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Abstract

Mesospheric water vapour measurements taken by the SMR instrument onboard the
Odin satellite between 2002 and 2006 have been analysed with focus on the meso-
spheric semi-annual circulation in the tropical and subtropical region. This analysis
provides the first complete picture of mesospheric SAO in water vapour, covering alti-
tudes above 80 km where the only previous study based on UARS/HALOE data was
limited. Our analysis shows a clear semi-annual variation in the water vapour distri-
bution in the entire altitude range between 65km and 100 km in the equatorial area.
Maxima occur near the equinoxes below 75 km and around the solstices above 80 km.
The phase reversal occurs in the small layer in-between, consistent with the downward
propagation of the mesospheric SAO in the zonal wind in this altitude range. The SAO
amplitude exhibits a double peak structure, with maxima at about 75km and 81 km.
The observed amplitudes show higher values than the UARS/HALOE amplitudes. The
upper peak amplitude remains relatively constant with latitude. The lower peak am-
plitude decreases towards higher latitudes, but recovers in the Southern Hemisphere
subtropics. On the other hand, the annual variation is much more prominent in the
northern hemispheric subtropics. Furthermore, higher volume mixing ratios during
summer and lower values during winter are observed in the Northern Hemisphere sub-
tropics, as compared to the corresponding latitude range in the Southern Hemisphere.

1 Introduction

The semi-annual oscillation (SAO) is the strongest mode of annual variability above
35km altitude in the tropical region. This semi-annual variation has been first ob-
served in temperature and zonal wind data in the 1960s (Reed and Rodgers, 1962;
Reed, 1966). The oscillation peaks around the stratopause with amplitudes of around
30ms~' to 50ms~" in the zonal wind speed. At the stratopause maximum westerly
anomalies occur in April and October, while the maximum easterly anomalies can be
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observed in January and July. Subsequent measurements in the 1970s explored also
altitudes above 60 km (Groves, 1972; Hirota, 1980). These measurements revealed
that the semi-annual oscillation drops in amplitude above the stratopause and reaches
a minimum around 65 km altitude. Higher up the SAO strengthens again, peaking a
second time near the mesopause. This leads to a distinction between the stratospheric
(SSAO) and the mesospheric semi-annual oscillation (MSAO). The MSAQO in the zonal
wind has a similar amplitude and a phase which is approximately 180° out of phase
with respect to the SSAO variations (Hirota, 1980; Hamilton, 1982).

The amplitude of the SAO usually decreases with increasing latitude, but can recover
in the subtropics depending on altitude. In this regard, the semi-annual oscillation ex-
hibits a latitudinal asymmetry, with higher amplitudes in the Southern Hemisphere sub-
tropics (Belmont and Dartt, 1973; Ray et al., 1997). 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 Northern Hemisphere winter time (Delisi and Dunkerton, 1988; Garcia et al.,
1997).

Early attempts of explaining the semi-annual oscillation used the semi-annual varia-
tion of the solar radiation in the tropics as a possible cause (Webb, 1966). Further in-
vestigations showed rather soon that the solar forcing is not sufficient enough to create
the SAO signature in the zonal wind (Meyer, 1970). The forcings that cause the easterly
and westerly mean flow accelerations in the stratospheric SAO are rather different in
nature. The easterly accelerations, on one hand, are due to the meridional advection of
easterlies from the summer hemisphere across the equator (Meyer, 1970; Holton and
Wehrbein, 1980). This effect occurs twice a year and peaks right after solstice. Another
contribution to the easterly accelerations arises from the eddy momentum deposition
by breaking planetary waves which have been ducted in the tropics. The westerly ac-
celerations, on the other hand, are thought to be due to vertically propagating ultra-fast
Kelvin waves and internal gravity waves that interact with the mean flow and deposit
their momentum in the upper stratosphere. The relative portions of these two wave
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contributions has been discussed extensively (Hitchman and Leovy, 1988; Hamilton et
al., 1995; Sassi and Garcia, 1997). The forcing of the mesospheric SAO is more uncer-
tain. In general, the forcing is attributed to a broad spectrum of vertically propagating
gravity and high-speed Kelvin waves, excited in the lower atmosphere. These waves
are filtered by the zonal mean wind variations in the stratospheric SAO. This allows only
waves with the opposite horizontal propagation direction with respect to the zonal wind
direction to propagate further upward into the mesopause region, where these waves
usually break. The filtering of these waves accounts for the phase shift between the
stratospheric and mesospheric SAO (Dunkerton, 1982; Hitchman and Leovy, 1986).

The asymmetry between the two cycles of the semi-annual circulation is attributed
to differences in the extratropical planetary wave forcing (Delisi and Dunkerton, 1988).
The latitudinal asymmetry in the subtropics has been investigated in detail by Ray et
al. (1998). According to their work no single forcing contributing to the SAO could
be clearly connected to this asymmetry. The largest contribution arose instead from
a different phasing of the maximum meridional advection between both hemispheres,
which takes place later in the Southern Hemisphere.

The annual variation in the zonal wind influences also the annual distribution of at-
mospheric trace gases via induced meridional and vertical transport. The stratospheric
SAO in water vapour has for example been observed by the MLS (Microwave Limb
Sounder, Barath et al., 1993) and the HALOE (Halogen Occultation Experiment, Rus-
sell et al., 1993) instrument, both onboard the Upper Atmosphere Research Satel-
lite (UARS) (Carr et al., 1995; Randel et al. 1998; Jackson et al., 1998). Signatures
of the stratospheric SAO could be observed above 20 hPa (~27 km). The analysis
of these data sets showed a maximum amplitude of 0.2 ppmv slightly below 1 hPa
(~48 km), with water vapour minima in February and August and maxima in May and
November, respectively. The mesospheric SAO in water vapour has so far only been
addressed by Jackson et al. (1998), based on HALOE measurements between the
end of 1991 and the beginning of 1996. Compared to the SSAO, the MSAO exhibits a
much stronger amplitude. Above the described SAO minimum at around 65 km the am-
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plitude of the mesospheric SAO in water vapour increases rapidly, peaking at around
0.01 hPa (~80km) with more than a half ppmv. In accordance with the phase shift
between the MSAO and the SSAO the annual water vapour distribution shows min-
ima around April/May and October/November and maxima around January/February
and July/August. The rapid increase of SAO amplitude in the middle and upper meso-
sphere is mainly associated with the strong vertical gradient in water vapour in that
altitude range. The UARS/HALOE water vapour measurements also showed the latitu-
dinal asymmetry of the MSAOQ in the subtropics. In the Northern Hemisphere the SAO
exhibited maximum amplitudes of about 0.25 ppmv between 30° and 35° latitude, while
in the same latitude band in the Southern Hemisphere the amplitudes showed peak
values up to 0.6 ppmv at an altitude close to 80 km.

The Sub-Millimetre Radiometer (SMR, Frisk et al., 2003) onboard the Odin satel-
lite passively scans thermal emission of several trace gases at the atmospheric limb
(Murtagh et al., 2002). Measurements at 557 GHz provide global fields of mesospheric
water vapour up to an altitude of 100 km. In this paper we present water vapour ob-
servations in the tropics between 2002 and 2006. This data set has been analysed
with particular focus on the mesospheric semi-annual circulation in water vapour. The
Odin/SMR data provide a complete picture of the MSAQO signal, with new insights in
particular above 80 km altitude, where the HALOE based analysis of the MSAO was
limited.

The outline of the paper is as follows. In Sect. 2 we give an general overview of the
mesospheric water vapour observations by Odin/SMR and describe their quality and
handling. The observations of the mesospheric SAO are presented and analysed in
Sect. 3 and the results are discussed in Sect. 4.

2 0din/SMR observations of mesopheric water vapour

The Odin satellite has been launched on 20 February 2001 into a polar, sun syn-
chronous and near-terminator orbit at an altitude of around 600 km. Odin is orbiting the
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Earth about 15 times a day, passing the equator at approximately 18:00 LT on the as-
cending note. One of two instruments carried onboard the satellite is the Sub-Millimetre
Radiometer. This instrument is a heterodyne receiver employing a 1.1 m telescope
in order to passively measure thermal emission at the atmospheric limb. It is com-
posed of four tuneable sub-millimetre radiometers covering frequency ranges between
486 GHz and 581 GHz and one millimetre radiometer measuring around 119 GHz. Two
autocorrelators and one acousto-optical spectrograph can be attached to any of the
radiometers to detect the received signal (Frisk et al., 2003).

2.1 Measurements of the 557 GHz band and its retrieval

Odin/SMR measures several atmospheric emission lines of water vapour and its iso-
topes (Urban et al., 2007). Measurements of the 557 GHz band have been performed
on 4 days per month for the greater part of the Odin aeronomy mission. In April 2006
the measurement frequency was increased to 7 days per month. Since May 2007 these
measurements are performed every second day. These measurements are part of a
stratosphere/mesosphere mode, where the atmospheric scans in general are ranging
from 7 km to 110 km altitude. With a scanning velocity of 0.75 km s~ it takes more than
two minutes to complete such a stratosphere/mesosphere scan. Thus around 40 to 45
scans in total are performed per orbit. The integration time for a single tangent height
measurement is approximately 1.85s. This time in combination with the spectrom-
eter read-out times and the antenna characteristics determines the effective altitude
resolution of the measurements, which is in the order of around 3km. The horizon-
tal resolution in this altitude layer is characterised by the path length, which is about
400 km. The horizontal sampling is given by the movement of the satellite, which is ap-
proximately 7 km/s projected on the ground, and the time needed to perform the scan.
Accordingly, the horizontal sampling is typically about one measurement per 1000 km.
For the measurements of the 557 GHz band two of the four radiometers are used, ei-
ther the 549A1 radiometer (covering 541 GHz to 558 GHz) or the 555B2 radiometer
(covering 547 GHz to 564 GHz), using in total three different frequency configurations.
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In either case autocorrelator number 1 is attached as the signal receiving spectrometer.

The water vapour emission line covered by the measurements is centred at
556.936 GHz.

This line is the strongest water vapour emission line in the entire microwave region.
The line is optically thick in the centre up to approximately 70km to 75km. Water
vapour profiles can be retrieved from the spectra covering the altitude range between
40km and 100km. The limiting factor on the lower altitude end is a combination of
the limited bandwidth of the SMR instrument of 800 MHz and the high optical thickness
even in the line wings. The upper altitude limit is given by the signal-to-noise ratio and
the volume mixing ratio of water itself. The retrieved altitude resolution is usually about
3km. The retrieval is done with a non-linear scheme using the Optimal Estimation
Method (OEM) (Rodgers, 2000; Baron et al., 2001). The iteration scheme is based on
a Newton and Levenberg-Marquardt method (Lautié et al., 2001). The typical retrieval
precision of the water vapour volume mixing ratio for a single scan is between 5% and
15% below 80km. Above 90 km the retrieval precision can easily exceed 50%. For
more detailed information about the Odin/SMR mesospheric water vapour retrieval the
reader is referred to Urban et al. (2007) and Lossow et al. (2007).

2.2 Data quality

The aim of the following quality assessment is to give a sincere characterisation of
the mesospheric Odin/SMR water vapour data in the tropical and subtropical region.
For the current study we use the official Odin/SMR retrieval version 2.1, produced at
the Chalmers University of Technology in Goéteborg, Sweden. The changes and status
of this retrieval version for the mesospheric water have been described by Lossow et
al. (2007). The quality of the Chalmers v2.1 level-2 data on the global scale has been
assessed by a comparison to correlative satellite measurements performed by the
Fourier Transform Spectrometer (FTS) instrument onboard the Canadian ACE/SCISAT-
1 satellite (Bernath et al., 2005). ACE/FTS measures extinction spectra in the mid-
infrared, using the rather precise solar occultation technique. The water vapour pro-
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files have been retrieved using the ACE/FTS retrieval version 2.2 (Boone et al., 2005).
The results of mesospheric ACE/FTS water vapour retrieval have already been com-
pared to the EOS MLS (Earth Observing System Microwave Limb Sounder) instrument
(Waters et al., 2006) onboard the Aura satellite, showing a very good agreement with
deviations of less than 5% below 85 km (Lambert et al., 2007). The comparison of the
mesospheric water vapour retrievals between Odin/SMR and ACE/FTS exhibits on the
global perspective a dry bias of the SMR data in the entire altitude region (Carleer et
al., 2008). The observed behaviour is very similar in the latitude range between 40° S
and 40° N, which we implement in this study. This can be seen in the left panel of Fig. 1,
which shows a comparison of mean profiles based on 118 events in this latitude range
where Odin/SMR and ACE/FTS measurements were not separated by more than 5hin
time and 1000 km in space. At 50 km Odin/SMR exhibits 0.2 ppmv (~3% deviation with
respect to the mean of Odin/SMR and ACE/FTS) less water vapour than ACE/FTS. The
dry bias increases above, peaking with 1.1 ppmv (~20% deviation) in the altitude range
between 60 km and 70 km. Above this altitude range the deviation decreases with alti-
tude and between 80 km and 89 km (the uppermost altitude retrieved by ACE/FTS) the
Odin/SMR dry bias is always below 0.5 ppmv (~20%—40% deviation).

The SAO analysis of UARS/HALOE data by Jackson et al. (1998) is an important
basis for the discussion of the Odin/SMR observations of the semi-annual oscillation
(Sect. 4). Therefore, we have performed the same kind of comparison for the tropical
and subtropical latitude region between these two instruments as we did with ACE/FTS
before. The results of this comparison are shown in the right panel of Fig. 1. In this
case we found 771 events of coincident measurements. Below 60 km the retrieved
water vapour from Odin/SMR measurements is 0.3 ppmv (~5% deviation with respect
to the mean of Odin/SMR and UARS/HALOE) higher as compared to UARS/HALOE.
At 62 km altitude both instruments show the same amount of water vapour. Above this
altitude the retrieved Odin/SMR water vapour shows a dry bias, similar as seen in the
comparison with ACE/FTS. This bias maximises at around 72 km with 1.0 ppmv (~18%
deviation) and above to about 0.3 ppmv (~5% deviation) at 80 km altitude.
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For the analysis of the semi-annual oscillation we expect in general no or only a very
small influence of the negative bias of the SMR data set in the altitude range of interest.
This conclusion is based on our idea to analyse the SAO signal as a temporal deviation
around a mean state.

2.3 Data set and its handling

For the characterisation and analysis of the mesospheric semi-annual oscillation in
water vapour we use measurements from Odin/SMR performed between 2002 and
2006. Only data taken by the frequency configuration “freqmode 19” has been imple-
mented in this analysis. This frequency configuration employs the 549A1 radiometer
and has been used continuously and most often throughout the whole time period for
the mesospheric water vapour measurements. Moreover, this configuration is the most
optimised out of the three frequency configurations used for those measurements (see
Sect. 2.1). We implement only profiles which have been flagged as usable for scien-
tific analysis by the retrieval quality control. This quality control is based on different
parameters, such as the convergence, the cost function of the retrieval (chi-square sta-
tistical analysis), the Levenberg-Marquardt parameter (regularisation of the non-linear
retrieval) and the retrieved pointing offset. From those profiles only data are used,
where the measurement shows a response of at least 70% in the retrieved values.
This high measurement response ensures that the influence of the a priori information
needed for an OEM retrieval is minimised.

Due to its sun-synchronous orbit Odin always performs measurements only at two
distinct local times (LT) at a given latitude (one local time on the ascending and the
second one on the descending node). In the equatorial and tropical region Odin takes
measurements around 06:00-07:00 LT and 18:00-19:00 LT. Thus, any given result
would only represent the characteristics for these two local time ranges. In order to
get general results the local time variation must be accounted for, which is determined
by tides. Tidal contributions to the data set can be significant, especially in the up-
per mesosphere and lower thermosphere, and can influence the analysis of the semi-
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annual oscillation. In the tropical region the most prominent tide is the migrating diurnal
tide, which propagates westwards following the apparent motion of the Sun (e.g. Chap-
man and Lindzen, 1970; Forbes, 1995). This tide is mainly forced in the troposphere
by solar heating and exhibit, like the SAO, a semi-annual variation with peaks near
the equinoxes (Vincent et al., 1988; Burrage et al., 1995; McLandress et al. 1997).
In addition, a weaker migrating semi-diurnal tide and non-migrating tides can be ob-
served. Measurements of the tidal variation of water vapour in the altitude range of
interest are very rare and reports in the literature are essentially non-existing. Due
to its sun-synchronous orbit, Odin measurements are not suitable to provide informa-
tion on the diurnal variation of water vapour. Similarly satellite-based solar occultation
instruments have only a limited capability to extract the diurnal characteristics, since
they only measure at sunset and sunrise. Data from ground-based radiometers usually
needs to be integrated over 24 h in order to provide useful measurements at an altitude
of 80 km. Hence, for the time being, only models can give answers about the diurnal
(tidal) variation of water vapour in the upper mesosphere and lower thermosphere. In
our case we used data from WACCM (Whole Atmosphere Community Climate Model;
Garcia et al., 2007) in order to estimate the most important tidal contributions in the
tropics and subtropics due to the migrating diurnal and semi-annual tide. In the tropical
region the maximum amplitude of the migrating diurnal tide is about 1 ppmv, while the
migrating semi-diurnal tide reaches a maximum amplitude of 0.4 ppmv. According to
the model the tidal contributions are rather small at around 06:00 LT and 18:00 LT. The
modelled tidal contributions as a function of latitude, local time, altitude and day of year
have been subtracted from the individual water vapour profiles retrieved before any
averaging. This correction does neither take into account non-migrating tides nor the
inter-annual variation of migrating tides due to quasi-biennial oscillation (QBO, Baldwin
et al., 2001, and references therein) (Burrage et al., 1995).

After the tidal correction has been applied the data set has been averaged onto a
15 day time grid, where every grid point describes a mean of 30 days. Thus the single
data points are not completely independent from each other in time. In the vertical
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the data have been interpolated onto a 1 km altitude grid. In order to describe the
latitudinal dependence of the SAO the data have been averaged over a latitude range
of 10° using a 5° latitude grid. Hence, just as in the time domain, the single data points
are not independent from each other in the latitude domain.

The amplitudes of the semi-annual and annual variation of the mesospheric water
vapour distribution in the tropical and subtropical region are then determined by means
of a wavelet analysis. In order to get general results we averaged over the time com-
ponent of the global wavelet spectrum (Torrence and Compo, 1998). For this spectral
analysis we have employed the whole time series between 2002 and 2006. A data gap
in February 2006 has been filled by linear interpolation for the sake of convenience.
In order to estimate the statistical significance of the determined amplitude we applied
the jackknife method (Efron, 1979). The basic idea behind this method is to systemati-
cally recalculate the amplitude of the desired frequency components from altered time
series, where in each case a different set of observations has been removed from the
original time series. This procedure leads to a new data set of amplitudes, which can
be used to estimate the standard deviation of the amplitude derived from the original
time series.

3 Observations and results
3.1 Equatorial region 10°S—10°N

Figure 2 shows the mean annual water vapour distribution in the latitude range between
10°S and 10° N as measured by Odin/SMR for all years considered. At all altitudes a
semi-annual variation of water vapour can be observed. In the upper altitude range
above 80 km water vapour exhibits maxima at the end of December/beginning of Jan-
uary and in July. The minima occur in April and October. In the lower altitude range
below 75km, on the other hand, the position of the maxima and minima is flipped
with respect to the upper altitude domain. Maxima can be observed at the end of
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March/beginning of April and in October while the minima appear in December and at
the turn of June and July. The transition between the these two different phase domains
occurs in a rather thin layer between approximately 75 km and 80 km.

The standard deviation of the mean water vapour distribution is given in Fig. 3, in
order to give also an indication of the observed annual and inter-annual variability. The
variability exhibits in general the same pattern as the mean water vapour distribution.
The absolute highest variability can be observed at about 75 km around the equinoxes.

Figure 4 shows the deviation of the mean annual water vapour distribution shown in
Fig. 1 with respect to a 180 days running average of this mean distribution. This figure
shows more clearly the observed time shift of the water vapour extrema between 75 km
and 80 km. In addition these deviations provide also a first indication of the amplitude
of the semi-annual variation of water vapour. The absolute maximum amplitudes occur
in two layers, one at about 75 km and the other one at around 81 km, clearly exceeding
0.5ppmv. Above 90 km the absolute water vapour deviations are small, just like the
absolute water vapour volume mixing ratio itself. Below 75 km the absolute deviations
decrease with decreasing altitude.

The absolute amplitude of the semi-annual variation of the water vapour distribution
as a function of altitude is given by the black line in Fig. 5 (using the lower axis). As
already evident from Fig. 4, the semi-annual variation of the mesospheric water vapour
distribution peaks at two distinct altitudes, namely at 75 km with around 0.6 ppmv and
at 81 km with around 0.8 ppmv. In the altitude region in-between, where also the phase
shift of the semi-annual variation occurs, a significant minimum can be observed. The
amplitude of the semi-annual component drops here to 0.4 ppmv at 78 km altitude. In
the altitude range between 81 km and 90 km the amplitude decreases rapidly, where
also the absolute amount of water vapour falls off rather fast. At 90 km altitude the
amplitude of the semi-annual component is somewhat more than 0.1 ppmv. Above
90 km the amplitude decreases much slower with altitude. It is also notable that we
do not observe a distinct altitude where the minimum amplitude of the semi-annual
variation between the stratopause and the higher mesosphere occurs. The minimum
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amplitude we observe is in the order of 0.30 ppmv to 0.35 ppmv and spans over the
altitude range between 50 km and 63 km (not shown here).

Expressed in relative terms the semi-annual variation peaks above 80 km as shown
by the grey line in Fig. 5 (using the upper axis). As reference we used the mean profile
derived from the annual distribution displayed in Fig. 2. Two maxima can be observed
above 80km, where the relative amplitude of semi-annual variation is up to 60% and
more. One maximum occurs close to 87 km and a second one is spread out over
the altitude range between approximately 93 km and 97 km. These two maxima are
separated by a minimum at 90 km. At this altitude the amplitude of the semi-annual
variation stands for somewhat more than 50% of the total water vapour amount. Below
85km the relative amplitude decreases strongly with decreasing altitude. At 78 km
the relative amplitude of the semi-annual variation is less than 15%. Even below this
altitude the amplitude continues to decrease with decreasing altitude, but only slightly.

A comparison with the data where the tidal contributions were not removed using
WACCM revealed no significant differences with respect to the amplitude of the semi-
annual component of the mesospheric water vapour variation.

Figure 6 gives a detailed view on some of the mean annual water vapour time series
in the three key altitude ranges. The lower panel shows time series below 75km. The
altitude range between the two amplitude maxima of the semi-annual variation, 76 km
and 80 km, where also the phase shift of the SAO occurs, is given in the middle panel.
Time series from above 81 km are shown in the upper panel. In the altitude range below
75km the first annual minimum (starting in January) exhibits in general a lower water
vapour concentration than the second one. On the contrary the first annual maximum
tends to show slightly more water vapour with respect to the maximum in the Northern
Hemisphere autumn. The second maximum appears to be “broader” in time. At 76 km
a small bump can be observed at the end of June/beginning of July. This bump may
be a very first indication of the phase change of the semi-annual variation occuring in
the thin layer above. Two kilometres higher up the annual variation looks like as having
rather three maxima than only two. One maximum occurs in March, one in December
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and a very broad one that is spread out between July and September. At 80 km altitude
the phase shift of the semi-annual water vapour variation is almost complete. Above
this altitude, in general more water vapour can be observed at the maximum in the
middle of the year as compared to the maximum at the end of the year. As evident in
Figs. 2 and 4, Fig. 6 clearly manifests that the phase of the semi-annual variation of
water vapour below 75 km and above 81 km is not completely shifted by 180°, since the
corresponding extrema lie not perfectly on top of each other.

3.2 Tropical and subtropical region 35° S—-35° N

Two latitudinal cross section examples of the mean annual water vapour distribution
are given in Fig. 7, covering the latitude range between 35°S and 35°N. The lower
panel shows the altitude of 75km and the upper panel shows the altitude of 83 km
respectively. At 75km altitude, the water vapour maxima both in March/April and in
September/October appear to be centred in the Southern Hemisphere at about 5° S.
From the centre of the maximum towards the mid-latitudes the amount of water vapour
generally decreases and the strength of the semi-annual variation gets weaker. The
water vapour distribution in the extra tropical mesosphere is dominated by an annual
component. Maximum values occur during summer time and the minimum can be
observed in winter. This behaviour is due to a gravity wave driven meridional circulation
with an ascending branch over the summer hemisphere and down-welling motion over
the winter hemisphere. Parts of this annual component become evident at latitudes
higher than 25° shown in Fig. 7. At those latitudes also inter-hemispheric differences
can be noted. In comparison to its southern hemispheric counterpart the northern
summer exhibits higher water vapour volume mixing ratios. On the contrary less water
vapour can be observed in the northern winter than in the Southern Hemisphere winter.

The structure of the water vapour distribution looks simpler at 83 km than at 75 km,
since the water vapour extrema occur at the same time at all latitudes. The observed
maxima in the tropical region could literally be described as the “tips of two tongues”,
originating as an equatorward extension of the extra-tropical summer water vapour
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maximum in each hemisphere. Similar to the conditions at 75km seasonal inter-
hemispheric differences can clearly be observed at the latitude higher than 25°. In
addition, looking for example at the 1.75ppmv contour line it can be seen that this
line extends from the Northern Hemisphere down to a latitude of about 20°S in the
Northern Hemisphere summer. On the other hand, this contour line extends from the
Southern Hemisphere only up to a latitude slightly north of the equator in the Southern
Hemisphere summer. This observation can also be made, even if not so clear, using
other contour lines. A similar behaviour can be observed up to an altitude of 90 km.

Figure 8 gives an overall picture of the latitude and altitude dependence of the am-
plitude of the semi-annual and annual variation of the mesospheric water vapour distri-
bution. Above approximately 78 km the amplitude of the semi-annual variation exhibits
nearly no latitude dependence within the latitude range between 35° S and 35° N. The
maximum amplitude can be observed at around 82 km at a latitude of circa 15° N ex-
ceeding 0.85 ppmv. This observation is not statistically significant, since the amplitude
error determined by the jackknife method is also high. The same significance prob-
lem applies to amplitude maximum at 75 km, which appears to be slightly centred on
the Southern Hemisphere. Towards higher latitudes the amplitude of the semi-annual
water vapour variation decreases, reaching a minimum at around 25° latitude with ap-
proximately 0.25 ppmv. In the altitude range between 65 km and 75 km the amplitude
increases again, but only in the Southern Hemisphere. This increase is rather strong
especially at the higher altitudes where for example an amplitude of 0.5 ppmv at 75 km
can be observed at 35° S.

The amplitude of the annual component of the variation of the mesospheric water
vapour distribution reveals a clear inter-hemispheric difference with the minimum cen-
tred in the Southern Hemisphere in the latitude range between 5°S and 20°S. The
minimum amplitude here is rather constant with altitude, usually between 0.1 ppmv
and 0.15 ppmyv, except for the uppermost altitudes above 90 km. The strongest latitude
dependence of the annual component in the Southern Hemisphere occurs in a layer
between 80 km and 85 km where the amplitude increases up to more than 0.8 ppmv

10167

ACPD
8, 10153-10187, 2008

Observations of the
MSAO in water
vapour by Odin/SMR

S. Lossow et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/10153/2008/acpd-8-10153-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/10153/2008/acpd-8-10153-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

at 35°S. South of 30° S between 65km and 90 km the amplitude of the annual water
vapour variation is comparable to the amplitude of the semi-annual variation. At lower
southern latitudes the semi-annual variation is in contrast clearly the dominant variation
in this altitude range. In the Northern Hemisphere the amplitude of the annual variation
of the water vapour distribution increases rather strong towards the mid-latitudes, espe-
cially below 85km. At 35° N the amplitude exceeds 1 ppmv in that altitude range. The
transition from the semi-annual to the annual variation as the dominant contribution to
the temporal variation of the water vapour distribution occurs at approximately 10° N,
concerning the altitude range between 65km and 85 km. Above 90 km the amplitude
of the annual water vapour variation exhibits nearly no latitude dependency. At those
altitude the semi-annual variation is stronger as the annual variation amplitude at all
latitudes implemented in our analysis. In addition to semi-annual and annual variations
described here we also found a small QBO and a 90 day time variation.

In Fig. 9 some examples of time series at 25° N (green) and 25° S (red) provide a
more closer look at the two hemispheres and differences between them, as described
in the last two figures, i.e. Figs. 7 and 8. Just for the sake of comparison we also in-
cluded the time series at the equator (blue). The results are shown at 73km (lower
panel), 78 km (middle panel) and 83km (upper panel). The time series at 73km in
the Northern Hemisphere exhibits clearly a dominating annual component of the water
vapour variation. At 25°S the semi-annual variation is still the prevailing component.
Like at the equator in both hemispheres the water vapour maxima around the equinox
in March due to the semi-annual variation can still be detected. 5° more polewards this
peak can rather hardly be observed. It is notable the water vapour distribution at 25° S
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 in the Northern Hemi-
sphere but is based on the observation that the phase shift at the subtropical latitudes
starts already at an altitude of about 65km to 70km. The water vapour structure at
78 km and the described characteristics are relatively similar to those at 73km. As a
prominent deviation also the maximum at the equinox at the end of September can be
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distinguished on both hemispheres. This is even visible at 30° latitude. In the South-
ern Hemisphere clear signatures of the phase shift of the semi-annual variation at that
altitude can be observed. This phase shift exists also in the Northern Hemisphere, but
is more hidden due to the dominating annual component of the water vapour variation
at that latitude. At 83 km the water vapour distribution shows a semi-annual variation
combined with a strong annual component in both hemispheres. As noted before the
summer maximum is stronger in the Northern Hemisphere, while the winter maximum
is stronger in the Southern Hemisphere. This behaviour is most obvious here, but can
easily be observed also at 73 km and 78 km.

4 Discussion and summary

Five years (2002—2006) of Odin/SMR measurements of the mesospheric water vapour
distribution in the tropical and sub-tropical region were used to give a general picture of
the mesospheric semi-annual oscillation in water vapour. Year to year variability of the
MSAQO is clearly observable in Fig. 3. This variability is associated with the modulation
of the SAO by the quasi-biennial oscillation (Garcia et al., 1997; Mayr et al. 1997).
A detailed analysis of the inter-annual variability and the signal of the quasi-biennial
oscillation signal in mesospheric water vapour distribution measured by Odin/SMR will
be the subject of a future study.

Our data set shows distinct signatures of the semi-annual oscillation in the equatorial
region in the entire altitude range of interest, namely between 65 km and 100 km. The
most prominent feature is a phase shift in the semi-annual variation, which occurs in
the altitude range between approximately 75 km and 80 km. This feature can also be
observed in the temperature distribution, where the transition occurs somewhat higher
in altitude (Clancy et al., 1994; Remsberg et al., 2002; Shepherd et al., 2004; Huang et
al., 2006). Below this thin transition layer the maxima of the water vapour distribution
are found around the equinoxes, while they occur around the solstices above this layer.
Noticeable is also that the phase shift is not entirely 180° between these two altitude
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domains. In comparison to the HALOE analysis of the mesospheric SAO in water
vapour (Jackson et al., 1998; their Fig. 3) the maxima observed by Odin/SMR occur
one month earlier. A recent model study of the SSAO in water vapour by Lelieveld et
al. (2007) make a similar observation, when comparing their results to UARS/HALOE
data. This is very likely explained by an under-sampling of the HALOE data due to
the solar-occultation technique and the UARS orbit. Part of the data are separated
by 60 to 80 days and have subsequently over-smoothed onto a 30 day mean grid.
The observed phase shift of the semi-annual variation of the water vapour distribution
between 76 km and 80 km is consistent with the downward propagation of the MSAO
in the zonal wind in this altitude range. In general, the mesospheric SAO in water
vapour can be associated to vertical and meridional transport, induced by the MSAO
in the zonal wind. This comprises down-welling and adiabatic warming starting at the
onset of the easterlies on one hand and upward motion with corresponding adiabatic
cooling occuring at the onset of the westerlies on the other hand (Hirota, 1980; Garcia
et al. 1997). In the equatorial region the amplitude of the mesospheric SAO exhibits
a double peak structure with one maximum at 75km and another one at 81 km. The
mean amplitudes of these peaks are with 0.6 ppmv and 0.8 ppmv respectively. Both
amplitudes vary by +0.3 ppmv over the years, as discussed before in terms of inter-
annual variability. This observed structure of the SAO amplitude resembles in principle
the amplitude pattern observed by UARS/HALOE (Jackson et al., 1998; their Fig. 5).
Since their analysis is limited to 80 km the upper peak can not be observed completely
and accordingly the full amplitude is unknown. Furthermore, the minimum between
the two maxima is not statistically significant in the UARS/HALOE evaluation. The
amplitude of the lower peak at 75 km and also the amplitudes observed at the altitudes
below are smaller in the HALOE analysis. The authors discuss the possibility of an
underestimation based on the aforementioned over-smoothing in time of the HALOE
data. The analysis of the Odin/SMR data shows that the amplitude at the node between
stratospheric and mesospheric SAO does not decrease to zero and that the node is
actually spread out over a broader altitude range between 50 km and 63 km. Even very
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high altitudes show a clear SAO signal, being actually strongest above 85 km in terms
of the relative variation of the volume mixing ratio.

With respect to the latitudinal behaviour of the tropical/subtropical MSAO in water
vapour we need to distinguish between the two altitude regions below and above 78 km.
The amplitude of the SAO below 78 km decreases towards higher latitudes, reaching
a minimum amplitude at about 25° latitude. This picture is consistent with the HALOE
observations. As before, the amplitudes observed by Odin/SMR are higher than the
amplitudes derived from the HALOE observation. The amplitude of the SAO above
78 km on the other hand does not show any significant variation with latitude. A similar
behaviour has been observed for the SAO in temperature by the WINDII (Wind Imaging
Interferometer, Shepherd et al. 1993) instrument onboard the UARS satellite (Shepherd
et al., 2004). Correspondingly, the amplitude of the mesospheric semi-annual oscilla-
tion in water vapour exhibits a single peak structure at latitudes higher than 20°. In
the Southern Hemisphere the amplitude of the SAO recovers at sub-tropical latitudes
below 80 km. This effect has also been observed in the UARS/HALOE analysis of the
mesospheric SAO in water vapour (Jackson et al., 1998) and is in agreement with the
characteristics of the SAO in the zonal wind (Ray et al., 1997). Also the annual com-
ponent of the water vapour variation shows clear inter-hemispheric differences in the
subtropics with a higher amplitude in the Northern Hemisphere. The minimum ampli-
tude of the annual component is found in the Southern Hemisphere between 5°S and
20° S. The evaluation of the HALOE water vapour data by Jackson et al. (1998) shows
the amplitude minimum at about 5° S and thus somewhat more equatorward than for
Odin/SMR. The amplitudes of the annual oscillation derived from the UARS/HALOE
data are again smaller, as discussed earlier. The observations of latitudinal structure
of the annual oscillation by Odin/SMR confirm previous observations based on tem-
perature data taken by HALOE (Remsberg et al., 2002) and WINDII (Shepherd et al.,
2004). Between 30° S and 10° N the SAO is the dominant pattern of variability at alti-
tudes up to 80 km. In the altitude range above 90 km the SAO dominates at all latitudes
addressed in this study.
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The Odin/SMR measurements reveal also clear seasonal differences between the
two hemispheres at the subtropical latitudes. We observe higher water vapour con-
centrations during summer and lower concentrations during winter in the Northern
Hemisphere as compared to the Southern Hemisphere. At least above 80 km there
is an indication that these inter-hemispheric differences are connected with each other.
The link is the aforementioned gravity wave driven meridional circulation, comprising
up-welling over the summer pole and down-welling over the winter pole. A stronger
circulation from the Northern to the Southern Hemisphere than vice versa leads to
higher water vapour concentrations in summer in the Northern Hemisphere subtropics
as compared to its southern counterpart. At the same time, this also causes higher wa-
ter vapour concentrations in the winter season in the Southern Hemisphere subtropics
than in the corresponding latitude range in the Northern Hemisphere. Our observa-
tions support this inter-hemispheric coupling scenario. More analysis will be needed to
understand these coupling mechanisms in detail.
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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 pro-
files represent measurements in the latitude band between 40°S and 40°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, respec-
tively.
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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 10°S 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 shown in
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Fig. 4. The deviation of the mean water vapour distribution shown in Fig. 2 with respect to a
180 days running average of the mean distribution.
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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. The relative amplitude employs the mean profile derived from the annual distribution
displayed in Fig. 2 as the reference. The dashed lines represent the error of the amplitude as
determined by means of the jackknife method.
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Fig. 6. Mean annual time series of water vapour in the equatorial area in three central altitude
ranges. Lower panel: below 75km (below the lower SAO amplitude peak). Middle panel:
between 76 km and 80 km. Upper panel: above 81 km (above the upper SAO amplitude peak).
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Fig. 7. Latitudinal cross section of the mean annual distribution of water vapour at 75 km (lower

panel) and at 83 km (upper panel).
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Fig. 8. Contours of the latitude-altitude dependence of the amplitude of the semi-annual (upper
panel) and annual (lower panel) component of the mesospheric water vapour variation in time.
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(lower panel), 78 km (middle panel) and 83 km (upper panel). The dashed lines describe the
error bar of the time series. _
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