall equinox but we note that the amplitude at 10 hPa is
clearly largest during this season. MSDOL shows a very
similar behavior but the local maximum is predicted some-
what lower at 2–3 hPa. Below 1 hPa SOCOL and LMDz
show the small amplitudes during all periods which is a
consequence of the small meridional gradients in the H2O
field of SOCOL and LMDz (see Figure 9). The strong
increase above 0.2 hPa found in MSDOL and SOCOL data
is expected to be present in the real atmosphere as well
because of the strong vertical gradient in H2O and the
amplification of the tidal winds with increasing altitude.
However, the measurement fails to detect this increase
because its sensitivity gradually decreases above 0.10 hPa.

Figure 7. Vertical profiles of the amplitude and phase of the diurnal component of water vapor derived
from observations (black line), MSDOL (red line), LMDz (blue line), and SOCOL (cyan line). The plots
represent data averaged over several years (see Table 1) and over months (left) 3, (middle) 6, and (right) 9.
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LMDz is not reliable at the upper levels because it is close
to its upper boundary at 0.10 hPa.
4.2.2. Ozone
[40] Observations and models reveal generally a consis-

tent picture of daily ozone variations in the middle atmo-
sphere. Large amplitudes of 10 to 20% are found above
2 hPa where ozone is dramatically depleted during
daytime. Daytime maxima occur below 2 hPa and are largest
in summer but do not exceed 4% in amplitude. Large
discrepancy in amplitude is found among all data sets during
spring equinox between 3 and 6 hPa and between observa-
tions and models below 20 hPa in summer and fall. The
phases are very consistent above 20 hPa and disagree
substantially below 20 hPa in spring.
[41] The diurnal phase of temperature derived from

SABER data is shown as well in Figure 8. Observations
reveal the following phase relationship between ozone and

temperature: The phase lag of 12 h in spring at 6 hPa
shrinks to 6 h at 40 hPa where ozone leads temperature. The
phase profiles in summer reveal no systematics. During fall
equinox temperature and ozone are out of phase at 20 hPa
and change to in phase at 40 hPa. MSDOL and SOCOL
behave very similar in terms of the phase relationship
between O3 and T. However, in MSDOL the phase lag
does not exceed 6 h indicating that photochemical equilib-
rium is never maintained (see section 1). SOCOL indicates a
strong temperature dependence of ozone below 20 hPa in
summer where ozone leads temperature by 6 h.

4.3. Comparison With GSWM

[42] The seasonal evolution of amplitude and phase in
H2O at 65 km has been investigated and compared to the
GSWM (Figure 10). For this purpose observed daily varia-
tions have been decomposed in a diurnal and a semidiurnal

Figure 9. Vertical profiles of the meridional gradient derived from MSDOL (red line), LMDz (blue
line), SOCOL (cyan line), and Aura/MLS measurements (black line) for months 3 (spring equinox),
6 (summer solstice), and 9 (fall equinox).

Figure 8. Same as Figure 7 but for ozone. The temperature phases derived from SABER temperature
data (green line) are also shown.
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component. For comparison amplitudes and phases of wind-
induced composition changes have been estimated accord-
ing to equation (2) using winds from GSWM and the
vertical gradient in volume mixing ratio derived from
radiometer data. For comparison a harmonic function with
a 12 month period has been fitted to the amplitudes and
phases. The results derived on altitude surfaces differ from
those derived on pressure surfaces because the pressure
surface itself is moving up and down as part of the tidal
wave. As a consequence the amplitudes derived on pressure
surfaces are generally smaller than those derived on altitude
surfaces as shown in Figure 10.
[43] Enhanced diurnal amplitudes are observed during

summer while semidiurnal amplitudes are maximal in
winter (Figure 10). Diurnal phases are very constant
throughout the whole year and semidiurnal phases show a
strong seasonality. The agreement with GSWM is generally
good. Maximal diurnal amplitudes are predicted somewhat
later in the year and are generally larger by 50%. Good
agreement is found for the semidiurnal amplitude in terms
of amplitude and seasonality. A constant offset between
observations and GSWM is found for the phases but the
seasonal dependence is in good agreement.

5. Summary and Conclusions

[44] The correct treatment of tides in atmospheric general
circulation models is necessary for an improved description
of interactions between radiative, chemical and dynamical
processes on timescales from hours to days. Also, a correct
parameterization of processes operating on short timescales
in the atmosphere are in turn important for the simulation of
long-term changes. In this study, data from ground based
radiometers and lidar have been analyzed in order to
characterize daily variations in middle atmospheric water
vapor, ozone and temperature over the Alps and detailed

comparisons with the chemistry-climate models MSDOL,
LMDz and SOCOL have been made.
[45] Water vapor is a long-lived trace gas in the strato-

sphere. Consequently, changes on a timescale of a day are
governed by advection. By means of a simplified advection
scheme and on the basis of MSDOL winds and water vapor
fields, we have found that the daily variations of H2O are
mainly induced by meridional advection in the stratosphere
and by vertical advection in the mesosphere. We have also
noted that both LMDz and MSDOL underestimate absolute
values of water vapor over the whole vertical range by

20% compared to observations while SOCOL overesti-
mates water vapor by more than 10% compared to the
observations. This reflects the difficulty to properly model
middle atmospheric water vapor.
[46] Photochemistry is the dominant process for daily

variations in ozone in the middle-upper stratosphere and
mesosphere. Two regimes can be identified: Above 2 hPa,
ozone is dramatically depleted during daytime while, below
2 hPa, a daytime enhancement in ozone is observed. This
behavior is attributed to the [O]/[O3] ratio which depends
strongly on air density and UV levels; the ratio increases
with height. The transition layer below which dynamical
and temperature-dependent processes become more impor-
tant than photochemistry lies at 
10 hPa and varies with
season (being located at lower levels in summer).
[47] One of the main focuses of this work was to analyze

the first CAWSES campaign of September/October 2005. In
the stratosphere, at 3.14 hPa, the daily variations of water
vapor show amplitudes between 0.5 and 1% with a distinct
minimum at around 18 h. The observed vertical structure of
the diurnal amplitude showed an enhancement in the
stratosphere and a decrease toward the mesopause. This
behavior is likely to be due to the interaction of daily
oscillations in the meridional wind and the meridional

Figure 10. Monthly mean (left) diurnal and (right) semidiurnal (top) amplitudes and (bottom) phases at
65 km derived from MIAWARA (circles) and from GWSM winds and H2O volume mixing ratio
gradients (Aura/MLS data) according to equation (2) (crosses). For comparison, harmonic functions with
periods of 12 months are fitted to the observational data (solid line) and to the model data (dashed line).
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gradient in water vapor. All models under consideration
could qualitatively simulate these features. However, in
terms of absolute magnitude, significant differences were
found between the observations and the model simulations
and between the different model simulations. In the meso-
sphere the observed variations are generally smaller than
what is predicted by the models even under consideration of
the low sensitivity of the measurement in the mesosphere.
[48] The main feature in O3 daily variations, at 3.14 hPa,

is an enhancement during the day reaching a maximum of
about 2% shortly before 18 h. All models were able to
reproduce these features and also to resolve some small-
scale features. However, there are still uncertainties pertain-
ing to the contributions of the different catalytic cycles of
ozone destruction.
[49] We also performed an analysis on seasonal time-

scales. The results indicate that uncertainties exist with
respect to the amplitude of daily variations in stratospheric
water vapor which arise partly from the differences in the
meridional gradient that in turn is mainly governed by the
large-scale meridional circulation. In case of the H2O
observations, an underestimation of the amplitudes in the
lower mesosphere arises from the influence of a priori
information to the retrieval.
[50] Generally, in the case of ozone, the seasonal depen-

dencies of the diurnal variations derived from the observa-
tions and in the model simulations are found to be rather
consistent. Diurnal variations in the stratosphere can be as
large as 4% in summer and large variability is noted in
terms of catalytic destruction during daytime depending on
season and model. The absolute values of water vapor, the
source of HOx, could not explain the differences. Large
discrepancies are also found in the day-night differences of
mesospheric ozone and in the amplitude and phase in the
lower stratosphere where dynamical and temperature-
dependent processes play an important role.
[51] Monthly mean diurnal and semidiurnal amplitudes

and phases in water vapor at 65 km were derived at different
seasons. The diurnal amplitudes are found to be maximal in
summer, which is consistent with the GSWM simulations.
However, the maximum occurs 2 months later compared to
the observations. Model-calculated diurnal amplitudes are
twice as large as observed; this is probably related to the
limited sensitivity of the measurement at this altitude.
Diurnal phases do not exhibit a distinct seasonal cycle in
contrast to the semidiurnal phase that changes by 4 h
throughout the whole year. There is a systematic offset in
diurnal and semidiurnal phase of 2 to 4 h between GSWM
simulations and MIAWARA observations.
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