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Abstract. Mesospheric water vapour measurements takerl Introduction

by the SMR instrument aboard the Odin satellite between

2002 and 2006 have been analysed with focus on the mesdthe semi-annual oscillation (SAO) is the strongest mode of
spheric semi-annual circulation in the tropical and subtrop-annual variability above 35km altitude in the tropical re-
ical region. This analysis provides the first complete pic-gion. This semi-annual variation has been first observed in
ture of mesospheric SAO in water vapour, covering alti- temperature and zonal wind data in the 196Be€d and
tudes above 80km where previous studies were limitedRogers 1962 Reed 1966. The oscillation peaks around
Our analysis shows a clear semi-annual variation in the wathe stratopause with amplitudes of around 30sn' to

ter vapour distribution in the entire altitude range between50 mxs™* in the zonal wind speed. At the stratopause max-
65 km and 100 km in the equatorial area. Maxima occur neatmum westerly anomalies occur in April and October, while
the equinoxes below 75km and around the solstices abovée maximum easterly anomalies can be observed in Jan-
80km. The phase reversal occurs in the small layer in-uary and July. Subsequent measurements in the 1970s ex-
between, consistent with the downward propagation of theplored also altitudes above 60 kr®roves 1972 Hirota,
mesospheric SAO in the zonal wind in this altitude range.1980. These measurements revealed that the semi-annual
The SAO amplitude exhibits a double peak structure in theoscillation drops in amplitude above the stratopause and
equatorial region, with maxima at about 75km and 81 km.reaches a minimum around 65km altitude. Higher up the
The observed amplitudes show higher values than an earliepAO strengthens again, peaking a second time in the upper
analysis based on UARS/HALOE data. The upper peak ammesosphere. This leads to a distinction between the strato-
plitude remains relatively constant with latitude. The lower spheric (SSAO) and the mesospheric semi-annual oscillation
peak amplitude decreases towards higher latitudes, but rdMSAO). The MSAQ in the zonal wind has a similar ampli-
covers in the Southern Hemisphere subtropics. On the othei/de and a phase which is approximately 180t of phase
hand, the annual variation is much more prominent in theWwith respect to the SSAO variatioridifota, 198Q Hamilton
Northern Hemisphere subtropics. Furthermore, higher vol-1989.

ume mixing ratios during summer and lower values during The amplitude of the SAO usually decreases with increas-
winter are observed in the Northern Hemisphere subtropicsing latitude, but can recover in the subtropics depending on

as compared to the corresponding latitude range in the Soutl’ﬁ.thde. In this regard, the semi-annual oscillation exhibits a
ern Hemisphere. latitudinal asymmetry, with higher amplitudes in the South-

ern Hemisphere subtropicB¢lmont and Darft1973 Ray

et al, 1998. Besides this latitudinal asymmetry, the semi-
annual oscillation shows also a seasonal asymmetry with
stronger zonal wind variations during the first cycle, which
starts with the easterly phase of the zonal wind in the North-
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Early attempts of explaining the semi-annual oscillation May and November, respectively. First weak indications of
used the semi-annual variation of the solar radiation in thea semi-annual variation in mesospheric water vapour have
tropics as a possible causé/gbh 1966. Further inves- been found by means of ground-based radiometer measure-
tigations showed rather soon that the solar forcing is notments in the mid-latitudeBgvilacqua et a).1989 Bevilac-
sufficient enough to create the SAO signature in the zonahua et al. 1990. Subsequent ground-based measurements
wind (Meyer, 1970. The forcings that cause the easterly and in Lauder (New Zealand, 45.&/169.7 E) and Table Moun-
westerly mean flow accelerations in the stratospheric SACtain (USA, 34.4 N/117.7 W) exhibited a clear semi-annual
are rather different in nature. The easterly accelerationsyariation in the altitude range between 70km and 80 km
on one hand, are due to the meridional advection of easterfNedoluha et a).199§. UARS/HALOE observations re-
lies from the summer hemisphere across the equiteyér, ported byChandra et al(1997 showed a strong SAO in wa-
197Q Holton and Wehrbeinl980. This effect occurs twice ter vapour in the equatorial region at 80 kidackson et al.

a year and peaks right after solstice. Another contribution(1998 provided, to our knowledge, the only complete anal-
to the easterly accelerations arises from the eddy momenysis of the mesospheric SAO in water vapour in the trop-
tum deposition by breaking planetary waves which have beerics and sub-tropics, up to an altitude of 80 km. This analy-
ducted in the tropics. The westerly accelerations, on thesis was based on HALOE measurements between the end of
other hand, are thought to be due to vertically propagatingl991 and the beginning of 1996. Compared to the SSAO, the
ultra-fast Kelvin waves and internal gravity waves that inter- MSAO exhibits a much stronger amplitude. Above the de-
act with the mean flow and deposit their momentum in thescribed SAO minimum at around 65 km the amplitude of the
upper stratosphere. The relative portions of these two wavenesospheric SAO in water vapour increases rapidly, peaking
contributions has been discussed extensivdiychman and  at around 0.01 hPa~80 km) with more than a half ppmv.
Leovy, 1988 Hamilton et al, 1995 Sassi and Garcjd997). In accordance with the phase shift between the MSAO and
The forcing of the mesospheric SAO is more uncertain. Inthe SSAO the annual water vapour distribution shows min-
general, the forcing is attributed to a broad spectrum of verima around April/May and October/November and maxima
tically propagating gravity and high-speed Kelvin waves, ex-around January/February and July/August at about 80 km.
cited in the lower atmosphere. These waves are filtered by th&he rapid increase of SAO amplitude in the middle and up-
zonal mean wind variations in the stratospheric SAO. This al-per mesosphere is mainly associated with the strong ver-
lows mainly waves with the opposite horizontal propagationtical gradient in water vapour in that altitude range. The
direction with respect to the zonal wind direction to propa- UARS/HALOE water vapour measurements also showed the
gate further upward into the mesopause region, where thesatitudinal asymmetry of the MSAO in the subtropics. In
waves usually break. The filtering of these waves accountshe Northern Hemisphere the SAO exhibited maximum am-
for the phase shift between the stratospheric and mesosphenitudes of about 0.25 ppmv between°38nd 35 latitude,
SAO (Dunkerton 1982 Hitchman and Leovy1986. while in the same latitude band in the Southern Hemisphere

The asymmetry between the two cycles of the semi-annuathe amplitudes showed peak values up to 0.6 ppmv at an alti-
circulation is attributed to differences in the extratropical tude close to 80 km.
planetary wave forcingQ¥elisi and Dunkerton1988. The The Sub-Millimetre Radiometer — SMRErisk et al.
latitudinal asymmetry in the subtropics has been investigated2003, aboard the Odin satellite passively scans thermal
in detail byRay et al.(1998. According to their work no  emission of several trace gases at the atmospheric limb
single forcing contributing to the SAO could be clearly con- [Murtagh et al., 2002]. Measurements at 557 GHz provide
nected to this asymmetry. The largest contribution arose inglobal fields of mesospheric water vapour up to an altitude
stead from a different phasing of the maximum meridional of 100 km. In this paper we present water vapour observa-
advection between both hemispheres, which takes place latdions in the tropics between 2002 and 2006. This data set
in the Southern Hemisphere. has been analysed with particular focus on the mesospheric

The annual variation in the zonal wind influences alsosemi-annual circulation in water vapour. The Odin/SMR data
the annual distribution of atmospheric trace gases via infprovide a complete picture of the MSAO signal, with new in-
duced meridional and vertical transport. The stratosphericsights in particular above 80 km altitude, where earlier stud-
SAO in water vapour has for example been observed byies were limited.
the MLS — Microwave Limb SoundeBarath et al(1993, The outline of the paper is as follows. In Sextve give an
and the HALOE — Halogen Occultation ExperimeRis-  general overview of the mesospheric water vapour observa-
sell et al.(1993, instrument, both aboard the Upper Atmo- tions by Odin/SMR and describe their quality and handling.
sphere Research Satellite (UAR®)(r et al, 1995 Randel  The observations of the mesospheric SAO are presented and
et al, 1998 Jackson et al.1999. Signatures of the strato- analysed in SecB and the results are discussed in Sdct.
spheric SAO could be observed above 20 hR&7km).

The analysis of these data sets showed a maximum ampli-
tude of 0.2 ppmv slightly below 1 hPa-@48 km), with wa-
ter vapour minima in February and August and maxima in
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Fig. 1. Mesospheric water vapour comparison between the Odin/SMR Chalmers v2.1 retrieval and ACE/FTS (left panel) and UARS/HALOE
(right panel) results respectively. The mean profiles represent measurements in the latitude band bét%eea 4@ N where the two
instruments in question were separated by less than 5h in time and 1000 km in space. The comparison with ACE/FTS and UARS/HALOE
are based on 118 and 711 such events, respectively.

2 0Odin/SMR observations of mesospheric water vapour  sphere/mesosphere scan. Thus around 40 to 45 scans in total

are performed per orbit. The integration time for a single tan-
The Odin satellite has been launched on 20 February 200§ent height measurement is approximately 1.85s. This time
into a polar, sun synchronous and near-terminator orbit ain combination with the spectrometer read-out times and the
an altitude of around 600 km and is orbiting the Earth aboutantenna characteristics determines the effective altitude res-
15 times a day. One of two instruments carried aboard theution of the measurements, which is in the order of around
satellite is the Sub-Millimetre Radiometer. This instrument 3 km. The horizontal resolution in this altitude layer is char-
is a heterodyne receiver employing a 1.1 m telescope in oracterised by the path length, which is about 400km. The
der to passively measure thermal emission at the atmospherigorizontal sampling is given by the movement of the satel-
limb. Itis composed of four tunable sub-millimetre radiome- |ite, which is approximately 7 km/s projected on the ground,
ters covering several frequency bands between 486 GHz angind the time needed to perform the scan. Accordingly, the
581 GHz and one millimetre radiometer measuring arounchorizontal sampling is typically about one measurement per
119 GHz. Two autocorrelators and one acousto-optical spect000 km. For the measurements of the 557 GHz band two
trograph can be attached to any of the radiometers to detegf the four radiometers are used, either the 549A1 radiome-
the received signaHisk et al, 2003. ter (covering 541 GHz to 558 GHz) or the 555B2 radiometer

) ] (covering 547 GHz to 564 GHz), using in total three differ-

2.1 Measurements of the 557 GHz band and its retrieval  gnyt frequency configurations. In either case autocorrelator
umber 1 is attached as the signal receiving spectrometer.

Il he water vapour emission line covered by the measurements
water vapour and its isotopeldipan et al.2007). Measure- P y

is centred at 556.936 GHz. This line is the strongest water
ments of the 557 GHz band have been_ performed on_4 c.jay§apour emission line in the entire microwave region. The line
per m(_)nth for the greater part of the Odin aeronomy mission optically thick in the centre up to approximately 70 km to
In April 2006 the measurement frequency was increased to 5 km. Water vapour profiles can be retrieved from the spec-
days per month. Since May 2007 these measurements are

; q bout 11 d th. Th a covering the altitude range between 40 km and 100 km.
periormed on abou ays per month. ese me""‘quref'heIimiting factor on the lower altitude end is a combination

ments are par? of a strgtosphere/mesosph.ere mode, Whe(tﬁ‘the limited bandwidth of the SMR instrument of 800 MHz
the atmospheric scans in general are ranging from 7 km tq

i : ) . 1 and the high optical thickness even in the line wings. The
110km altitude. With a scanning velocity of 0.75 kis- upper altitude limit is given by the signal-to-noise ratio and
it takes more than two minutes to complete such a strato-

Odin/SMR measures several atmospheric emission lines
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the volume mixing ratio of water itself. The retrieved altitude The SAO analysis bylackson et al(1998 based on
resolution is usually about 3km. The retrieval is done with UARS/HALOE data is an important basis for the discussion
a non-linear scheme using the Optimal Estimation Methodof the Odin/SMR observations of the semi-annual oscillation
(OEM) (Rodgers 200Q Baron et al. 200]). The itera- (Sect.4). Therefore, we have performed the same kind of
tion scheme is based on a Newton and Levenberg-Marquardtomparison for the tropical and subtropical latitude region
method [autié et al, 200]). The typical statistical error of between these two instruments as we did with ACE/FTS
a single water vapour profile retrieved is between 5% andbefore. The results of this comparison are shown in the
15% below 80 km. Above 90 km the statistical error can eas~ight panel of Fig.1. In this case we found 771 events
ily exceed 50%. For more detailed information about the of coincident measurements. Below 60km the retrieved
Odin/SMR mesospheric water vapour retrieval the reader isvater vapour from Odin/SMR measurements is 0.3 ppmv

referred toUrban et al(2007) andLossow et al(2007). (~5% deviation with respect to the mean of Odin/SMR and
_ UARS/HALOE) higher as compared to UARS/HALOE. At
2.2 Dataquality 62km altitude both instruments show the same amount of

] ] i ) ) water vapour. Above this altitude the retrieved Odin/SMR
The aim of the following quality assessment is to give a, 4ier vapour shows a dry bias, similar as seen in the

sincere characterisation of the mesospheric Odin/SMR Wagomparison with ACE/FTS. This bias maximises at around

ter vapour data in the tropical and subtropical region. Forss . m with 1.0 ppmv £18% deviation) and above to about
the current study we use the official Odin/SMR retrieval ver- 3 ppmv ( 5% deviation) at 80 km altitude.

sion 2.1. The changes and status of this retrieval version for The large distance allowed between the coincident mea-
t;‘e meSOﬁphencI.wat?rr?ave peenl desc_nbegdsylsow Ie;?jl' surements might cause a bias in the comparisons if there is a
(2007). The quality of the retrieval version 2.1 level-2 data gjqnificant offset in the average latitude between

on the global scale has been assessed by a comparison Othe implemented measurements of the respective satellites.

correlative satellite measureme_nts performed by the Fourieﬁowever, no such apparent offset in the average latitude can
Transform Spectrometer (FTS) instrument aboard the Canat-)e found. In addition we repeated the comparisons with

dian ACE — Atmo_spheric Chemistry Experimgrﬁgrnath ACE/FTS and UARS/HALOE allowing only a maximum
et a}l.(2003,. sgtelllte. ACE/FTS measures extmcuon SPEC- jistance of 500km between the coincident measurements.
tra in the mid-infrared, using the rather precise solar OCCLII'Applying this stricter criterion reduces the number of coinci-

:qnon dtechnuiﬁe. AgE?FVTVgtert \_/apolur pr_ofllesz;ave TTn r€dent measurements by about 70% in both cases. Nonetheless,
rievedusing the retrieval version Z5bne et al, changes are only small and the overall characteristics of the

ZOQE). The results of mesospheric ACE/FTS water Vapourcompansons remain.
retrieval have already been compared to the EOS MLS — ; . I
g . ) For the analysis of the semi-annual oscillation we expect
Earth Observing System Microwave Limb Soundéaters . : .
et al. (2009 instrument aboard the Aura satellite, showin in general no or only a very small influence of the dry bias
’ ' 9 of the SMR data set in the altitude range of interest. This

a very good agreement with deviations of less than 5% be- L . ;
. conclusion is based on our idea to analyse the SAO signal as
low 85km (Lambert et al. 2007). The comparison of the o
3 temporal deviation around a mean state.

mesospheric water vapour retrievals between Odin/SMR an
ACE/FTS exhibits on the global perspective a dry bias of
the SMR data in the entire altitude regioB8afleer et al.

2008. The observed behaviour is very similar in the lati- £or the characterisation and analysis of the mesospheric
tude range between 48 and 40 N, which we implementin  gomi annual oscillation in water vapour we use measure-

this study. This can be seen in the left panel of Bigvhich  enis from Odin/SMR performed between 2002 and 2006.
§hovys a comparison of mean .proflles based on 118 eventémy data taken by the frequency configuration “freq-
in this latitude range where Odin/SMR and ACE/FTS mea-,5de 19" has been implemented in this analysis. This fre-

surements were not separated by more than Sh in time ang,ency configuration employs the 549A1 radiometer and has

1000km in space. At 50km Odin/SMR exhibits 0.2ppmV peen ysed continuously and most often throughout the Odin
(~3% deviation with respect to the mean of Odin/SMR and nissjon for the mesospheric water vapour measurements.
ACE/FTS) less water vapour than ACE/FTS. The dry biasyoreqver, this configuration is the most optimised out of

increases above, peaking with 1.1 ppmv20% deviation)  he three frequency configurations used for those measure-
in the altitude range between 60 km and 70km. Above thisanis (see Sec2.l). We implement only profiles which

altitude range the deviation decreases Wit!’l altitude_ and ber5ve been flagged as usable for scientific analysis by the re-
tween 80km and 89 km (the uppermost altitude retrieved bytrieya| quality control. This quality control is based on differ-
ACE/FTS) the Odin/SMR dry bias is always below 0.5ppMV gt harameters, such as the convergence, the cost function of
(~20%-40% deviation). the retrieval (chi-square statistical analysis), the Levenberg-
Marquardt parameter (regularisation of the non-linear re-
trieval) and the retrieved pointing offset. From those profiles

2.3 Data set and its handling

Atmos. Chem. Phys., 8, 652654Q 2008 www.atmos-chem-phys.net/8/6527/2008/
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Fig. 2. The mean water vapour distribution observed by Odin/SMR in the equatorial region during the years 2002 to 2006. Data from the
latitude range between 1@ and 10 N have been included. The time grid is 15 days, while the single data points describe a 30 day mean.
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Fig. 3. The standard deviation corresponding to the mean water vapour distribution shownan Fig.

only data are used, where the measurement shows a responsely represent the characteristics for these two local time
of at least 70% in the retrieved values. This high measurefanges. In order to get general results the local time variation
ment response ensures that the influence of the a priori informust be accounted for, which is determined by atmospheric
mation needed for an OEM retrieval is minimised. tidal waves. Tidal contributions to the data set can be sig-
Due to its sun-synchronous orbit Odin always performsnificant, especially in the upper mesosphere and lower ther-
measurements only at two distinct local times (LT) at a givenmMosphere, and can influence the analysis of the semi-annual
latitude (one local time on the ascending node and a secoscillation. In the tropical region the most prominent tide is
ond local time on the descending node). In the equatoriafh® migrating diurnal tide, which propagates westwards fol-
and tropical region Odin takes measurements around 06:00l0wing the apparent motion of the Sun (€lpapman and
07:00LT and 18:00-19:00 LT. Thus, any given result would Lindzen 197Q Forbes 1993. This tide is mainly forced in

www.atmos-chem-phys.net/8/6527/2008/ Atmos. Chem. Phys., 8, 65232008



6532 S. Lossow et al.: Observations of the MSAO in water vapour by Odin/SMR

100
1
0.9
95 L 0.8
0.7
0.6
90 L 0.5

85

Altitude [km]

807 > G PN : 0.2

75+
9

701

65

o
Water vapour deviation [ppmv]

I Jan IFeb|Mar | Apr IMay | Jun | Jul | Aug |Sep | Oct INov | Decl
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distribution.

the troposphere by solar heating and exhibit, like the SAO, After the tidal correction has been applied the data set has
a semi-annual variation with peaks near the equinoXes (  been averaged onto a 15 day time grid, where every grid point
cent et al. 1988 Burrage et al.1995 McLandress1997). describes a mean of 30 days. Thus the single data points are
In addition, a weaker migrating semi-diurnal tide and non- not completely independent from each other in time. In the
migrating tides can be observed. Measurements of the tidalertical the data have been interpolated onto a 1 km altitude
variation of water vapour in the altitude range of interest aregrid. In order to describe the latitudinal dependence of the
very rare and reports in the literature are essentially nonSAO the data have been averaged over a latitude range of
existing. Due to its sun-synchronous orbit, Odin measure-10 degrees using a 5degree latitude grid. Hence, just as in
ments are not suitable to provide detailed information on thethe time domain, the single data points are not independent
diurnal variation of water vapour. Similarly satellite-based from each other in the latitude domain.

solar occultation instruments have only a limited capability The amplitudes of the semi-annual and annual variation of
to extract the diurnal characteristics, since they only measur¢éhe mesospheric water vapour distribution in the tropical and
at sunset and sunrise. Data from ground-based radiometeribtropical region are then determined by means of a wavelet
usually needs to be integrated over 24 h in order to provideanalysis. In order to get general results we averaged over the
useful measurements at an altitude of 80 km. Hence, for théime component of the global wavelet spectrunoréence
time being, only models can give answers about the diurnabhnd Comp1998. For this spectral analysis we have em-
(tidal) variation of water vapour in the upper mesosphere ancloyed the whole time series between 2002 and 2006. A data
lower thermosphere. In our case we used data from WACCMgap in February 2006 has been filled by linear interpolation
— Whole Atmosphere Community Climate Modé&barcia  for the sake of convenience. In order to estimate the sta-
et al. (2007, in order to estimate the most important tidal tistical significance of the determined amplitude we applied
contributions in the tropics and subtropics due to the migrat-the jackknife methodEfron, 1979. The basic idea behind

ing diurnal and semi-annual tide. In the tropical region thethis method is to systematically recalculate the amplitude of
maximum amplitude of the migrating diurnal tide is about the desired frequency components from altered time series,
1 ppmv, while the migrating semi-diurnal tide reaches a max-where in each case a different set of observations has been
imum amplitude of 0.4 ppmv. The modelled tidal contribu- removed from the original time series. This procedure leads
tions as a function of latitude, local time, altitude and day ofto a new data set of amplitudes, which can be used to esti-
year have been subtracted from the individual water vapoumate the standard deviation of the amplitude derived from
profiles retrieved before any averaging. This correction doeghe original time series.

neither take into account non-migrating tides nor the inter-

annual variation of migrating tides due to quasi-biennial os-

cillation (QBO,Baldwin et al.(2001) and references therein)

(Burrage et a.1995.
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Fig. 5. The mean absolute (black, lower axis) and relative amplitude

(grey, upper axis) of the semi-annual variation of the water vapour __ ) ) . .
distribution between 2002 and 2006 as a function of altitude. TheF19- 6- Mean annual time series of water vapour in the equatorial
relative amplitude employs the mean profile derived from the annuaf'€@ in three central altitude ranges. Lower panel: below 75km
distribution displayed in Fig2 as the reference. The dashed lines (P€low the lower SAO amplitude peak). Middle panel: between

represent the error of the amplitude as determined by means of thé6 km and 80 km. Upper panel: above 81 km (above the upper SAO
jackknife method. amplitude peak). The dashed lines represent the error bar of the

single time series.

3 Observations and results tions provide also a first indication of the amplitude of the
semi-annual variation of water vapour. The absolute maxi-
3.1 Equatorial region X65-10 N mum amplitudes occur in two layers, one at about 75 km and

the other one at around 81 km, clearly exceeding 0.5 ppmv.

Figure 2 shows the mean annual water vapour distribution Above 90 km the absolute water vapour deviations are small,
in the latitude range between 18 and 10N as measured just like the absolute water vapour volume mixing ratio itself.
by Odin/SMR for all years considered. At all altitudes a Below 75 km the absolute deviations decrease with decreas-
semi-annual variation of water vapour can be observed. Iring altitude.
the upper altitude range above 80 km water vapour exhibits The absolute amplitude of the semi-annual variation of the
maxima at the end of December/beginning of January and ifvater vapour distribution as a function of altitude is given by
July. The minima occur in April and October. In the lower the black line in Fig5 (using the lower axis). As already
altitude range below 75km, on the other hand, the positionevident from Fig.4, the semi-annual variation of the meso-
of the maxima and minima is flipped with respect to the up- spheric water vapour distribution peaks at two distinct alti-
per altitude domain. Maxima can be observed at the end ofudes in the equatorial region, namely at 75 km with around
March/beginning of April and in October while the minima 0.6 ppmv and at 81 km with around 0.8 ppmv. In the altitude
appear in December and at the turn of June and July. Theegion in-between, where also the phase shift of the semi-
transition between the these two different phase domains ocannual variation occurs, a significant minimum can be ob-
curs in a rather thin layer between approximately 75 km andserved. The amplitude of the semi-annual component drops
80 km. here to 0.4 ppmv at 78 km altitude. In the altitude range be-

The standard deviation of the mean water vapour distributween 81 km and 90 km the SAO amplitude decreases rather
tion is given in Fig.3, in order to give also an indication of strongly, similar to the absolute amount of water vapour. At
the observed annual and inter-annual variability. The vari-90 km altitude the amplitude of the semi-annual component
ability exhibits in general the same pattern as the mean wateis somewhat more than 0.1 ppmv. Above 90 km the ampli-
vapour distribution. The absolute highest variability can betude decreases much slower with altitude. It is also notable
observed at about 75 km around the equinoxes. that we do not observe a distinct altitude where the min-

Figure 4 shows the deviation of the mean annual waterimum amplitude of the semi-annual variation between the
vapour distribution shown in Fi@ with respectto a 180 days stratopause and the higher mesosphere occurs. The mini-
running average of this mean distribution. This figure showsmum amplitude we observe is in the order of 0.30 ppmv to
more clearly the observed time shift of the water vapour ex-0.35 ppmv and spans over the altitude range between 50 km
trema between 75km and 80km. In addition these devia-and 63 km (not shown here).
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Expressed in relative terms the semi-annual variation3.2 Tropical and subtropical region 35-35 N
peaks above 80 km as shown by the grey line in Bius-
ing the upper axis). As reference we used the mean proIwo latitudinal cross section examples of the mean annual
file derived from the annual distribution displayed in Fag.  water vapour distribution are given in Fig.covering the lat-
Two maxima can be observed above 80 km, where the relitude range between 3% and 38 N. The lower panel shows
ative amplitude of semi-annual variation is up to 60% andthe altitude of 75km and the upper panel shows the altitude
more. One maximum occurs close to 87 km and a secon@f 83 km respectively. At 75km altitude, the water vapour
one is spread out over the altitude range between approximaxima both in March/April and in September/October ap-
mately 93km and 97 km. These two maxima are separategbear to be centred in the Southern Hemisphere at alidhit 5
by a minimum at 90 km. At this altitude the amplitude of the From the centre of the maximum towards the mid-latitudes
semi-annual variation stands for somewhat more than 50%he amount of water vapour generally decreases and the
of the total water vapour amount. Below 85km the rela- strength of the semi-annual variation gets weaker. The water
tive amplitude decreases strongly with decreasing altitudevapour distribution in the extra tropical mesosphere is domi-
At 78 km the relative amplitude of the semi-annual variation nated by an annual component. Maximum values occur dur-
is less than 15%. Even below this altitude the amplitude coning summer time and the minimum can be observed in win-
tinues to decrease with decreasing altitude, but only slightlyter. This behaviour is due to a gravity wave driven merid-
A comparison with the data where the tidal contributions ional circulation with an ascending branch over the summer
were not removed using WACCM revealed no significant dif- hemisphere and downwelling motion over the winter hemi-
ferences with respect to the amplitude of the semi-annuasphere. Parts of this annual component become evident at
component of the mesospheric water vapour variation. latitudes higher than 25 degrees shown in FigAt those lat-
Figure 6 gives a detailed view on some of the mean an-itudes also clear inter-hemispheric differences can be noted.
nual water vapour time series in the three key altitude rangedn comparison to its Southern Hemisphere counterpart the
The lower panel shows time series below 75 km. The altitudeNorthern Hemisphere summer exhibits higher water vapour
range between the two amplitude maxima of the semi-annuatoncentrations. On the contrary less water vapour can be ob-
variation, 76 km and 80 km, where also the phase shift of theserved in the Northern Hemisphere winter than in the South-
SAO occurs, is given in the middle panel. Time series fromern Hemisphere winter.
above 81km are shown in the upper panel. In the altitude The structure of the water vapour distribution at 83 km
range below 75 km the first annual minimum (starting in Jan-looks simpler than at 75 km, since the water vapour extrema
uary) exhibits in general a lower water vapour concentrationoccur at the same time at all latitudes. The observed max-
than the second one. On the contrary the first annual maxiima in the tropical region could literally be described as the
mum tends to show slightly more water vapour with respect‘tips of two tongues”, originating as an equatorward exten-
to the maximum in the Northern Hemisphere autumn. Thesion of the extra-tropical summer water vapour maximum in
second maximum appears to be “broader” in time. At 76 kmeach hemisphere. Similar to the conditions at 75 km seasonal
a small bump can be observed at the end of June/beginnininter-hemispheric differences can clearly be observed at the
of July. This bump may be a very first indication of the latitude higher than 25 degrees. In addition, looking for ex-
phase change of the semi-annual variation occurring in theample at the 1.75 ppmv contour line it can be seen that this
thin layer above. Two kilometres higher up the annual varia-line extends from the Northern Hemisphere down to a lati-
tion looks like as having rather three maxima than only two. tude of about 20S in the Northern Hemisphere summer. On
One maximum occurs in March, one in December and a verythe other hand, this contour line extends from the Southern
broad one that is spread out between July and Septemberiemisphere only up to a latitude slightly north of the equa-
At 80 km altitude the phase shift of the semi-annual watertor in the Southern Hemisphere summer. This observation
vapour variation is almost complete. Above this altitude, in can also be made, even if not so clear, using other contour
general more water vapour can be observed at the maximurines. A similar behaviour can be observed roughly up to an
in the middle of the year as compared to the maximum at thealtitude of 90 km.
end of the year. As evident in Fig8.and4, Fig. 6 clearly Figure 8 gives an overall picture of the latitude and al-
manifests that the phase of the semi-annual variation of watitude dependence of the amplitude of the semi-annual and
ter vapour below 75 km and above 81 km is not completelyannual variation of the mesospheric water vapour distri-
shifted by 180 degrees, since the corresponding extrema libution. Above approximately 78 km the amplitude of the
not perfectly on top of each other. semi-annual variation exhibits nearly no latitude dependence
within the latitude range between35 and 35 N. The maxi-
mum amplitude can be observed at around 82 km at a latitude
of circa 15 N exceeding 0.85 ppmv. This observation is not
statistically significant, since the amplitude error determined
by the jackknife method is also high. The same significance
problem applies to amplitude maximum at 75km, which
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o

S ter vapour distribution occurs at approximately’ N) con-

é cerning the altitude range between 65 km and 85 km. Above
54’ | 90 km the amplitude of the annual water vapour variation ex-
g sz— hibits nearly no latitude dependency. At those altitude the
§ . ' semi-annual variation is stronger as the annual variation am-
| Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | plitude at all latitudes implemented in our analysis. In addi-
ek tion to semi-annual and annual variations described here we
g, | also found a small QBO and a 90 day time variation.
g W In Fig. 9 some examples of time series at" 26 (green)

- r and 28 S (red) provide a more closer look at the two hemi-
§0 S S S S S SO O S SO S S spheres and differences between them, as described in the
| Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | last two figures, i.e. FigsZ and8. Just for the sake of com-
TR e~ L parison we also included the time series at the equator (blue).
%yMC, The results are shown at 73km (lower panel), 78 km (middle
g s panel) and 83 km (upper panel). The time series at 73km in
57 N | the Northern Hemisphere exhibits clearly a dominating an-

Sol et nual component of the water vapour variation. Af Zthe
| Jan [ Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct |Nov | Dec | semi-annual variation is still the prevailing component. Like

at the equator in both hemispheres the water vapour maxima
Fig. 9. Water vapour time series at 2Bl (green), 28 S (red) and ‘?‘ro“”d the_ equinoxin Marc_h due to the semi-annual varia-
the equator (blue) at 73 km (lower panel), 78 km (middle panel) andtion can still be detected. Five degrees more polewards this

83km (upper panel). The dashed lines describe the error bar of th@€ak can ra_thq h?rdly be observed. It i? f‘Otab!e_the wa-
time series. ter vapour distribution at 255 does not exhibit a minimum

around July, that means local winter, as expected from the

semi- and annual variation. This behaviour is not as obvious
appears to be slightly centred on the Southern Hemispherén the Northern Hemisphere but is based on the observation
Towards higher latitudes the amplitude of the semi-annuakhat the phase shift at the subtropical latitudes starts already
water vapour variation decreases, reaching a minimum at an altitude of about 65km to 70km. The water vapour
around 25 degree latitude with approximately 0.25 ppmv. Instructure at 78 km and the described characteristics are rel-
the altitude range between 65 km and 75 km the amplitude inatively similar to those at 73km. As a prominent deviation
creases again, but only in the Southern Hemisphere. This inalso the maximum at the equinox at the end of September can
crease is rather strong especially at the higher altitudes wherge distinguished on both hemispheres. This is even visible at
for example an amplitude of 0.5ppmv at 75km can be ob-30 degree latitude. In the Southern Hemisphere clear signa-
served at 35S. tures of the phase shift of the semi-annual variation at that

The amplitude of the annual component of the variationaltitude can be observed. This phase shift exists also in tOhe

of the mesospheric water vapour distribution reveals a cleaNorthern Hemisphere, but is more hidden due to the dom-
inter-hemispheric difference with the minimum centred in inating annual component of the water vapour variation at
the Southern Hemisphere in the latitude range betw&&h 5 that latitude. At 83 km the water vapour distribution shows a
and 20 S. The minimum amplitude here is rather constantsemi-annual variation combined with a strong annual compo-
with altitude, usually between 0.1 ppmv and 0.15 ppmv, ex-nent in both hemispheres. As noted before the summer max-
cept for the uppermost altitudes above 90 km. The strongesimum is stronger in the Northern Hemisphere, while the win-
latitude dependence of the annual component in the Southter maximum is stronger in the Southern Hemisphere. This
ern Hemisphere occurs in a layer between 80 km and 85 knbehaviour is most obvious here, but can easily be observed
where the amplitude increases up to more than 0.8 ppmv adlso at 73 km and 78 km.
35° S. South of 30S between 65 km and 90 km the ampli-
tude of the annual water vapour variation is roughly com-
parable to the amplitude of the semi-annual variation. At4 Discussion and summary
lower southern latitudes the semi-annual variation is in con-
trast clearly the dominant variation in this altitude range. In Five years (2002—-2006) of Odin/SMR measurements of the
the Northern Hemisphere the amplitude of the annual variamesospheric water vapour distribution in the tropical and
tion of the water vapour distribution increases rather strongsub-tropical region were used to give a general picture of the
towards the mid-latitudes, especially below 85km. AtB5  mesospheric semi-annual oscillation in water vapour. Year to
the amplitude exceeds 1ppmv in that altitude range. Theyear variability of the MSAQ is clearly observable in Fay.
transition from the semi-annual to the annual variation as theThis variability is associated with the modulation of the SAO
dominant contribution to the temporal variation of the wa- by the quasi-biennial oscillatiorGarcia et al. 1997 Mayr
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et al, 1997. A detailed analysis of the inter-annual vari- Both amplitudes vary by-0.3 ppmv over the years, as dis-
ability and the signal of the quasi-biennial oscillation sig- cussed before in terms of inter-annual variability. This ob-
nal in mesospheric water vapour distribution measured byserved structure of the SAO amplitude resembles in principle
Odin/SMR will be the subject of a future study. the amplitude pattern observed by UARS/HALQE¢kson
Our data set shows distinct signatures of the semi-annuagt al, 1998 their Fig. 5). Since their analysis is limited to
oscillation in the equatorial region in the entire altitude range80 km the upper peak can not be observed completely and
of interest, namely between 65km and 100 km. The mostaccordingly the full amplitude is unknown. Furthermore,
prominent feature is a phase shift in the semi-annual varithe minimum between the two maxima is not statistically
ation, which occurs in the altitude range between approxi-significant in the UARS/HALOE evaluation (see again their
mately 75 km and 80 km. This feature can also be observedrig. 5). The amplitude of the lower peak at 75km and also
in the temperature distribution, where the transition occursthe amplitudes observed at the altitudes below are smaller
somewhat higher in altitudeC{ancy et al. 1994 Remsberg in the HALOE analysis. The authors discuss the possibil-
et al, 2002 Shepherd et 312004 Huang et al.2006. Be- ity of an underestimation based on the aforementioned over-
low this thin transition layer the maxima of the water vapour smoothing in time of the HALOE data. The analysis of the
distribution are found around the equinoxes, while they oc-Odin/SMR data shows that the amplitude at the node be-
cur around the solstices above this layer. Noticeable is alsdween stratospheric and mesospheric SAO does not decrease
that the phase shift is not entirely 180 degrees between thede zero and that the node is actually spread out over a broader
two altitude domains. There seems to be an apparent diffialtitude range between 50 km and 63km. Even very high
culty to model the observed phase shift of the mesospherialtitudes show a clear SAO signal, being actually strongest
SAO in water vapour. The simulations of WACCM used above 85km in terms of the relative variation of the volume
here for the tidal analysis show a phase shift that starts almixing ratio.
ready at 60 km. Other models, like COMMA-IAP — Cologne  With respect to the latitudinal behaviour of the tropi-
Model of the Middle Atmosphere — Institute of Atmospheric cal/subtropical MSAO in water vapour we need to distin-
Physics in KihlungsbornSonnemann et a(1998, do not  guish between the two altitude regions, namely below and
show any phase shift at aKfrner, 2002 Korner and Son- above 78 km. The amplitude of the SAO below 78 km de-
nemann2001). In comparison to the HALOE analysis of the creases towards higher latitudes, reaching a minimum ampli-
mesospheric SAO in water vapouiatkson et 811998 their  tude at about 25 degree latitude. This picture is consistent
Fig. 3) the water vapour maxima observed by Odin/SMR oc-with the HALOE observations. As before, the amplitudes
cur one month earlier. A recent model study of the SSAOobserved by Odin/SMR are higher than the amplitudes de-
in water vapour bylLelieveld et al.(2007) make a similar  rived from the HALOE observation. The amplitude of the
observation, when comparing their results to UARS/HALOE SAO above 78 km on the other hand does not show any sig-
data. This is very likely explained by an under-sampling nificant variation with latitude. A similar behaviour has been
of the HALOE data due to the solar-occultation techniqueobserved for the MSAO in temperature by the WINDII —
and the UARS orbit. Part of the data are separated by 6@Vind Imaging InterferometeiShepherd et 311993 instru-
to 80days and have subsequently over-smoothed onto a 3@ent aboard the UARS satellit8liepherd et g12004. Cor-
day mean grid. The observed phase shift of the semi-annuakspondingly, the amplitude of the mesospheric semi-annual
variation of the water vapour distribution between 76 km andoscillation in water vapour exhibits a single peak structure
80km is consistent with the downward propagation of theat latitudes higher than 20 degree. In the Southern Hemi-
MSAOQO in the zonal wind in this altitude range. In general, sphere the amplitude of the SAO recovers at sub-tropical lat-
the mesospheric SAO in water vapour can be associated titudes below 80 km. This effect has also been observed in
vertical and meridional transport, induced by the MSAO in the UARS/HALOE analysis of the mesospheric SAO in wa-
the zonal wind. This comprises downwelling and adiabaticter vapour Jackson et al.1998 and is in agreement with
warming starting at the onset of the easterlies on one hanthe characteristics of the SAO in the zonal wifkhy et al,
and upward motion with corresponding adiabatic cooling oc-1998. Also the annual component of the water vapour vari-
curring at the onset of the westerlies on the other h&tid ( ation shows clear inter-hemispheric differences in the sub-
rota 1980 Garcia et al.1997. The upper panel of Figl tropics with a higher amplitude in the Northern Hemisphere.
might indicate that the semi-annual variation in water vapourThe minimum amplitude of the annual component is found
may partly be based on an additional component which arisegh the Southern Hemisphere betweehSband 20S. The
from a meridional advection of water vapour from the polar evaluation of the HALOE water vapour data bjya¢kson
region of the summer hemisphere across the equator, at least al, 1998 shows the amplitude minimum at abot $
above 80 km. and thus somewhat more equatorward than for Odin/SMR.
In the equatorial region the amplitude of the mesosphericThe amplitudes of the annual oscillation derived from the
SAO exhibits a double peak structure with one maximumUARS/HALOE data are again smaller, as discussed earlier.
at 75km and another one at 81km. The mean ampli-The observations of latitudinal structure of the annual oscil-
tudes of these peaks are 0.6 ppmv and 0.8 ppmv respectiveliation by Odin/SMR confirm previous observations based on
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