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Abstract. In this paper, we compare the diurnal variations in 1  Introduction
middle-atmospheric water vapor as measured by two ground-
based microwave radiometers in the Alpine region near Bern

. . . The dynamical regime of the middle atmosphere is domi-
Switzerland. The observational data set is also compared t y 9 b

; i Rated by global-scale waves with large amplitudes, and most
data from the chemistry—climate model WACCM. Due to the of the observed spatiotemporal variability in winds, tempera-

small diurnal variations of usually less than 1%, averages e and constituent concentrations is due to these wave mo-

over extended time periods are required. Therefore, two timeEions Pancheva and Mukhtaro2011). One type of wave

poirt'ggsro\tvz\;g gﬁg;hfi reacehé:(?rﬁgzrr?sboer: to April and June Cmotions is atmospheric tides, originating from the periodic

The di | variati f the ob tional dat solar heating of the stratospheric ozone layer and from la-
€ diurnal variations from the observational dala agre& i paat release in the troposphere. These tidal waves prop-

well W'th each pther in amplitude aqd phase. The linear Cor'agate in the whole atmosphere, and their amplitudes increase
relation coefficients range from 0.8 in the upper stratospherg:/vith altitude due to the decreasing density of air. Atmo-

t0 0.5 in the upper mesosphere. The observed diurnal Ve_‘r"spheric tides are usually divided into migrating and non-

ability is significant at all pressure levels within the sensi- migrating tides. Sun-synchronous waves are called migrating

wgé gll‘\/lthe mflstrdume?i. Comparlngtomfjrthobscre]rvaUO?fthh tides and propagate westward with the apparent motion of
» We Tind that the agreement of the phase ot the di-y, sun, and all tides that are not sun-synchronous are called

urnal cycle between observations and model is better frorThon—migrating tides. The sun-synchronous waves with zonal

?Zcem?i: tc:j_Aprlllthan I_rom ]:]unbe :ﬁ t(_)ctober_. Zh‘? ampli- wavenumbers 1 and 2 are the most studied atmospheric tides
“.tﬁsl?.t de. 'L\‘,'{/l%g;'ab'otns or both time pe?ol s mcrteaste(Chapman and Lindzer197Q Forbes and Garrel979as
with alituge in » butremain approximately constant ;e byPancheva and Mukhtarp2011) and are denoted as

at_lthS \p/)\s)Arrégl\zhzotbservatmnz ¢ te th diurnal and semidiurnal migrating tides, respectively.

c . ata are used 1o separate € processes ., g previous studies on atmospheric tides focus on the
that lead to diurnal variations in middle-atmospheric watermesosphere and lower-thermosphere (MLT) region since the
vapor above Bern. The dominating processes were foun‘ijidal amplitudes maximize in this region. Observational stud-

:9 b% n;;”dlogil ad&/%cggr;]gelowdo.lhhlia, vr:artlgai ad\E)ec'ies on tides in temperature and wind in the MLT region were
lon between U.1 and ©. a and (photo-)chemistry a VBone with satellite instruments (e.¢rorbes and Wu2006

0:02 hPa. 'The contr'|bl.1t|on pf zonal advection is smal]. TheZhang et al. 200§ and from ground-based wind and tem-
highest diurnal variations in water vapor as seen in the

X . . erature measurements (meteor radars and lidars) Ving.,
WACCM data are found in the mesopause region during thé) ( )Veg

i iod f 3 10 Octob ith di | litud fcent et al. 1988 Smith et al, 2007, Lu et al, 2011 Lubken
Ime period from June 1o Lctober with diurnal amplitudes of o al, 2011). The main advantages of satellite instruments
0.2 ppm (approximately 5 % in relative units).

are their global coverage and the ability to separate migrat-
ing and non-migrating tides. On the other hand, the orbital
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parameters of satellite instruments often constrain the obseipor RAdiometer), is a stationary instrument and has been
vations to a fixed local solar time. Ground-based instrumentperating continuously in Zimmerwald, Bern, Switzerland
provide a continuous data set at a fixed location, allowing a(46.88 N/7.47 E), since 2007 in the frame of the Net-
detailed study of the diurnal variability at the measurementwork for the Detection of Atmospheric Composition Change
location. However, global data sets are needed to draw condNDACC). The other instrument, MIAWARA-C, was built in
clusions about the characteristics of the observed tides. Nu2008, has a very compact design and is used for measurement
merical models have also been used to study the tidal behawcampaigns. Both radiometers measure the brightness temper-
ior of the atmosphere (e.gdagan et al.1995 McLandress  ature around the pressure broadened rotational transition line
1997 Smith et al, 2003 Morel et al, 2004 Chang et al.  of water vapor at 22.235 GHz with a fast Fourier-transform
2008. In order to validate and improve such models, obser-spectrometer (FFTS). The measured spectrum is inverted to a
vations are required. Since atmospheric tides in trace speciegertical water vapor profile by the optimal estimation method
are a combination of dynamical and (photo-)chemical pro-(OEM) (Rodgers 2000 using the radiative transfer model
cesses, their investigation and validation with observationsARTS/QPack Eriksson et al.2011). A detailed description
provide helpful information to improve numerical models.  of the two instruments is given iDeuber et al(2004 and

This study focuses on diurnal variations in water va- Straub et al(2010 for MIAWARA and MIAWARA-C, re-
por from the upper stratosphere to the upper mesosphergpectively. The vertical range of the instruments is between
as observed by two independent ground-based microwav85 and 75 km altitude and the vertical resolution (full width at
radiometers located in the Alpine region. Ground-basedhalf maximum of the averaging kernels) ranges from 13 km
microwave radiometry is a well-established and approvedat 40 km altitude to 17 km at 70 km altitude. The systematic
remote-sensing technique commonly used to derive trendsrror is approximately 10 % at all altitudes, and the random
in atmospheric trace species (e $eele and Hartogl200Q error increases from 5% at 45 km to approximately 25 % at
Nedoluha et a).2003 Hartogh et al.201Q 2011 in order  75km.
to study anomalies during extreme events such as sudden MIAWARA was upgraded in September 2010 by replac-
stratospheric warmings (e.grJury et al, 2009 Scheiben ing the stepper motor for the rotating mirror and improving
et al, 2012 or intraseasonal oscillations of trace speciesthe calibration cycle. The aim of the upgrade was to increase
(e.g.,Studer et a.2019. So far, there have been two obser- the effective measurement time, resulting in an increase of
vational studies on diurnal variations in middle-atmosphericthe temporal resolution of the retrievals. The other instru-
water vapor. The first study was doneldgefele et al(2008 ment, the campaign instrument, was measuring in Zimmer-
with observations from the same microwave radiometer asvald next to MIAWARA from July 2010 until May 2011.
used in this study. However, this radiometer has been techniburing the stay in Zimmerwald, MIAWARA-C was also up-
cally upgraded, resulting in a better temporal resolution andgraded in December 2010. Before the upgrade, it was not
increased altitude range. A second study was donddily possible to retrieve more than five profiles per day, but after
gren and Hartogk2012 with data from a ground-based mi- the upgrade, more than 10 profiles per day are obtained dur-
crowave radiometer in the polar region. The present studying 80 % of the measurement dajis¢hanz et al2013. The
compares diurnal variations in middle-atmospheric water vaimprovement in temporal resolution of the instruments after
por from two independent radiometers at the same site athe technical upgrades allows derivation of the diurnal vari-
each other to enhance confidence in the derived observationations in water vapor based on the FFTS. It must be noted
diurnal variations. In addition, the observations are comparedhat the previous study biaefele et al(2008 derived di-
with diurnal variations in water vapor from the Whole Atmo- urnal variations with the MIAWARA radiometer before the
sphere Community Climate Model (WACCM). technical upgrade, but with an acousto-optical spectrometer

The paper is structured in the following way: Sect. 2 de- (AOS). The AOS had a spectral resolution of 612 kHz, i.e.,
scribes the instruments, WACCM and the used methods t@oarser than the FFTS of MIAWARA by factor of 10, and
derive the diurnal variations from these data sets. In Sect. 3those measurements where less noisy due to the coarser res-
the results from the different data sets are presented for twelution. Therefore, it was possible to obtain a temporal res-
time periods and the discussion follows in Sect. 4. In Sect. 5plution on the order of hours even before the technical up-
a summary is given. grade. However, retrievals based on the AOS had an upper

measurement limit of 0.1 hPa.
The retrieval setup is the same for both instruments.

2 Data and methods The spectral bandwidth used in the retrieval is 100 MHz
(50 MHz around 22.235 GHz). For MIAWARA, the spec-
2.1 Observational data tral resolution is 61 kHz, and for MIAWARA-C, the spec-

tral resolution is 30.5 kHz. For every retrieval, the measured
The observational water vapor data are obtained by twcand calibrated spectra are integrated until they reach a noise
ground-based microwave radiometers. One of the two ralevel of 0.01K. Depending on tropospheric opacity, the re-
diometers, MIAWARA (Mlddle Atmospheric WAter va- quired measurement time for such an integrated spectrum
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ranges from 1h to more than 12 h. Retrievals with a con-2.2 Model data
stant measurement noise are preferred in our application be-
cause the random errors and the vertical observation rang€he model data for water vapor used in this study are from
remain almost constant. This is an important issue when avWACCM. The model was developed at the National Center
eraging individual retrievals. The calibration technique of the for Atmospheric Research (NCAR) in Boulder, Colorado. As
instruments can introduce a baseline ripple on the measured numerical framework, WACCM uses the NCAR Commu-
spectrum. Such a baseline ripple varies over time, dependnity Earth System Model (CESM), which is a fully-coupled,
ing mainly on tropospheric opacity. To reduce these baseglobal climate model. It consists of individual land, ice,
line artifacts, a polynomial fit of order 3 and a sinusoidal ocean and atmosphere models. WACCM has an excellent fast
fit with six periods are applied to the measurement as parthemistry and a high accuracy of photolysis rateBARC
of the optimal estimation procedure (QPack user guide onCCMVal, 2010. In this study, we use version 4 of WACCM.
http://www.sat.ltu.se/arts/dogslTo determine the sinusoidal The model has 66 vertical levels on hybrid coordinates with
periods, a first retrieval is performed without a sinusoidal fit. the upper model limit at approximately 140 km altitude. The
Based on this first retrieval, we apply a least-squares fittinghorizontal resolution is Sin longitude and 4 in latitude.
method with six sinusoidal terms on the difference betweenThe model time step for the simulation run was 15 min and
the measured spectrum and the forward model. The detetthe simulation was performed for one model year. The atmo-
mined dominant sinusoidal periods are then passed to QPacpheric model is free-running and the ocean is prescribed by
to perform the OEM including the sinusoidal fit. The baseline climatological data from the year 2000. Free-running means
fit leads to a loss of measurement sensitivity at lower altitudeghat the temporal evolution of the atmosphere is solely bound
and is the main reason why the instruments are not sensitiveo the laws of physics and that the real atmospheric state dif-
below 35 km altitude. We define the measurement sensitivityfers from the model data for any particular time. WACCM
as acceptable where the area of the averaging kernels exceesisnulates the interaction between radiation, chemistry and
0.8. The magnitude of sinusoidal oscillations on the mea-dynamics for the whole atmosphere and is therefore capable
sured spectrum is usually smaller than 0.02K, i.e., one or-of modelling diurnal variations in trace species such as water
der of magnitude smaller compared to the signal of the rotavapor. Since the focus of this study is on diurnal deviations
tional transition line of water vapor. The temperature profile from mean values, these model data are taken as a represen-
is taken from the operational analysis of the European Centative climatological mean for the diurnal variations in the
tre for Medium-Range Weather Forecasts (ECMWF), con-middle atmosphere. To compare the model data with the ob-
sidering also the diurnal variations in temperature. The a pri-servations, the model data were interpolated to the location
ori water vapor profile required by OEM is a monthly cli- of the two radiometers. Since the model has a higher vertical
matology of water vapor profiles from the Microwave Limb resolution compared to the observational data, the model data
Sounder (MLS) onboard NASA's Aura satellite. were convolved with the averaging kernels of the microwave
To derive diurnal variations of water vapor with magni- radiometers for a proper comparison of the individual data
tudes of approximately 1%, averages over a time period ofsets.
several months are required to obtain statistically significant
results. The errors of the derived diurnal variations are calcu2.3 Deriving the diurnal variations
lated by dividing the total error (observational and smooth-
ing error) of the individual measurements by the square rooin a first step in deriving the diurnal variations of water va-
of the number of measurements. The present results are olpor, a 1-day running mean is subtracted from the water vapor
tained by post-upgrade measurements of both radiometers &itne series to remove any trends or periodicities with periods
the same site; that is, from December 2010 until April 2011 longer than one day. In a second step, the 24 h of a day are
in Zimmerwald. For the stationary instrument MIAWARA, divided into twelve 2 h bins and every detrended water vapor
the measurements from the consecutive year, i.e., from Deprofile is attributed to the corresponding 2 h bin. Then, the
cember 2011 until April 2012, are also considered. Resultgrofiles within each 2 h bin are averaged and subtracted by
for MIAWARA are also shown for a time period shifted by the average profile of all 2 h bins. For the model data on an
6 months, i.e., from June to October for the years 2011 andckqually spaced time grid, this procedure is straightforward,
2012. The observational results are compared to model datdout the observational water vapor data from the ground-based
It will be shown by the model data that the phase and ampli-radiometers MIAWARA and MIAWARA-C are neither ob-
tude of the diurnal variations of water vapor do not changetained in regular time steps nor do the retrievals cover con-
considerably over the different months within one time pe- stant time periods. Therefore, each retrieved water vapor pro-
riod. file is attributed to one or more 2 h bins, depending on the
actual measurement duration. In addition, a weighting fac-
tor of 1/(# of covered 2h bins) is applied such that a re-
trieval is equally distributed among the 2 h bins. By doing
S0, a retrieval that covers only one 2 h bin is more strongly
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weighted for that bin than a retrieval covering more than one
2 h bin.

2.4 Chemical and dynamical contribution

Pressure [hPa]

With the WACCM model, the chemical and the dynamical
contribution to the diurnal variations in middle-atmospheric
water vapor can be separated. The material derivative for an
atmospheric trace species is

dy oy oy oy oy
o T o Max Ty TV @)

where in our case is the water vapor volume mixing ratio
(VMR), ¢ is time and¢, v andw are the zonal, meridional and
vertical winds. The total derivative is the temporal change of
water vapor from a Lagrangian perspective and is the sum of
the chemical net production and phase changes of water va- 00
por. In the altitude region of interest, phase changes of water
vapor can be neglected. The first term on the right-hand side,
the local derivative, is the temporal change in water vapor
at a fixed position. This is what a ground-based instrument
observes. The remaining terms on the right-hand side deter- 3
mine how the temporal changes in water vapor are modulated
due to zonal, meridional and vertical advection. The terms
on the right-hand side of Eql) can be calculated directly
from the model output. To derive the relative contribution of
each term with respect to the diurnal variation of water va-
por at a fixed location, each term of Eq) (s integrated in
time, which yields individual time series of water vapor due

Pressure [hPa]

;

Pressure [hPa]
o
w

Pressure [hPa]

to chemistry and zonal, meridional and vertical advection. 3
The diurnal variations of these individual time series (calcu- 10 - = m S
lated according to Sec2.3) are fitted by a sine wave with a Hour LT [h]
period of 1 day. The amplitudes of the sine fit denote the diur-
. . . .. -0.1 -0.05 0 0.05 01 0.15
nal amplitudes in water vapor due to each individual process, AH,0 VMR [ppm]
and they are compared to each other. 001
0.03 N
3 Results 01 7
MIA vs. WACCM conv.
0.3 MIA=C vs. WACLCM conv:

MIA vs. MIA-C

3.1 Comparison between observational and model data

Pressure [hPa]

Figurel shows the diurnal variations in water vapor VMR as
described in Sec®.3for the months December to April, ob- 10 Yy 5 y ]
served by MIAWARA and MIAWARA-C and simulated by corr. coeff. []

WACCM for the measurement location of the ground-based
instruments. The lowermost panel in the figure shows the cor-

|ati ffici h . | h Fig. 1. Diurnal variations of water vapor [ppm] from observa-
relation coefficients between the observational and the CONgional (MIAWARA and MIAWARA-C) and model (WACCM and

volved WACCM data. In the following description, we are \waccM convolved) data averaged over the months of December
continuously going down in altitude from the upper meso- to April. The contour line interval is 0.025ppm. The lowermost
sphere to the upper stratosphere. At the upper measuremepénel shows the linear correlation coefficients between the obser-
limit of the observations, i.e., at 0.02 hPa, water vapor hassational and the convolved WACCM data. Correlations are only
a maximum during the morning and a minimum during the shown where they exceed 95% confidenpe<(.05). Times are
evening. Going down in altitude, there is an abrupt phasegiven in local time.

shift above 0.03 hPa in the observational data sets by approx-

imately 180 degrees, such that the minimum in water vapor
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0.15

0.3 hPa

0.05 hPa

0.1r

0.051

AH,0 [ppm]
o

WACCM
WACCM conv.
|| = * —wACCM Dec
— + —WACCM Jan
— © —WACCM Feb
1 hPa 3hPa — % —WACCM Mar
|| — & —wAccm Apr
MIAWARA
MIAWARA-C

Hour LT [h] Hour LT [h]

Fig. 2. Diurnal variations of water vapor as in Figat four pressure levels (0.05, 0.3, 1 and 3 hPa), including error bars for the observational
data. The error bars are calculated by dividing the total uncertainty of an individual retrieval by the number of retrievals used for each bin.
Systematic errors are not included. The solid black curve represents the 5-month average of the original WACCM data and the magenta curve
represents the 5-month average of the convolved WACCM data. Also shown are the individual months (December to April) of the original
WACCM data.

is now observed in the morning. WACCM reproduces this tween MIAWARA-C and WACCM, the correlation is nega-
phase shift, but it occurs at 0.02 hPa, slightly higher than intive, which is due to the offset in altitude of the phase shift at
the observations. In the convolved WACCM data, this phasethe stratopause. In the stratosphere, the correlation between
shift is smoothed out. Throughout the mesosphere, i.e., dowMIAWARA and WACCM is positive again, but not as strong
to approximately 1hPa, the phase of the diurnal cycle re-as in the mesosphere, whereas MIAWARA-C and WACCM
mains constant in each data set. The diurnal amplitude in thelo not show a significant correlation. Overall, MIAWARA
observational data remains approximately constant betweeshows a slightly better agreement with the model data than
0.05 and 0.1 ppm throughout the mesosphere, whereas tHdIAWARA-C.
amplitude decreases with decreasing altitude in the WACCM For a better comparison of the diurnal amplitudes among
data. At the stratopause, there is again a phase shift, sudhe data sets, Fi@ shows the diurnal water vapor variations
that the minimum in water vapor is now occurring in the for the same time period but at four distinct pressure levels,
evening. This phase shift is very abrupt in the unconvolvednamely at 0.05, 0.3, 1 and 3 hPa. The plots include error bars
and the convolved WACCM data, but smooth in the observa-for the observational data. The diurnal variations in WACCM
tional data. Again, this phase shift occurs at higher altitudesare split into the five different months. These months show
in the model data than in the observational data. The amplithat there is no major monthly change of the diurnal vari-
tude continues to decrease in the WACCM data, but remaingtion. The diurnal amplitudes in the mesosphere (0.05 and
constant in the observational data. In the observational datd).3 hPa) are in the same range for all data sets, and the error
a semidiurnal tide is also evident in the upper stratospheréars show that the observed diurnal variability is significant.
(from 2 to 10 hPa), which is not visible in the model data.  In the stratopause region (1 hPa) and the upper stratosphere
The two observational data sets are correlated over thé€3 hPa), the amplitudes in the observational data are much
whole vertical observation range, except at the upper mealarger than in the model data, but still significant according
surement limit, where the sensitivity of the instruments startsto the error bars.
to decrease. The correlation coefficients range from 0.8 at During the time period from June to October (F3ganal-
the upper stratosphere to 0.5 at the 0.03 hPa pressure levalgous to Fig.1 but without MIAWARA-C), water vapor at
The correlation between MIAWARA and WACCM is very the upper limit of the observations has a minimum in the af-
high in the mesosphere between 0.5 and 0.03 hPa, with cotternoon, just like during the time period from December to
relation coefficients higher than 0.8, but breaks down in theApril. This is also found in the WACCM data, but the diurnal
upper mesosphere. In the stratopause region, the correlamplitude in WACCM at this altitude is higher than in the
tion breaks down between MIAWARA and WACCM. Be- observations. Going down in altitude, the diurnal amplitude
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in the model data decreases strongly, and at 0.03 hPa there
is a phase shift in WACCM such that the water vapor mini-
mum is now found in the morning. The diurnal amplitude in
WACCM remains very small until 10 hPa. The phase shift at
0.03 hPa is seen in the observational data as well, but is less
pronounced. In the WACCM data from December to April
there is a sharp phase shift at the stratopause region that is
also present during the time period from June to October, but
occurring at a higher altitude, namely at 0.3 hPa. In the ob- 000
servations, this phase shift also occurs, but at a lower altitude 0.03
(approximately 2 hPa). Similar to the other time period, the
amplitude of the diurnal cycle is larger in the observational
data than in the model data, except for the upper mesosphere.
Looking at the individual months in the WACCM data in

Pressure [hPa]

0.1

0.3

Pressure [hPa]

Fig. 4, one can see that the 5-month average indeed repre- 3

sents each individual month, except that the phase shift in the

diurnal variations of water vapor at the stratopause is occur- 088 VAcew covorved
ring at different altitudes for each month. The altitude of this 0.03

phase shift moves upward during the considered time period
from June to October.

Pressure [hPa]
o
w

3.2 Contribution to the diurnal variations in water
vapor according to WACCM

Based on the WACCM data, the different sources of the di- 10, . 1 15 2
urnal variations in water vapor can be individually calculated Hour LT [h]

(as described in Sec.4). Hereafter, we divide the sources 01 005 O 005 01 o015
into chemistry and meridional, zonal and vertical advection. AH,0 VMR [ppm]

Figure 5 shows the diurnal amplitudes of each individual 0.01

source obtained by least-squares-fitting of a sine wave for the 0.03

months of December to April (upper panel) and for the month o1

June to October (lower panel). The shown amplitudes denote

the amplitude of the fitted sine wave. In addition, the total o3

diurnal amplitude as modeled by WACCM and the diurnal 1 >

amplitudes as measured by MIAWARA and MIAWARA-C 3

are shown. o )
From December to April, the diurnal variations in wa- -1 -05 0 05 1

Corr. coeff. [-]

ter vapor below 0.03 hPa mainly originate from advection,
where meridional advection dominates below 0.1 hPa and 3.Di | variati f wat ppm] ¢ b fional

. . : H 1. o. Diurnal variations or water vapor |ppmj from observatona
vertical advec_tlon (_jommates above 0.1 hPa. The influence OTMIAWARA) and model (WACCM and WACCM convolved) data
(photo-)chemistry increases from 0.1 hPa upwards and dom:

. . averaged over the months June to October. The contour line inter-
inates over dynamics above 0.02hPa. On 0.01hPa, the dlial is 0.025 ppm. The lowermost panel shows the linear correlation

urnal amplitude due to c;hemistry alone i? twice as .Iargecoefficients between MIAWARA and the convolved WACCM data.
as for the vertical advection. The overall diurnal amplitude correlations are only shown where they exceed 95 % confidence
in water vapor on 0.01hPa is smaller than the diurnal am-(p <0.05). Times are given in local time.

plitude due to chemistry alone, meaning that the advection
(mainly the vertical advection) damps the diurnal amplitude

from the (photo-)chemistry in such a way that the vertical 5 June to October, the diurnal variations in water va-

advection transports water-vapor-rich air upward to replacé,,- 4re dominated by meridional advection below 0.1 hPa,
the (photo-)chemically destroyed water vapor. The diurnalgimilar to the other time period, but with larger ampli-

cycle in vertical advection in the mesopause region is such qes  Above 0.1hPa, vertical advection dominates over
that there is upwelling during the day and downwelling dur- -, aridional advection up to 0.01hPa, from where merid-

ing the night. This information is derived from the phase (not,n41 advection is dominating again. However, the influ-

shown in the plot) of the fitted diurnal sine wave. ence of (photo-)chemistry increases strongly with altitude,
much stronger than from December to April, and exceeds the

Atmos. Chem. Phys., 13, 6876886 2013 www.atmos-chem-phys.net/13/6877/2013/
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0.15 T T T
0.05 hPa 0.3 hPa

E
Q.
=
o 0TS =N
~ —¥—3
e —
<
-0.05 WACCM
WACCM conv.
-0.1 1| - * —wWACCM Jun
— + —WACCM Jul
0.15 — & —WACCM Aug
1hPa 3hPa ~ % — WACCM Sep
1| - © —WACCM Oct
MIAWARA

0 é ].‘2 ].‘8 0 é 1‘2 ].‘8 24

Hour LT [h] Hour LT [h]
Fig. 4. Diurnal variations of water vapor as in Figat four pressure levels (0.05, 0.3, 1 and 3 hPa), including error bars for the observational
data. The error bars are calculated by dividing the total uncertainty of an individual retrieval by the number of retrievals used for each bin.
Systematic errors are not included. The solid black curve represents the 5-month average of the original WACCM data and the magenta
curve represents the 5-month average of the convolved WACCM data. Also shown are the individual months (June to October) of the original
WACCM data.

dynamical influence above 0.03 hPa. At 0.01 hPa and abovestruments. Instrumental calibration parameters with a diur-
the diurnal cycle in water vapor is mainly originating from nal cycle could induce systematic diurnal variations in the
(photo-)chemistry and reaches amplitudes of 0.2 ppm. Comretrieved water vapor profiles. Such parameters are the cali-
pared to the time period from December to April, this is bration target temperatures, the ambient temperature and the
higher by a factor of 4. However, in relative units, the am- tropospheric opacity. Both radiometers perform a balancing
plitudes from (photo-)chemistry are approximately the samecalibration, and therefore a tropospheric correction needs to
(not shown) and are in the range of 5% in the mesopause rese applied to the measured spectrum. This correction fac-
gion, whereas on lower altitudes, the diurnal variations are intor depends on the above-mentioned diurnally varying pa-
the range of 1 %. rameters. Since the tropospheric correction factor is scalar,
a faulty diurnal variation of this factor would induce a di-
urnal variation in the retrievals that would be independent of
altitude. However, the observational diurnal variations in wa-
ter vapor are altitude-dependent. Hence, the observed diurnal

The observations and the model data show better agreemeM@riations are unlikely to originate from the tropospheric cor-
for the time period from December to April than for the time rection factor. Another source of an artificial diurnal cycle in
period from June to October. In fact, good agreement belhe retrieved water vapor profiles might be the temperature
tween observations and model in phase and amplitude of therofile used in the retrieval process. The temperature profiles
diurnal cycle is only found in the mesosphere above 0.2 hpPaised for this study were taken from ECMWF and averaged
between December and April and above 0.03 hPa betweefVver the actual duration of each measurement. There are di-
June and October. Going down in altitude towards the stratolrnal variations in the temperature profiles in the order of
sphere, there are large differences in the amplitude of th@pproximately 5K in the mesosphere. We made a distinct re-
diurnal variations between the observations and the moddlrieval data set without diurnal variations in the temperature
during both considered time periods. The differences beprofiles and found that the influence of the temperature vari-
tween the model data and the observations could originat@tion on the retrieved water vapor profiles is very small and
from various sources. One question that arises is about inthat the diurnal variations in water vapor are almost equal
strumental artifacts leading to a systematic diurnal cycle infor both data sets. A potential diurnal component in the ra-
the observations. A good indicator for the reliability of a ra- diometric measurements could arise from the spectral base-
diometer is a constant receiver temperature. We did not findine, which mainly affects the retrieval at pressure levels be-
any diurnal anomalies in the receiver temperatures of our inlow 1 hPa. The instrumental baseline originates mainly from

4 Discussion
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H,0 diurnal cycle amplitude, December to April the reference absorber used for the balancing calibration. The

107 T w T w diurnally varying solar insolation on the reference absorber
could therefore result in a diurnally varying baseline that in
turn could lead to artificial diurnal water vapor variations on
pressure levels below 1 hPa. There are indeed the largest dis-
1 crepancies between model and observations on pressure lev-
els below 1 hPa. Hence, the observations on those altitudes
have to be interpreted with care.

An apparent difference between the model and the obser-
3 vational data is the altitude offset of the phase shift in the
stratopause region, which is at higher altitudes in the model
data. A possible reason for that could be that the water vapor
maximum is located at higher levels in WACCM than in the
1 observations. The averaging kernels of the OEM retrievals
would not produce such an offset in altitude. It is also not
clear why the phase shift in the stratopause region is very
sharp in WACCM, even in the convolved WACCM data set,

Pressure [hPa]

Meridional |4 but smooth in the observational data. The averaging kernels
Vertaal are not responsible for the smoothing of this phase shift, be-
. cause this would be visible in the convolved WACCM data
— — = MIAWARA Set_
‘ ——e L The previous study byHaefele et al(2008 on diurnal
0 0.05 0.1 0.15 0.2 0.25 .. . .
Amplitude of diumal H,0 cycle [ppm] variations in mesospheric water vapor as observed by Mi-
H,0 diurna cycle ampliude, June to October AWARA showed diurnal variations for the months Septem-
107 : : : : ber and October 2005 on 0.1 and 3.14 hPa. The phase of the

diurnal cycle in their study is similar to the phase obtained in
the current study for the months April to October at the same
pressure levels, showing a minimum in water vapor during
3 daytime. The amplitude of the diurnal cycle on 3.14hPa is
similar for both studies, but the amplitude on 0.1 hPa is larger
in the current study by a factor of 2. This is due to the fact that
the spectral resolution of the spectrometer during the time of
3 the previous study was 612 kHz, compared to 61 kHz in the
current study. Due to the coarser spectral resolution, the up-
per measurement limit of the previous study was at approxi-
mately 0.1 hPa, which results in less sensitive measurements

10°F

Pressure [hPa]

107 ; 3 at this pressure level and therefore a smaller diurnal ampli-
/ tude compared to the current study.
I
\
CENTTT f 3 5 Summary
sz Meridional
\/ Zonal . . o . . .
e R verteal In this paper, the diurnal variations in middle-atmospheric
TN Sum WACCM water vapor as obtained from two ground-based microwave
— — — MIAWARA . f f f B
10" ; i : ; radiometers in the Alpine region were compared with each
0 Gampltude of dumal 1.0 tycle fopm] other and with WACCM. Due to the small diurnal variations

of usually less than 1%, averages over long time periods
Fig. 5. Amplitudes of the diurnal cycle of water vapor from MI- are used to obtain robust results. Therefore, two time peri-

AWARA, MIAWARA-C and WACCM and due to meridional, ods were used for the comparison: December to April and
zonal and vertical advection and (photo-)chemistry (based on theyyne to October.

WACCM data). Upper panel: Decembferto April. Lower panel: June  The two microwave radiometers agree well with each

to October. MIAWARA-C was not available from June to October. other in amplitude and phase of the diurnal cycle. In the alti-
tude range from 3 hPa to 0.05 hPa the amplitude derived from
the observational data is approximately 0.05 ppm. The phase
changes with altitude. The linear correlation coefficients
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range from 0.8 in the upper stratosphere to 0.5 in the uppeHaefele, A., Hocke, K., Empfer, N., Keckhut, P., Marchand, M.,
mesosphere. Comparing our observations with WACCM, we Bekki, S., Morel, B., Egorova, T., and Rozanov, E.: Diumnal
find that the agreement of the phase of the diurnal cycle be- changes in middle atmospheric H(2)O and O(3): Observations
tween observations and model is better from December to N the Alpine region and climate models, J. Geophys. Res., 113,
April than from June to October. The amplitudes of the di- H D1730|3|, dc;lo.éOZS/ZOO?JD@OQSSJiOO\?. LB O deli
urnal cycle for both time periods increase with altitude in 292" M. E., FOrbes, /. ., and Vial, F.. Un modeing

. . . migrating solar tides, Geophys. Res. Lett, 22, 893-896,
WACCM, but remain approximately constant in the obser- >

. . . d0i:10.1029/95GL007831995.

vations. The discrepancy between modeled and observed dj;

8 8 allgren, K. and Hartogh, P.: First detection of tidal behaviour
urnal cycle below 1 hPa could be attributed to instrumental i, pojlar mesospheric water vapour by ground based mi-

effects. crowave spectroscopy, Atmos. Chem. Phys., 12, 3753-3759,
The WACCM data allows separation of the processes lead- doi:10.5194/acp-12-3753-2012012.
ing to diurnal variations in water vapor. The dominating pro- Hartogh, P., Sonnemann, G. R., Grygalashvyly, M., Song,
cess below 0.1 hPa is meridional advection due to the lack L., Berger, U., and Luebken, F. J.. Water vapor mea-
of vertical water vapor gradients. The contribution of zonal surements at ALOMAR over a solar cycle compared with
advection is small. Between 0.1 and 0.02 hPa, vertical advec- Model calculations by LIMA, J. Geophys. Res., 115, D00I17,
tion dominates over meridional advection due to the strongH doir10.1029/2009JD012362010.
vertical gradient of water vapor in the upper mesosphere'2°gh. P Sonnemann, G. R., Grygalashvyly, M., and Jar-
Above 0.02 hPa, (photo-)chemistry starts to be the dominat- chow, C.: Ozone _trends in the mid-latitude strgtopause re-
. ) ' . - . gion based on microwave measurements at Lindau (51.66
ing process fpr the diurnal vanatu?ns in Watgr vapor. The degrees N, 10.13 degrees E), the ozone reference model,
(photo-)chemical influence on the diurnal amplitude of water  ang model calculations, Adv. in Space Res., 47, 1937-1948,
vapor from June to October is higher by a factor 4 in absolute  (oi:10.1016/.asr.2011.01.012011.
units compared to the other analyzed time period. In relativeLu, X., Liu, A. Z., Oberheide, J., Wu, Q., Li, T., Li, Z., Swenson,
units, the amplitudes are approximately equal. G.R., and Franke, S. J.: Seasonal variability of the diurnal tide in
the mesosphere and lower thermosphere over Maui, Hawaii (20.7
degrees N, 156.3 degrees W), J. Geophys. Res., 116, D17103,
AcknowledgementsThis work has been funded by the Swiss  do0i:10.1029/2011JD015592011.
National Science Foundation under grant 200020-146388 and.ubken, F. J., iffner, J., Viehl, T. P., Kaifler, B., and Morris, R. J.:
MeteoSwiss in the frame of the project MIMAH. We acknowledge  First measurements of thermal tides in the summer mesopause
ECMWEF for access to the operational analysis data, and NASA for region at Antarctic latitudes, Geophys. Res. Lett., 38, L24806,

access to Aura MLS data. doi:10.1029/2011GL050042011.
McLandress, C.: Seasonal variability of the diurnal tide: Results
Edited by: S. Buehler from the Canadian middle atmosphere general circulation model,
J. Geophys. Res., 102, 29747-29764, Hnil029/97JD02645
1997.
References Morel, B., Keckhut, P., Bencherif, H., Hauchecorne, A., Megie,

G., and Baldy, S.: Investigation of the tidal variations

Chang, L., Palo, S., Hagan, M., Richter, J., Garcia, R., Riggin, D., in a 3-D dynamics-chemistry-transport model of the mid-

and Fritts, D.: Structure of the migrating diurnal tide inthe Whole  dle atmosphere, J. Atmos. Sol.-Terr. Phy., 66, 251-265,
Atmosphere Community Climate Model (WACCM), Adv. Space  doi:10.1016/j.jastp.2003.11.002004.

Res., 41, 1397-1406, dtD.1016/j.asr.2007.03.033008. Nedoluha, G., Bevilacqua, R., Gomez, R., Hicks, B., Russell, J., and
Chapman, S. and Lindzen, R. S.: Atmospheric tides: thermal and Connor, B.: An evaluation of trends in middle atmospheric water
gravitational, Gordon and Breach, New York, NY, 1970. vapor as measured by HALOE, WVMS, and POAM, J. Geophys.

Deuber, B., Kampfer, N., and Feist, D. G.. A new 22- Res., 108, 4391, ddi0.1029/2002JD003332003.
GHz radiometer for middle atmospheric water vapor pro- Pancheva, D. and Mukhtarov, P.: Atmospheric Tides and Planetary
file measurements, IEEE T. Geosci. Remote, 42, 974-984, Waves: Recent Progress Based on SABER/TIMED Temperature
doi:10.1109/TGRS.2004.825582004. Measurements (2002—2007), chap. 2, Aeronomy of the Earth's

Eriksson, P., Buehler, S. A, Davis, C. P., Emde, C., and Lemke, O.: Atmosphere and lonosphere, 2011.
ARTS, the atmospheric radiative transfer simulatur, version 2, JRodgers, C. D.: Inverse Methods for Atmospheric Soundings,
Quant. Spectrosc. Ra., 112, 1551-1558, 2011. World Scientific Publishing Co Pte. Ltd, 2000.

Flury, T., Hocke, K., Haefele, A., &mpfer, N., and Lehmann, R.:  Scheiben, D., Straub, C., Hocke, K., Forkman, P., asanlfer,
Ozone depletion, water vapor increase, and PSC generation at N.: Observations of middle atmospherio® and G during
midlatitudes by the 2008 major stratospheric warming, J. Geo- the 2010 major sudden stratospheric warming by a network of

phys. Res., 114, D18302, ddd.1029/2009JD01194Q009. microwave radiometers, Atmos. Chem. Phys., 12, 7753-7765,
Forbes, J. M. and Garret, H. B.: Theoretical studies of atmospheric doi:10.5194/acp-12-7753-2012012.
tides, Rev. Geophys., 17, 1951-1981, 1979. Seele, C. and Hartogh, P.. A case study on middle atmo-

Forbes, J. M. and Wu, D.: Solar tides as revealed by measurements spheric water vapor transport during the February 1998

of mesosphere temperature by the MLS experiments on UARS, stratospheric warming, Geophys. Res. Lett., 27, 3309-3312,
J. Atmos. Sci., 63, 1776-1797, 2006.

www.atmos-chem-phys.net/13/6877/2013/ Atmos. Chem. Phys., 13, 6&88§ 2013


http://dx.doi.org/10.1016/j.asr.2007.03.035
http://dx.doi.org/10.1109/TGRS.2004.825581
http://dx.doi.org/10.1029/2009JD011940
http://dx.doi.org/10.1029/2008JD009892
http://dx.doi.org/10.1029/95GL00783
http://dx.doi.org/10.5194/acp-12-3753-2012
http://dx.doi.org/10.1029/2009JD012364
http://dx.doi.org/10.1016/j.asr.2011.01.010
http://dx.doi.org/10.1029/2011JD015599
http://dx.doi.org/10.1029/2011GL050045
http://dx.doi.org/10.1029/97JD02645
http://dx.doi.org/10.1016/j.jastp.2003.11.004
http://dx.doi.org/10.1029/2002JD003332
http://dx.doi.org/10.5194/acp-12-7753-2012

6886 D. Scheiben et al.: Diurnal variations in middle-atmospheric HO

do0i:10.1029/2000GL01161&000. Studer, S., Hocke, K., anddtnpfer, N.: Intraseasonal oscillations of
Smith, A., Marsh, D., and Szymczak, A.: Interaction of chemical stratospheric ozone above Switzerland, J. Atmos. Sol.-Terr. Phy.,
heating and the diurnal tide in the mesosphere, J. Geophys. Res., 74, 189-198, dot0.1016/j.jastp.2011.10.022012.

108, 4164, doit0.1029/2002JD002662003. Tschanz, B., Straub, C., Scheiben, D., Walker, K. A., Stiller, G. P,
Smith, A. K., Pancheva, D. V., Mitchell, N. J., Marsh, D. R., Russell, and Kampfer, N.: Validation of middle atmospheric campaign-
I, 3. M., and Mlynczak, M. G.: A link between variability of the based water vapour measured by the ground-based microwave ra-

semidiurnal tide and planetary waves in the opposite hemisphere, diometer MIAWARA-C, Atmos. Meas. Tech. Discuss., 6, 1311—

Geophys. Res. Lett., 34, L07809, dd:1029/2006GL028929 1359, doi10.5194/amtd-6-1311-2013013.

2007. Vincent, R. A, Tsuda, T., and Kato, S.: A comparative study of
SPARC CCMVal: SPARC Report on the Evaluation of Chemistry-  mesospheric solar tides observed at Adelaide and Kyoto, J. Geo-

Climate Models, edited by: Eyring, V., Shepherd, T. G., and phys. Res., 93, 699-708, db®.1029/JD093iD01p00692988.

Waugh, D. W.: SPARC Report No. 5, WCRP-132, WMO/TD- Zhang, X., Forbes, J. M., Hagan, M. E., Russell Ill, J. M., Palo,

No. 1526, 2010. S. E., Mertens, C. J., and Mlynczak, M. G.: Monthly tidal tem-
Straub, C., Murk, A., and &Empfer, N.: MIAWARA-C, a new peratures 20-120 km from TIMED/SABER, J. Geophys. Res.,

ground based water vapor radiometer for measurement cam- 111, A10S08, doi0.1029/2005JA011502006.

paigns, Atmos. Meas. Tech., 3, 1271-1285, HoB194/amt-3-

1271-20102010.

Atmos. Chem. Phys., 13, 6876886 2013 www.atmos-chem-phys.net/13/6877/2013/


http://dx.doi.org/10.1029/2000GL011616
http://dx.doi.org/10.1029/2002JD002664
http://dx.doi.org/10.1029/2006GL028929
http://dx.doi.org/10.5194/amt-3-1271-2010
http://dx.doi.org/10.5194/amt-3-1271-2010
http://dx.doi.org/10.1016/j.jastp.2011.10.020
http://dx.doi.org/10.5194/amtd-6-1311-2013
http://dx.doi.org/10.1029/JD093iD01p00699
http://dx.doi.org/10.1029/2005JA011504

