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Abstract. Horizontal winds in the mesosphere have beenderestimates both zonal and meridional amplitudes. Verti-
measured over Ascension Island & 14 W) in the trop-  cal wavelength predictions are generally good for both mod-
ical mid-Atlantic region throughout the years 2002-2011. els; however, eCMAM predicts shorter diurnal zonal verti-
The observations were made by a very high frequency (VHF)cal wavelengths than are observed in winter, while WACCM
meteor radar. The observations reveal the presence of atm@redicts longer zonal vertical wavelengths than observed for
spheric tides of large amplitude. The observations are analthe semidiurnal tide for most months. Semidiurnal amplitude
ysed to characterise the seasonal and interannual variabipredictions are generally good for both models. It is found
ity of the diurnal and semidiurnal tides. Monthly-mean di- that larger-than-average diurnal and semidiurnal tidal ampli-
urnal tidal amplitudes are found to reach values as large atudes occur when the stratospheric quasi-biennial oscillation
48mst in the meridional component and 41 misin the (QBO) at 10 hPa is eastwards, and smaller-than-average am-
zonal. A semiannual seasonal variation is found in diurnalplitudes occur when it is westwards. Correlations between
tidal amplitudes with amplitude maxima at the equinoxes andthe amplitude perturbations and the El Nifio Southern Oscil-
amplitude minima at the solstices. Diurnal tidal meridional lation are also found. The precise mechanism for these cor-
vertical wavelengths are generally in the range 24-30 kmrelations remains unclear.
The diurnal zonal vertical wavelengths are similar to the
meridional, except for the winter months when the zonal ver-
tical wavelengths are much longer, occasionally exceeding
100 km. Semidiurnal amplitudes are observed to be signifi-1 Introduction
cantly smaller than diurnal amplitudes. Semidiurnal vertical
wavelengths range from 20 to more than 100 km. Our obserThe mesosphere and lower thermosphere (MLT) are host to
vations of tidal amplitudes and phases are compared with tha wide range of oscillations including tides, planetary waves
predictions of the extended Canadian Middle Atmosphereand gravity waves that can manifest in the wind, tempera-
Model (eCMAM) and the Whole Atmosphere Community ture and pressure fields. However, at most latitudes the dom-
Climate Model (WACCM). Both eCMAM and WACCM re- inant oscillations are the tides, which can reach amplitudes
produce the trend for greater diurnal amplitudes in the merid-of many tens of metres per second.
ional component than the zonal. However, eCMAM tends The migrating (sun-synchronous) tides are excited primar-
to overestimate meridional amplitudes, while WACCM un- ily by the diurnal cycle in solar heating of gases in the at-
mosphere. These gases include water vapour, which absorbs
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infra-red radiation in the troposphere and ozone in the stratoelution of the order of a few hours and so can investigate
sphere/mesosphere, which absorbs ultra-violet radiation. Thédal variability on short timescales. The radars are able to
release of latent heat in deep tropospheric convection abperate for extended intervals and so can also investigate the
tropical latitudes also contributes to the excitation of theseseasonal and interannual variability of tides. These observa-
tides (e.g.Hagan and Forbe2003. There also exist non- tions provide a powerful complimentary technique to satellite
migrating (non-sun-synchronous) tides. These non-migratingpbservations which can investigate zonal wavenumbers, but
tides can be excited by a number of mechanisms, includiack the good time resolution offered by the ground-based
ing longitudinal differences in tropospheric radiative heating measurements. In this study we will exploit the capabilities
and tropospheric latent heat release (@/jiams and Avery of radars to make extended measurements to investigate the
1996 Hagan and Forbe2003 Zhang et al.2010 and non-  tides of the tropical mesosphere.
linear interaction between migrating tidal modes and plane- Tides in the MLT region have been reasonably well char-
tary waves (e.gOberheide et al2002. acterised at the high and middle latitudes (&lgnson et al.
Observations have revealed the largest amplitude tidalLl988 1989 2009 Vincent et al, 1988 Avery et al, 1989
modes to have periods of 24, 12 and 8 h. These are the diPortnyagin et a).1993 Fraser et a).1995 Mitchell et al,
urnal, semidiurnal and terdiurnal tides. At tropical latitudes, 2002. At these latitudes the diurnal tidal modes are predom-
the diurnal tide tends to dominate. At middle and high lati- inantly trapped, and so in the MLT region the semidiurnal
tudes, the semidiurnal tide tends to dominate. The terdiurnatide has larger amplitudes.
tide generally reaches smaller amplitudes, but can neverthe- However, classical tidal theory predicts that diurnal modes
less be significant (e.Jeitelbaum et a).1989 Younger et  are free to propagate upwards at latitudes equatorwards of
al., 2002 Du and Ward2010. ~ 3 (e.g.Lindzen 1967 Lindzen and Chapmarl969.
Atmospheric tides play an important role in the coupling We would thus expect the tropical MLT to be dominated by
and dynamics of the atmosphere. In particular, the tides trandarge-amplitude diurnal tides.
port momentum and can deposit it at heights above the tidal In contrast to the situation at middle and high latitudes,
source region, thus contributing to the wave-driving of the there have been relatively few radar studies in the tropical re-
middle atmosphere (e.gMiyahara et al. 1993 Lieberman  gions.Kumar et al.(2008 reported results from 1yr of me-
and Hays1994. The wind and temperature perturbations of teor radar observations at Trivandrum (8N 77 E). They
tides can act to filter the field of ascending gravity wavesfocused on short-term variability and used bispectral analysis
and so modulate gravity-wave fluxes of energy and momen+to find evidence of tidal-planetary-wave interactioSsid-
tum (e.g.Fritts and Vincent 1987 Beldon and Mitchell haran et al(2010 investigated 15 yr of MF radar winds and
2010. Non-linear interactions between tides and planetarytides at Tirunelveli (9N, 78 E) and examined correlations
waves can generate planetary-scale secondary waves whigtith the solar cycle, quasi-biennial oscillation (QBO) and
are thought to play a key role in tidal variability and impose the El Nifio Southern Oscillation (ENSQYhang and Avery
a modulation on tidal amplitudes at planetary-wave period(1997 reported the results from 5yr of meteor radar obser-
(e.g.Beard etal.1999 Chang et al.201% Forbes and Moud- vations made at Christmas Islanc (2, 158 W). Buriti et
den 2012. Additionally, short-term tidal variability may re- al. (2008 reported results from 1 yr of meteor radar observa-
sult from the refractive effects of planetary waves (K- tions made at Cariri (7°4S, 36.5 W). The results from this
gin et al, 2003. Tides are believed to be an important source location are particularly interesting because it is at a similar
of variability of polar mesospheric clouds, where the tidal latitude to Ascension Island but displaced by approximately
perturbations of temperature influence the ice crystal pop22° westwards.
ulation of the clouds (e.gChu et al, 2001 Fiedler et al, Tsuda et al(1999 compared diurnal tide radar results be-
2005. Tides are also believed to be important agents in theween three equatorial sites and found good agreement be-
coupling of the atmosphere and the ionosphere (el tween Jakarta (6S, 107 E) and Pontianak (0N, 109 W)
et al, 2006 Pedatella et 812012. but significant discrepancies with Christmas Islanél N2
However, despite the recognised importance of tides158 W). Friedman et al(2009 compared the semidiurnal
many uncertainties remain about their excitation, interactioncomponents at Arecibo (I8, 67° W) and Maui (22 N,
with other tides and waves, their variability on timescales 186° W) as measured by lidar with the satellite results from
from a few days to the interannual and their role in coupling SABER and found that local effects create amplitude pertur-
the middle and upper atmosphere. Advances in general cirbations that were missed by SABER’s temporal averaging
culation models (GCMs) have allowed tides in the MLT to be and geographic sampling.
represented, but significant differences often remain between A number of studies have reported strong interannual vari-
the predictions of GCMs and observations. A critical task, ability of tidal amplitudes (e.gFritts and Isler 1994 Bur-
therefore, is to use observations of tides to constrain theirage et al.1995 Vincent et al, 1998. Some of these studies
representation in GCMs. Ground-based meteor and mediumhave suggested that the stratospheric QBO acts to modulate
frequency (MF) radars are well suited to observations of tidegidal amplitudes in the MLT region. For examplncent et
in the MLT. In particular, the radars offer excellent time res- al. (1998 compared observations made by radar at Adelaide
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(85° S, 138 E), Kauai (22 N, 16 W) and Christmas Island measurements are binned into six height gates centred at
(2° N, 158 W) and found strong evidence that higher diur- 80.5, 84.5, 87.5, 90.5, 93.5 and 97.0 km, respectively. The
nal tidal amplitudes occur over Adelaide when the QBO isradar began operating in May 2001, and all available data
in its eastwards phase. However, the correlation at the othewere used in this study.
sites was less convincing, possibly as a result of the shorter Ascension Island’s tropical location results in a strong di-
datasets made at those sit@srubaran et a(2009 similarly urnal cycle in meteor count rates. As an example, the average
found no trace of QBO signatures in tidal amplitudes overhourly-meteor count rate considering all meteors recorded in
Kauai, but found strong QBO signals in tidal amplitudes over 2005 is shown in Figla. From the figure, it can be seen that
Tirunelveli (8.7 N, 77.8 E). Xu et al.(20093 used SABER  the number counted at 06:00 LT outnumbers the count rate at
observations of the diurnal tide to suggest that its amplituded 8:00 LT by approximately a factor of ten. The vertical distri-
are modulated by the QB@Vu et al.(201]) considered TIDI  bution of these meteors is shown in Fidp. The figure shows
observations and reported that the semidiurnal response tihat the greater majority of meteors are collected at heights
the QBO was much smaller than the response of the diurnabetween 80 km and 100 km and that the distribution peaks
tide. at a height of around 90 km. An example of the distribution
Modelling studies of tides have made considerableof meteor detections as a function of azimuth and horizon-
progress in recent years, and a number of studies have contal range is presented in Fi@ic. The figure shows that the
pared observations with model results (eBgwrage et al.  great majority of meteor detections occur within a collect-
1995 Fraser et a).1995 Chang and Avery1997 Mitchell ing volume which is approximately circular and of diameter
et al, 2002 Andrioli et al, 2009 Manson et a].1999. ~300km. The white circular gaps are due to the radar re-
Note that at any one point on the Earth the observedceivers being briefly short-circuited to prevent saturation by
tides will be a superposition of various migrating and non- the direct wave during the transmission of successive pulses.
migrating modes, perhaps resulting in significant longitudi- Meteors thus can not be detected at these narrow ranges. The
nal variability. To obtain realistic predictions of tidal ampli- distributions of meteors presented in Filgare similar to
tudes and phases for a single site, models must therefore réhose that would be observed at middle and high latitudes
produce the major migrating and non-migrating tidal compo-except for the larger ratio in the tropics of maximum to min-
nents. Comparisons with single-site observations are thus anum meteor counts over the diurnal cycle.
demanding but very useful test of the representations of tides The hourly horizontal winds recorded by the radar were
in models and essential to guide future model developmentsed to determine tidal parameters. For this investigation,
(e.g.Ward et al, 2010. a linear least-squares fit was performed which returned the
This paper presents results from a meteor radar deployedmplitudes and phases of the diurnal, semidiurnal, terdiur-
on Ascension Island (8, 14 W) in the tropical mid- nal and quarter-diurnal tides along with the magnitude of the
Atlantic sector. Here we report observations of the diurnalbackground wind. This was applied to the zonal and merid-
and semidiurnal tides in the zonal and meridional winds ational winds recorded by the radar. The fits were applied to
heights between 80 and 100 km. These results are comparegindows of four-day length, stepped in one-day increments
with the predictions of the extended Canadian Middle Atmo-through the time series of zonal and meridional winds (e.g.
sphere Model (eCMAM) and Whole Atmosphere Commu- Mitchell et al, 2002 Kumar et al, 2008. Each height gate
nity Climate Model (WACCM). The radar began operating was treated separately and a requirement made that results
in 2001, and so the extended dataset available is particularlyvere only recorded if data were present for more than 70 %
suitable for investigating the relationship between tides andof the hours within each 4-day window.
the QBO in stratospheric zonal winds. The monthly-mean amplitudes and phases of each tidal
Section 2 describes the data used and the analysis metltomponent within a given month were then calculated by us-
ods. Section 3 presents the results obtained. Section 4 offeliag vector averaging. Note that this method generally pro-
a discussion of the results and comparisons with other studduces slightly smaller monthly means than a geometric aver-
ies, and a summary is given in Sect. 5. age because of fluctuations in tidal phase. The results of this
analysis are time series of monthly-mean tidal amplitudes
and phases in six independent height gates and in zonal and
2 Data and analysis meridional components for the diurnal and semidiurnal tides
from October 2001 to June 2011 — albeit with some gaps.
The wind data used in this study were obtained by a commer- Ascension Island is a demanding environment in which to
cially produced SKiYMET VHF (very high frequency) radar operate, and so the radar has not operated in a continuous
located on Ascension Island (7.8, 14.4 W). The radar op- manner since deployment. Figil2@resents a schematic dia-
erates in an all-sky configuration. The radio frequency usedgram illustrating the intervals of time during which the radar
is 43.5 MHz. Radial velocity measurements inferred from thewas operational from 2001 to 2011. Some height gates may
Doppler shift of wind-blown meteor-trail echoes are used tohave detected sufficient meteors for winds to be calculated
derive hourly-mean zonal and meridional winds. The wind while others recorded too few. There are two large gaps in
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Fig. 2. Schematic diagram showing when the Ascension Island
radar has been operational (blue) and non-operational (white) since
deployment in 2001.

by summing over the spherical harmonics associated with
wavenumber. These time series were then Fourier analysed in
time to produce the frequencies at a particular wavenumber.
The modelled horizontal winds were analysed to delineate
the tides for zonal wavenumber5 to +5. The tidal results

Fig. 1 (a) The diurnal cycle of meteor counts detected by the As- presented here are from the closest grid point to Ascension
cension Igland meteor radar (_calculat_ed from+h200 000 meteors Island, which is 10W, 8 S. The data window used was 4
detecte_d in 2005_Xb) The vertical profile of these meteor counts as days long, advanced in 2-day increments. The monthly-mean
a fur.mt'(.m of height, presented as meteor counts per(k)nThe amplitudes and phases of each tide were calculated by using
distribution of meteors detected on 22 July 2005 projected onto a . .
horizontal plane. vector averaging in the same manner as th(_a radar analysis.
Refer toDu et al.(2007) for more details on this data analy-
sis method.

For the comparisons here, WACCM was run in the speci-
fied dynamics mode, referred to as SD-WACCM(marque
etal, 2012. Global assimilated meteorological analyses data
from 2002 through 2009 were used to constrain WACCM
temperature and horizontal winds in the troposphere and
stratosphere. The constraint takes the form of nudging by

. . . % at each time step over the altitude range from the surface
heights of about 210 km. The governing equations are solve . .
. . . . o 50km and then a decreasing constraint between 50 and
in spectral space with triangular truncations at wavenum-

: : . 60 km. Above 60 km, WACCM is free running. The data used
ber 32 (T32), which corresponds to a horizontal grid of ap- .
. . for the constraints are from MERRA (Modern Era Retro-
proximately 60° x 6.0° near the Equator. The vertical res-

olution varies from 150m near the surface to 2 km nearspectlve Analysis for Research and Applications). Tidal am-

the tropopause and 3km in the regions further above. ThPlitudes and phases in WACCM were calculated daily using

cometric heights are calculated from alobally avera eGmoolel fields with a time step of 0.5 h. Results from the clos-
9 9 9 y 9€Cest grid point to Ascension Island (18/ and 8.5 S) were

geopotential heights and so are approximations with devi- . . .
: : . N interpolated from pressure to geometric height for compari-
ations of up to 5km possible. Tidal oscillations are self- ) .
; .. son with the observations.
consistently generated from short- and long-wave radiation
absorption, large-scale condensation and convective heating.
Non-orographic gravity waves are parameterized using theg Results
Doppler-spread parameterizationtihes(1997ab).
The third-year data from a four-year run of the eCMAM 3.1 Mean winds
are used here. The model sampling time interval was 3 h. The
model output was first converted to time series of complexFigure 3 presents zonal and meridional hourly winds from
amplitude for a given wavenumber at each latitude and heighMarch 2009 as a typical example of the MLT wind field over

South

the data, from October 2003 to May 2004 and May 2007
to March 2009, caused by the radar being off-air for an ex-
tended time.

In this study we will make use of two models: eCMAM
and WACCM. The extended CMAM, or eCMAMromichev
et al, 2002 Du et al, 2007, extends from the surface to
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Ascension Island. The figure reveals a wind field dominated cor
by the diurnal tide. Instantaneous tidal amplitudes can reaclig. 4. Composite-year monthly-mean winds over Ascension Is-
values as large as 130 mls(e_g_ meridional winds at the land for the(a) zonal and(b) meridional components for all data
upper heights on several occasions throughout the momhylecorded from January 2002 to June 2011. The black line represents
The amplitudes are usually significantly smaller at the low- the zero-wind line.
est heights. A clear change of phase with height is evident,
with phase fronts descending with time corresponding to an
upwardly propagating tide. A high degree of short-term vari- 7
ability is also evident. For instance, meridional tidal am- &
plitudes vary from~130ms! at the upper heights on 14 5
March to only~ 30 ms! at the same heights on 28 March. 4
Before we consider the tidal results in detail, we will
present the background winds. The composite-year monthly-g
mean zonal and meridional winds were produced by aver-g +
aging the mean wind values obtained from the 4-day least-
squares fits, and are presented in Bg.and b respectively. 2 |
In both, the solid line represents the zero-wind line. It can »
be seen that the zonal winds show the well-known meso- s
spheric semiannual oscillation with the lower four height
gates recording predominantly eastward winds at the sol-
stices, and westward winds at the equinoxes. At height$ig. 5. Lomb-Scargle periodograms of t(e) zonal andb) merid-
above 93 km however the winds are westward all year. Alsdonal wind components at heights near 94 km for the entire set of

of note in the zonal background winds is the strong Verti_Ascension Island data (2002—-2011). The horizontal dashed lines
cal shear of horizontal wind in the austral winter months show the 95 % confidence limit. Note that the strong signal present

. . at 1.93 cycles/day is likely to arise from the lunar semidiurnal tide.
For example, in June and July the wind decreases approxi- y y y

mately linearly from around 26 nT$ at heights near 80 km
to around—16 ms ! at heights near 97 km.

The meridional winds vary less with height than the zonal Figure 5a and b present Lomb-Scargle periodograms of
winds. An annual oscillation is observed, with equatorwardzonal and meridional winds, respectively, at a height of
winds in the austral summer months at all heights, poleward4 km calculated using the entire 2001-2011 dataset.
winds in the austral winter months at all heights and min-  From the figures it can be seen that there are spectral peaks
ima at the equinoxes. June and July are again the months aft frequencies of 1, 2, 3 and 4 cycles per day correspond-
strongest vertical wind shear; however, the variation is muching to the diurnal, semidiurnal, terdiurnal and quarter-diurnal
less pronounced than the zonal case, with the mean winddes. The figure reveals that the diurnal tide is significantly
speed decreasing from approximateims1 at heights larger than the other tides. This explains the apparent domi-
near 80 km to-16 ms ! at heights near 97 km. nance of the wind field of Fig3 by this tide. In this study we

will investigate only the diurnal and semidiurnal tides. The

a) Zonal b) Meridional
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l40

130

terdiurnal tide also reaches significant amplitudes but will be a) Zonal Diumal Ampiitude
investigated in a follow-up study. 96
Also clearly evident in the periodograms of Fig.is a o4
significant oscillation at a frequency of 1.93 cycles per day € %
(corresponding to a period of 12.4 h). This spectral compo-Ez0
nent is most likely to be the lunar semidiurnal tide. The lunar § o
semidiurnal tide as observed by the Ascension Island radar , I10
has been described t§andford et al(2007) and also ob- 82
served at low latitudes biyaulino et al(2012. Alternatively, LI EL S S L S S e e e
this spectral signature might result from a non-linear interac- b) Meridional Diurnal Amplitude
tion between the semidiurnal tide and the 16-day planetary g E
wave where a “difference frequency wave” would occur at 94+
a period of 1.938 cycles per day. However, the persistencez 1
of this feature in the long-term spectra and its narrow spec-é 90
tral nature strongly supports the interpretation that it is the & *1
lunar semidiurnal tide. Also evident in the figure is a broad * 86:
maximum in power at frequencies around 0.5 cycles per day. 22
This is taken to result from the 2-day planetary wave which 4
produces maximum amplitudes in meridional winds at low
latitudes. We will now turn our attention to the diurnal and Fig. 6. Composite-year monthly-mean diurnal tidal amplitudes as
semidiurnal tides. a function of month and height over Ascension Island for all data
recorded from January 2002 to June 2011.

AMPLITUDE (ms™")

AMPLITUDE (ms™")
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3.2 Diurnal tide

3.2.1 Amplitudes of the diurnal tide Instantaneous tidal amplitude values can be significantly
greater or smaller than these averages (e.g. se@)ig.
To investigate the seasonal variability of the diurnal and The data presented in Fi§.are presented in Fid.in the
semidiurnal tides, monthly-mean vector averages were calform of line plots to enable easier comparison with the model
culated from the 4-day least-squares fits as explained imesults and to allow the variability of the monthly values of
Sect. 2. The monthly vector-mean amplitudes of the diur-each height gate to be represented. The standard errors on
nal tide in the zonal and meridional wind components arethe means of the composite-monthly mean amplitudes and
presented as height—time contours in Fdg.and b, respec- phases were calculated by dividing the standard deviation
tively. These averages use all available data from Januargf all the 4-day least-squares fit values within a month by
2002 to June 2011. The diurnal amplitudes in the zonal andhe square root of the number of values included. These er-
meridional components reveal a seasonal cycle. Both comrors thus include both the systematic error and also the natu-
ponents show a semiannual cycle with amplitude maxima atal inter-monthly variation in tidal parameters. The standard
the equinoxes and minima at the solstices. The amplitudegrrors on the means are generally small. For example they
are slightly larger around the austral vernal equinox (Septemwere 1.1 ms! (amplitude) and 0.3h (phase) in December
ber) than the austral autumnal equinox (March). Both zonal2002, and when averaged over all included months and years
and meridional components also show a general increase dhe standard errors on the monthly means were found to be
amplitude with increasing height. For example, in Septem-1.3ms ! and 0.4 h. The “error bars” presented on the plot
ber amplitudes increase from values of only a few th® are the standard deviations of monthly averages and so give
~40ms 1 in the zonal component. However, note that am- a measure of the interannual variability.
plitudes do not always increase with height. For example, in  The meridional and zonal amplitudes from the radar ob-
the zonal component the amplitudes decrease between theervations are plotted in Figga and b respectively. Also
top two height gates in April. In the meridional component presented are the amplitudes predicted by eCMAM and
during the months of largest diurnal tide (February, March, WACCM. These figures confirm the impression given by the
September and October), the amplitudes often maximised ateight—time contours of Fig and show that the meridional
heights around 90 km. amplitudes are systematically and significantly larger than
The meridional diurnal amplitudes are generally slightly the zonal amplitudes in most months. Only in winter (June
larger than the zonal. For example, maximum amplitudesand July) are the zonal and meridional amplitudes approx-
reach 48 ms! in September’s meridional winds compared imately similar. Again, largest amplitudes occur around the
to 41mstin the zonal. equinoxes and smallest amplitudes around the solstices.
Note that the monthly-mean vector amplitudes shown in  Considering the monthly-mean amplitudes predicted by
the figure smooth out considerable short-term variability. eCMAM, it can be seen that the model predicts significantly
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Fig. 7. Amplitudes of thgla) meridional andb) zonal diurnal tide as a function of month and height. The error bars on the radar observations
(black lines) indicate the standard deviation of the individual monthly means over the interval 2002-2011. Also plotted are the predictions of
eCMAM (red lines) and WACCM (blue lines).

larger meridional amplitudes than are observed for most Considering the monthly-mean amplitudes predicted by
months and particularly from November to March. In Jan- WACCM, it can be seen that the model generally predicts
uary to March eCMAM amplitudes reach up to 75ms  smaller amplitudes than are observed in both zonal and
compared to observed amplitudes of less than 45h{sote meridional components for most months and heights. This
that thex axis in the figure has been limited to allow compar- is particularly noticeable in the austral winter/spring months
ison between months and to present the other datasets bette(May—October) when the diurnal amplitudes predicted by
Agreement tends to be better for the zonal component. HOwWACCM are significantly smaller than observed (sometimes
ever, the model again predicts much greater amplitudes thahy tens of ms?l) and often do not grow with height as
are observed above heights €f90 km in April, May and  rapidly as the observed amplitudes do. The WACCM pre-
October. dictions do, however, reproduce the observed trend of larger
diurnal amplitudes in the meridional component than in the
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zonal, except for May and June when amplitudes are similar Also presented in Tablé are the vertical wavelengths de-

in both components for both the model and the observationstived from the phases predicted by the models. The eCMAM
zonal vertical wavelengths are shorter than the observations
for every month except November and December. They do
however agree within the uncertainty limits for the months
of April, October and November. Differences of more than
The linear least-squares fit also returns the phases (the hou#® km are evident in May to August (austral winter), months
of peak amplitude) of the fitted tides. The monthly-mean during which the measured vertical wavelengths can greatly
phases of the diurnal tide are presented as line plots irBFig. exceed those predicted by eCMAM. However, we note that
As with the corresponding amplitude figure (Fig, the ob-  the large zonal vertical wavelengths measured by the radar
served phases and model predictions are all shown on thdata in May to August result from the tidal phase having
same set of axes for each month. Again, the “error bars” orsmaller values at the lower height gates yielding a more ver-
the plot are the standard deviations of monthly averages antical straight-line fit. If we were to consider data from heights
so give a measure of the interannual variability. above 85 km only, then the vertical wavelengths would in fact

The phases as observed over Ascension Island generallye significantly shorter, ranging from 28 to 47 km. It is in-
show a smooth decrease with increasing height, corresponderesting to note that other ground-based studies have also
ing to upwardly propagating tides. There are, however, somebserved tidal phase which increases with height at heights
exceptions. Those exceptions that do occur are between theear 80 km (e.gTsuda et al.1999 Buriti et al., 2008 Vin-
lowest two height gates in the austral winter months (Julycent et al, 1998. Considering the meridional wavelengths
and August) where the amplitudes are small and phases thysresented in Tablé, it can be seen that both observations
harder to define. Excluding the lowest height gates in theseand eCMAM indicate vertical wavelengths to be between 17
months of small tidal amplitude, the zonal phases were foundand 30 km for all months. The meridional wavelengths pre-
to lead the meridional phases by an average 6f5 h, indi- dicted by the model are again shorter than those observed,
cating a quadrature relationship. averaging 20 km cf. 26 km respectively.

The phases of the diurnal tide as predicted by eCMAM The WACCM vertical wavelengths are generally in good
are similar to the radar observations for both meridional andagreement with the observations. They agree to within the
zonal components for most months. The phases predicted blyars representing the interannual variability for all months
WACCM are also similar to the radar observations for bothexcept January, May, June, August and September in the
meridional and zonal components for most months. zonal component. In the meridional component, they agree

Straight-line least-squares fits to the observed phases asta within the uncertainty limits for all months except Jan-
function of height were used to calculate the vertical wave-uary, June, July and August. Excluding the months with ver-
lengths of the tides as an average over the 80—-100 km heighical wavelengths of magnitude 100 km, the zonal verti-
interval. These are presented in Tabl&lote that the vertical cal wavelengths predicted by WACCM are slightly shorter
wavelengths are calculated across all six height gates as amn average than those observed, 27 km cf. 29 km, respec-
average, and thus local changes in vertical wavelength aristively. This is also true for the meridional component, with
ing from different tidal modes dominating at different heights the WACCM-predicted vertical wavelengths being slightly
are not distinguished. The average vertical wavelengths dghorter on average than those observed, 24 cf. 26 km, respec-
however provide a more useful test of the models’ ability to tively.
reproduce the different modes over one location than the ab- The “error bars” in Fig8 are again the standard deviations
solute differences in phase. of monthly means and thus represent the interannual variabil-

The zonal vertical wavelengths have values between 20ty. It can be seen that in many months there is actually only
and 30 km from September through to April (excepting Jan-a small variation in phase from year to year, indicated by the
uary). However, the vertical wavelengths increase signifi-small error bars. The tidal phases thus appear to repeat from
cantly in the winter months from May to August, where the year to year with little variation. The largest standard devia-
values increase to be between 64 and 111 km. Note that thegmns in the monthly phases tend to be in the zonal component
larger vertical wavelengths in winter result mostly from a re- in the lower height gates, possibly due to the corresponding
duction in phase hour in the lowest two height gates. Were themplitudes being somewhat lower and the phases thus harder
phase to be calculated from the May—August data only abovéo define.
heights of 85 km, the vertical wavelengths would be shorter,
though still longer than the rest of the year. For example, in3.3 Semidiurnal tide
May the vertical wavelength calculated above 85km has a
value of 38t 1 km. The meridional vertical wavelengths are 3.3.1 Amplitudes of the semidiurnal tide
very consistent throughout the year with values ranging only
from 24 to 30 km. There is no sign of the increase to largerA similar analysis to the above was applied for the semid-
values evident in the zonal results during winter. iurnal tide. The monthly-mean vector-averaged amplitudes

3.2.2 Phases of the diurnal tide
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Fig. 8. Phases of théa) meridional andb) zonal diurnal tide as a function of month and height. The error bars on the radar observations
(black lines) indicate the standard deviation of the individual monthly means over the interval 2002—2011. Also plotted are the predictions of
eCMAM (red lines) and WACCM (blue lines).

of the semidiurnal tide in the zonal and meridional wind  As with the diurnal tide, a strong seasonal variability is ap-
components are presented in Fg.and b, respectively. The parent. Up to heights of about 90 km, tidal amplitudes exhibit
semidiurnal amplitudes are significantly smaller than the di-two relatively short-lived maxima: one in April (autumn) and
urnal amplitudes, typically reaching values of only 25% of one in October (spring). At heights above 90 km the seasonal
the diurnal amplitudes (when averaged across all heights andariability becomes more complicated with a weaker max-
months). In contrast to the diurnal tide, there is a significantimum in amplitude becoming evident in the winter months
difference between the amplitudes of the zonal and merid{June—August). Note also that the zonal amplitudes reach
ional components. The meridional amplitudes are generalljfarge values around the summer solstice (January) at the up-
larger and reach peak values of around 25/ sompared  per heights.

to zonal amplitudes of up to around 14 mtsWith the ex- A semiannual variability is also evident in the meridional
ception of January, the meridional amplitudes are generall}component of the semidiurnal tide amplitudes. Maximum
about a factor of 3 larger than the zonal amplitudes. amplitudes occur in March/April and October. A distinct
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Table 1. Table of the mean diurnal tide vertical wavelengths (km) as observed by the Ascension Island radar (Al) for each month, and the

values predicted by eCMAM and WACCM.

\ Zonalx; (km) \ Meridional A, (km)

Al eCMAM WACCM \ Al eCMAM WACCM
January 35+1 21+1 21+1 | 30 +£1 22+1 25+1
February 24+1 18+1 25+1 | 27+ 1 21+1 25+1
March 23+3 17+1 2541 | 27+ 1 20+1 26+ 1
April 21+5 16+2 22+1 | 26+ 1 20+1 26+1
May 100+ 15 19+2 19+1 | 24+1 23+1 25+1
June 64+ 4 23+1 >100 | 25+2 17+1 20+1
July 66+ 4 1942 69+1 | 25 +3 17+1 <-100
August >100 17+ 2 98+1 | 26+2 21+1 1942
September] 28+3 19+2 <-100| 24+1 18+1 23+1
October 22+5 18+2 17+2 | 26+1 20+1 2441
November 20+2 21+1 18+2 | 27+1 21+1 26+1
December 21+1 26+1 19+2 | 26+1 22+1 25+1

a) Zonal Semi-Diurnal Amplitude agreement between the predicted amplitudes and the radar

‘ * observations for the zonal components, except for the month

[ B0 of March when predicted amplitudes are up to 15ths
g o greater than observed amplitudes. In many months, the
Egz § model predictions lie within the error bars of the obser-
%86 {10 5 vations, at least in some height gates. In the meridional
2 component, agreement is good for most heights in May

5
I to September, November and December. eCMAM predicts
0 much smaller amplitudes than are observed in October, and

J F M A M J J A S O N D . . .
b) Meridional Semi-Diurnal Amplitude amplitudes to vary much more greatly as a function of height

than is observed in February, March and April.

Considering the monthly-mean amplitudes predicted by
WACCM, it can be seen that there is generally excellent
agreement with the observations in the zonal component, for
nearly all months and heights. In the meridional component
there is often good agreement, but the model tends to under-
estimate the amplitudes in March, April, May and Septem-
ber.

AMPLITUDE (ms™")

J F M A M J J A S O N D

Fig. 9. Composite-year monthly-mean semidiurnal tidal amplitudes 3.3.2 Phases of the semidiurnal tide
as a function of month and height over Ascension Island for all data
recorded from January 2002 to June 2011. The monthly vector-mean phases of the semidiurnal tide are
presented as line plots in Fifyl. Again, the observations and
the model results are all shown on the same set of axes for
amplitude minimum occurs around the austral summer soleach month to enable easier comparisons.
stice (December—January) at all heights. A secondary ampli- It can be seen that there is a clear annual variation in the
tude minimum occurs in the lower height gates around thezonal phases especially in the lower height gates (around 80—
austral winter solstice (June-July). 90 km) with a maximum of approximately 10:00LT in the
As with the diurnal amplitudes, the data presented in%ig. summer months and a minimum-f05:00 LT (or 17:00 LT)
are presented in Fid.O as line plots to enable easier com- in the winter. In the meridional component, there is an an-
parison with the model results and to show the interannuahual oscillation in the upper height gates (90-100 km) with a
variability as indicated by the error bars. For each month themaximum in the winter months and a minimum in the sum-
amplitude observations are shown on the same set of axes &ser, but in the lower height gates the phase stays constant at
the predictions of eCMAM and WACCM. ~ 10:00 LT throughout the year.
Considering the monthly-mean amplitudes predicted by Phases in the zonal component generally decrease with in-
eCMAM, it can be seen that there is generally excellentcreasing height (i.e. downward phase propagation indicating
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Fig. 10. Amplitudes of the(a) meridional andb) zonal semidiurnal tide as a function of month and height. The error bars on the radar
observations (black lines) indicate the standard deviation of the individual monthly means over the interval 2002—2011. Also plotted are the
predictions of eCMAM (red lines) and WACCM (blue lines).

upwards energy flux) in the austral winter months, but areare found in both wind components to be much longer and
more constant with height in the summer. In contrast, thewith greater month-to-month variability than the diurnal ver-
phases in the meridional component generally decrease wittical wavelengths.
increasing height in the austral summer months, but are more Considering the monthly-mean semidiurnal phases pre-
constant with height in the winter. dicted by eCMAM and the vertical wavelengths that are cal-
During the austral winter months, the meridional phasesculated from them, it can be seen that there is less agreement
are approximately constant with height, corresponding towith the observations than was the case for the diurnal tide.
very large vertical wavelengths indicating an evanescenfThe vertical wavelengths predicted by eCMAM only agree
semidiurnal tide. The semidiurnal vertical wavelengths cal-within the uncertainty limits with those observed by the radar
culated from least-squares straight line fits to the phases arfor two months for the zonal component, and none for the
presented in Tabl@. The semidiurnal vertical wavelengths
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Fig. 11.Phases of théa) meridional andb) zonal semidiurnal tide as a function of month and height. The error bars on the radar observations
(black lines) indicate the standard deviation of the individual monthly means over the interval 2002—2011. Also plotted are the predictions of
eCMAM (red lines) and WACCM (blue lines).

meridional component. Generally, eCMAM tends to predict closer to the observations in April, September, October and
shorter vertical wavelengths than are observed. December.

Considering the monthly-mean semidiurnal phases pre-
dicted by WACCM and the vertical wavelengths that are cal-3.4 Effects of the QBO
culated from them, it can again be seen that there is less
agreement with the observations than there was for the diTo investigate whether or not the phase of the QBO has
urnal tide. There is good agreement for some months howany effect on diurnal tidal amplitudes, the monthly-mean
ever. WACCM generally predicts much longer vertical wave- zonal winds as measured by radiosonde in Singapore were
lengths than are observed in the zonal component. WACCMused to define the phase of the QBO (these data are
also often predicts long vertical wavelengths in the merid-available from http://www.geo.fu-berlin.de/en/met/ag/strat/
ional component. However, these WACCM predictions areprodukte/gbp. The mesospheric tidal amplitude observa-

tions were binned into two sets according to the phase
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Table 2. Table of the mean semidiurnal tide vertical wavelengths (km) as observed by the Ascension Island radar (Al) for each month, and
the values predicted by eCMAM and WACCM.

\ Zonalx; (km) \ Meridional, (km)

\ Al eCMAM WACCM \ Al eCMAM WACCM
January <-100 12+1 <-100| 21+2 66+ 4 >100
February 73+3 10+1 <—-100| 51+ 1 >100 >100
March 54+5 11+1 <-=100| 52+ 1 27+3 76+1
April 47+3 13+1 <-100 | 60+ 1 30+4 61+1
May <—100 17+£2 >100 >100 20+ 2 84+ 1
June 22+2 22+1 >100 | <-100 23t1 <-100
July 20+1 <-100 >100 | <-100 10+1 <-100
August 24+1 11+1 <—100 >100 10+£1 >100
September] 39+7 4947 <—100 61+3 12+1 <-—100
October 68+ 6 38+3 >100 42+1 11+1 97+2
November | < —100 89+ 3 >100 39+1 12+1 68+1
December| —69+5 54+ 2 <—100 | 99+10 67+2 —92+1

HEIGHT (km)
[{s] w
o [52]

(s3]
(5]
AMPLITUDE (ms™")

w0
U'|

[(e]
O

HEIGHT (km)

s3]

w
AMPLITUDE (ms ™)

] 50 . proximately 50 % from westward to eastward QBO phase,
™0 while in September at the same height the increase is only
1 a0 around 10 %. The effect of the QBO is smaller still for the
d - months of smaller mean amplitude (e.g. at the solstices).
- Note that while December appears to show an increase in
~ amplitude occurring during eastward QBO phase, there are
Merldlonal Dlurnal Amplltude Westward OBO in fact only two years of observations in December during
tudes were subtracted from each individual monthly ampli-
tude for the entire dataset. This removes the dominant semi-
in Fig. 13. The QBO wind speed at 15hPa (from the Sin-
gapore radiosonde data) is plotted in the same figure. The
component of the diurnal tide is shown in Fig. were present within each running-mean window, with the
The figure shows a pronounced effect in which greater am-missing months set to the mean of the remaining months.
QBO phase is eastward compared to when it is westwardcan be seen by eye, with larger-than-average meridional di-
The largest difference in tidal amplitude between eastwardurnal amplitudes (positive perturbations) occurring when the

50 eastward QBO phases, and so this result may not be signifi-
40
30
20
10
annual variation in the tidal amplitudes and yields a dataset of
(eastward or westward) of the QBO at 10 hPa and compositéidal-amplitude perturbations and mean winds at 15 hPa in
plitudes occur during the eastwards QBO phases than duringurther, recall that monthly-mean tidal amplitudes were only
and westward phase of the QBO occurs in the top heighQBO winds are eastward, and smaller-than-average merid-

a) Meridional Diurnal Amplitude: Eastward QBO near 87 km in March the diurnal amplitudes increase by ap-
cant.
To investigate the effect of the QBO phase on diurnal tidal
amplitudes further, the composite-year monthly-mean ampli-
Fig. 12.Diurnal tidal amplitudes as a function of month and height perturbations around the annual-mean amplitude behaviour.
for eastward (upper) and westward (lower) QBO phase defined all he results of this analysis for the meridional component at
10 hPa. heights near 84 km for the interval 2002—2011 are plotted
months then made. The result of this analysis is two com-his figure have been smoothed using a seven-month running
posite years of tidal amplitudes: one for when the QBO wasmean to remove short-term fluctuations. The results were
eastward and one for westward. The result for the meridionabnly plotted when at least four months of tidal amplitudes
the westwards QBO phases. For instance, the months Febrgalculated in cases where winds were available for 40 % or
ary, March and October show an increase in average meridmore of the hours within a particular month.
ional amplitudes of over 12n7$ at all heights when the Good correlation between the two time series in the figure
gate during February when the difference is around 30'ns ional diurnal amplitudes when the QBO winds are west-
The effect of the QBO phase is smaller for the Septembemvard. The correlation coefficient between meridional diurnal
equinox than the March equinox. For example, at heights
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Fig. 13. Perturbations in meridional diurnal tide amplitudes (cal-

culated by subtracting the composite-year monthly mean from each®

individual month) at heights near 84 km for 2002—2011 over Ascen- & &

sion Island (red line). Also plotted are the QBO background winds .

at 15 hPa (black line). The diurnal tidal amplitude perturbations and

background winds are smoothed with a seven-month running mean 4 v . .

Note the two different axes, with the red axis on the left correspond- o 15 EOQBO F?:ESSU:% LEvgf (hpa)‘m 45 50

ing to the diurnal amplitude perturbations and the black axis on the

right corresponding to the QBO line. Fig. 14. Correlation between meridional diurnal amplitude pertur-
bations and stratospheric QBO winds as a function of height and
pressure level.

tidal-amplitude perturbation and the QBO winds for this
height gate is 0.72. Note however that strong correlation does
not imply causality. tide in the upper mesosphere and the phase of the strato-

This analysis was repeated such that correlations betweespheric QBO winds at a height of 10 hPa. This is particularly
amplitude perturbations and QBO winds were obtained fornoticeable for the meridional component of the diurnal tide.
all six radar height gates and for all available pressure lev- We performed a similar analysis using the predictions of
els of QBO winds (between 10 and 50 hPa in the Singapore&sD-WACCM. As an example, Fidgl5 presents the merid-
radiosonde dataset). These correlations are plotted as a funmnal diurnal tidal amplitude perturbations at a height of
tion of height and QBO pressure level in Figl 96 km from WACCM, along with the mean winds at a pres-

It can be seen that the meridional diurnal amplitude per-sure level of 15hPa. The correlation between the two can
turbations at all heights are strongly and positively correlatedclearly be seen by eye in the figure and has a value of 0.69.
with QBO winds at pressure levels between 10 and 15hPa, The analysis was repeated for other heights and QBO pres-
that there is no correlation with QBO winds defined at aroundsure levels. The resulting correlations are plotted as a func-
30hPa and that there is strong anti-correlation with QBOtion of height and QBO pressure level in Fif in a similar
winds defined at 50 hPa. manner to the observational data presented inHg.

To identify the pressure level in the QBO which corre-  The figure is remarkably similar to the Ascension Island
lates most strongly with the variability of the mesospheric radar result of Fig.14, with positive correlation between
tides, we calculated the average of the correlations acrosthe meridional diurnal tidal amplitude perturbations and the
all radar height gates for each QBO pressure level. ThisQBO winds as defined at pressure levels around 10-20 hPa
yielded a maximum mean correlation coefficient of 0.58 be-and negative correlations with the QBO winds as defined
tween meridional diurnal tidal amplitude perturbations andat pressure levels around 40-50 hPa. When averaged across
the QBO winds at 10 hPa. This is above the 99 % confidencehe 80—100 km height range shown in the figure, the greatest
level and indicates a strong tendency for larger meridionalcorrelation in SD-WACCM is 0.60 with the QBO winds at
diurnal tidal amplitudes to occur during the eastward phasel8 hPa. This is in excellent agreement with the value of 0.58
of the stratospheric QBO at 10 hPa. at QBO pressure level of 10 hPA observations presented in

This correlation analysis between tidal amplitudes andFig. 14.

QBO winds was repeated for the diurnal zonal amplitudes Finally, we note that the QBO is not the only possible
and semidiurnal meridional and zonal amplitudes. Thesecause of the interannual variability observed in the tidal
analyses gave mean correlations of 0.21 (at 10 hPa), 0.3@mplitudes. For example, the El Nifio Southern Oscillation
(at 10 hPa) and 0.40 (at 20 hPa), respectively. The brackete(ENSO) is a cycle of warmer and cooler Pacific Ocean sur-
number indicates the QBO pressure level at which highesface temperatures, which affects atmospheric convection and
correlation was obtained for that particular tidal component. latent heat release and so may affect the amplitude of at-

These results appear to indicate a clear connection bemospheric tides. Over the 2002—2011 interval of this study,

tween the amplitude of certain components of the tropicalthe ENSO had a similar period to the QBO. The data of the

82

Atmos. Chem. Phys., 13, 9543564 2013 www.atmos-chem-phys.net/13/9543/2013/



R. N. Davis et al.: Mesospheric tides over Ascension Island 9557

o
n
4]

98

25

AMP PERTURBATION (ms ")
o
QBO WINDS AT 15 hPa (ms™)

&
L

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

CORRELATION

Fig. 15. Perturbations in WACCM meridional diurnal tidal ampli-
tudes (calculated by subtracting the composite-year monthly meal
from each individual month) at heights near 96 km (red line) for
2002-2011. Also plotted are the QBO background winds at 15 hPaQ
(black line). The diurnal tidal amplitude perturbations and back-
ground winds are smoothed with a seven-month running mean. Note : 4 4
the two different axes, with the red axis on the left corresponding 10 15 20 25 30 35 40 45 50
to the WACCM diurnal tidal amplitude perturbations and the black QB0 FRESSURELEVEL (hFa)
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Fig. 16.Correlation between WACCM meridional diurnal tidal am-
plitude perturbations and stratospheric QBO winds as a function of

. . . height and level.
standard Nifio 3.4 index are presented in Hig.Also plot- eight and pressure feve

ted in the figure are the meridional diurnal tidal amplitude
perturbations (as per Fig3). The figure suggests an out-of- ",
phase relationship between the two time series. The correle £
tion coefficient between the two series is found to-H&45.
Although smaller in magnitude than the correlation with the
QBO, this result nevertheless may indicate a connection be
tween ENSO and tidal amplitudes in the equatorial meso-
sphere.
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3.5 Model wavenumber contributions
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The model predictions shown here are actually a superpo-

sition of a number of different migrating and nonmigrating Fig. 17.Perturbations in meridion_al diurnal tide amplitudes (calcu-
tidal components. As an example to demonstrate the relativét€d by subtracting the composite-year monthly mean from each
magnitudes and phases of these components, we present |i?,g|V|duaI month) at heights near 84 km (red line) for 2002-2011
Fig. 18 phasor plots of the contribution from each wavenum- over Ascension Island. Also plotted are the data from the Nifio 3.4

. S index (black line), representing sea surface temperature perturba-
ber to the total zonal diurnal tide in eCMAM for each month, tions in the Nifio 3.4 Pacific Ocean region. The diurnal tidal ampli-

ranging from wavenumbes = —5 to +5 at a height of 46 perturbations and Nifio 3.4 index are smoothed with a seven-

90 km. Note that the length of each line gives the amplitudemonth running mean. Note the two different axes, with the red axis

of the component, and the phase is given by the angle meagn the left corresponding to the diurnal amplitude perturbations and

sured anticlockwise from the positiweaxis. Only wavenum-  the black axis on the right corresponding to the Nifio 3.4 line.

bers with amplitudes greater than a threshold of 3 tare

shown for each month. Note that we do not show equivalent

results for the diurnal meridional and semidiurnal tides for  The results from an equivalent analysis of WACCM output

reasons of space. are presented in Fid.9, but with a lower amplitude thresh-
Itis apparent that the W1 migrating tide (blue line) often o|d of 1.5 m s because of the generally lower amplitudes in

makes the largest contribution to the eCMAM zonal diurnal\waccm.

tide over Ascension Island. However, for some months (Jan-  aAgain the migrating W1 component (blue line) is the dom-

uary, February, June, July and September) the amplitude ghant component for most months, with the E3 component

the E3 component is similar to or even Iarger than the ampli'aiso having |arge magnitude for many months. The E2 com-

tude of the migrating component. It can also be seen that thgonent is also large for many months (purple line). It can

phase of the migrating tide does not vary throughout the yeape seen that for some months (e.g. August—October) even

as much as the phase of the E3 component. though the migrating component is relatively large, the vec-

tor sum with the other components (which are often out of
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Fig. 18.Phasor plots of the individual wavenumbers contributing to the eCMAM-predicted zonal diurnal tide at a height of 90 km. The length
of each component represents the magnitude of its contribution, and the angle as measured anticlockwise from thegpésigives the
phase. Only those components with magnitude greater tharr3 mre shown.

phase with the migrating) results in near-zero total ampli-cycle has been reported in other studies (Bgepa et a).
tude. 2006 Burrage et al.1995 McLandress et al.1996. This
Our observations thus indicate that the tidal field over As-semiannual seasonal cycle in the diurnal tidal amplitudes has
cension Island is dominated by a diurnal tide of large ampli-been attributed byHagan et al(19993 to a seasonal varia-
tude which displays a semiannual seasonal cycle. Tidal amtion of gravity-wave drag on the tide, and these authors were
plitudes appear to be modulated by the QBO and also possiable to model this variation in diurnal tidal amplitudes in the
bly by the ENSO. The model results indicate that the domi-Global Scale Wave Model (GSWM-98). Analysis of CMAM
nant tidal components over Ascension Island are the migratsimulations byMcLandresg2002a b) showed that the sea-
ing W1 and the nonmigrating E3 (eCMAM) or the W1, E3 sonal variations in the heating that forced the tide and in the
and E2 (WACCM). structure of the background wind in the stratosphere together
accounted for the seasonal cycle in the migrating diurnal tide.
) ] However, Xu et al. (20098 found using TIMED observa-
4 Discussion tions that the damping was positively correlated with the tidal
winds: the damping was strongest during the equinox periods

fthe di | and idi | tides in the MLT reai and so could not explain the observed amplitude variations.
hance otthe diurnal and semidiurnalides in the region \when comparing the Ascension Island results with those

over Ascension Island. Planetary and gravity waves over th?rom other equatorial sites, the all-sky meteor radar obser-
region can have significant amplitudes, but do not contributeVations from Cariri (7.2S 56 B W) reported byBuriti et

to the long-term speqtra as _strongly as they are genera!ly . (2008 are of particular interest due to Cariri’s relative
ther smaller or more intermittent in amplitude than the tides

X proximity to Ascension Island and the similar instrument
as V\.'e” as being randomly phased (€gncheva et 32004 used. A semiannual cycle in tidal amplitude was observed
Dauvis et al, 2012).

- . in the zonal diurnal tides over Cariri between heights of 91
The results presented in Figreveal a very clear semian-

o . - i . and 98 km, with maxima at the equinoxes. In the meridional
nual oscillation in the diurnal tidal amplitudes. This seasonal

The long-term spectra presented in Figreveal the domi-
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Fig. 19.Phasor plots of the individual wavenumbers contributing to the eCMAM-predicted zonal diurnal tide at a height of 90 km. The length
of each component represents the magnitude of its contribution, and the angle as measured anticlockwise from thegpésigives the
phase. Only those components with magnitude greater than 1.3 are shown.

component, the diurnal amplitudes over Cariri were also ob-both sites. The semidiurnal tidal phases are also generally in
served to have a semiannual cycle with maximum amplitudegood agreement between the two sites.
at the equinoxes. This behaviour agrees well with that ob- It should be noted thauriti et al. (2008 reported results
served over Ascension Island, and the amplitudes are founéfom just one year of observations over Cariri in contrast
to be generally similar. There are, however, some differencesto the multi-year Ascension Island climatological means re-
For example, the semiannual cycle in amplitudes is observegorted here. The two sites are separated in latitude by just
in the highest height gate 6f 97 km in the Ascension Island half a degree, so it would be expected that thigrating
meridional diurnal amplitudes but not at the same heightsdiurnal tide over Cariri would have similar amplitudes and
over Cariri. Also, the ratio of meridional amplitudes to zonal phases to those over Ascension Island. However, the longitu-
amplitudes averaged over all heights and months is observedinal difference of 22.5between the two sites means that
to be 2 at Cariri, but just 1.6 over Ascension Island. any significant nonmigrating components present may ex-
The diurnal phases between the two sites also have manglain the relatively small differences observed between the
aspects in common. The average meridional vertical wavetwo sites.
length over Ascension Island is 262 km, agreeing well In fact, nonmigrating tides have been proposed to cause
with the 23.8+ 2.6 km reported over Cariri. The semidiurnal large differences in ground-based tidal measurements be-
amplitudes over Cariri generally agree well with those ob-tween two locations at the same latitude. For examigée,
served over Ascension Island and reported here. The averaggn et al(1997) found that non-migrating components mod-
amplitude over all heights and months at Cariri is 5.8ths elled in the GSWM could reduce the amplitude of the mi-
in the zonal component and 15.0 m'sin the meridional  grating diurnal tide in the low-latitude Pacific, accounting
component. This compares to Ascension Island’s 4.8fs for the large observational differences between the radar
and 11.9 ms? respectively. Features such as the general insituated on Kauai and the migrating tidal amplitudes from
crease of amplitude with height and the sharp increase in amsatellite observation€hang et al(2010 examined diurnal
plitude between February and March are also observed overdal amplitudes from three sites at approximately equivalent
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latitudes near 22S. These were Learmonth (28, 114 E), possible that eCMAM overestimates the parameterizations of
Rarotonga (22S, 160 W), and Cachoeira Paulista (28, latent heat release and deep convection responsible for gen-
45°W). They compared these amplitudes with the predic-erating the eastward-propagating tidal components.

tions of four models (WACCM, eCMAM, TIME-GCM and It is known that tidal vertical wavelengths are affected by
the GSWM-02). They found significant differences in ampli- eddy diffusion and momentum deposition in the MLT from
tude between the three sites due to differing superpositiongravity-wave breaking@rtland and Alexande2006. The

of migrating and non-migrating tides. They also found that slightly shorter vertical wavelengths in the eCMAM com-
while the models failed to reproduce the observed longitudi-pared to our observations may thus be a result of in-phase
nal differences accurately, a common general pattern of zonajravity-wave momentum forcing, commonly associated with
variation was observed in three of the models. The impor-the Hines parameterization employed in the mobti&tl(an-
tance of the longitudinal structure of the tides was discussediress 20023.

in detail byWard et al(2010. However, the superposition of Further, differences could also be caused by differences
tidal components deduced from TIDI observations presentedbetween the actual tidal sources during the time period of
by these authors reveals that Ascension Island happens the radar observations compared to the tidal sources in the
be in a region of comparatively constant tidal amplitude asmodel. Differences could also be caused by differences in
a function of longitude. This would again help explain the the background atmosphere between that used in the model
similarities between the Ascension Island and Cariri obser-and the real atmosphere, which would result in differences in
vations. Our results in comparison with those from Cariri re- the propagation conditions for the component and/or Hough
ported byBuriti et al. (2008 thus support the conclusions of mode. Finally, since only one year of model data is used in
Ward et al.(2010. these comparisons, year-to-year variations in the model may

Other comparisons of particular interest are with the re-also play a role. Given these uncertainties, it is striking that
sults of Deepa et al(2006 from the radar at Trivandrum the agreement is as good as reported here.

(8.5° N, 7P E), approximately at Ascension Island’s conju- The most consistent of the differences between the
gate latitude. Again the results were obtained from an all-WACCM simulations and the observations are the lower am-
sky meteor radar, and so instrumental differences should belitudes in WACCM. Since SD-WACCM nudges to obser-
negligible. Deepa et al(2006 observed the diurnal ampli- vational data in the troposphere and stratosphere, the differ-
tudes to be larger than the semidiurnal and the meridionaknces are likely not due to tidal heating or other tidal sources.
components for both tides to be larger than the zonal. TheyHowever, there are several processes that could contribute to
also observed a semiannual cycle in diurnal amplitudes withthese differences. Firstly, the tidal amplitudes may be sup-
maxima around the equinoxes in the zonal component. Thespressed in the MERRA analyses used for the nudging be-
observations agree well with the observations presented hereause the meteorological data used in the assimilation are in-
from Ascension Island. However, in the meridional compo- gested at infrequent intervals, thus damping high-frequency
nent, at heights above 90 kbeepa et al(2006 observed an  variability such as tides. It is also possible that the condi-
annual cycle in tidal amplitudes with maxima in the winter tions for tidal propagation in WACCM (background winds
months and minima in the summer in contrast to the semianand temperatures in the mesosphere) are incorrect, or that
nual cycle with equinoctial maxima observed. The mean am+ides in WACCM are excessively damped by parameterized
plitudes were slightly larger than those observed over Ascengravity-wave processes. Finally, insufficient vertical resolu-
sion Island, with peak amplitudes of60 ms1, cf. 48 ms?! tion in the mesosphere could also affect the simulation of the
over Ascension Island. Vertical wavelengths in both zonaltides. In general, tidal amplitudes in WACCM that are sys-
and meridional components were found to-b85km, sim-  tematically too low are a known problem that is currently
ilar to the Ascension Island results. under investigationgmith, 2012).

Deepa et al(2006 also observed slightly larger semidi-  Our results (Figs18 and 19) show that the dominant
urnal amplitudes than are observed over Ascension Islandvavenumbers contributing to the total zonal diurnal tidal
The vertical wavelengths observed were generally similar tdfield in both eCMAM and WACCM are the migrating W1
the Ascension Island results. They attributed the presence adnd the nonmigrating E3. The figures also highlight one of
vertical wavelengths greater than 100 km to the dominanceahe difficulties models face in attempting to predict tidal
of the (2,2) mode as predicted Bprbeg(1982. amplitudes and phases accurately. With many wavenumbers

We will now consider the results from eCMAM and contributing to the total tidal field, identifying whether differ-
WACCM. In the case of comparisons of eCMAM with ob- ences between the observed tidal field and the model predic-
servations, it has been noted in previous studies that théions are due to, for example, the overestimation of the am-
amplitudes of the eastward-propagating tidal componentplitude of one component, or the underestimation of another,
in eCMAM are much larger than the values observed byor the incorrect phase of a third, etc. becomes very difficult.
the TIMED Doppler Interferometer (TIDI), while westward A useful step towards solving some of these problems might
propagating components are of comparable magnitudes ( involve studies made with chains of radars at approximately
et al, 2007 Du, 2008 Chang et al.2010. It is therefore  equal latitudes, or alternatively studies focusing on satellite
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data, which would be able to distinguish wavenumbers but atan be very complicated, and further analysis would require
the price of poorer time resolution. decomposing the observed tides into migrating and non-
Our observations (e.g. Fid4) indicate that the QBO ap- migrating components. This would allow an examination of
pears to influence the amplitudes of the diurnal tidal in thehow water vapour and latent heat release change both glob-
MLT, with larger amplitudes occurring when the QBO wind ally and locally during El Nifio and La Nifia events and how
at 10 hPa is eastward. This connection has been reported ithese affect tides in the mesosphere. The relative impact of
a limited number of other studies, for examplencent et the QBO and the ENSO on tidal amplitudes in the meso-
al. (1998. However, it should be noted that the positive cor- sphere remains an interesting question.
relation we report here does not necessarily imply that any
mechanism linking the QBO and tidal amplitudes exists at
heights around 10 hPa.
The correlations between QBO wind at 10 hPa and tidal-5 Conclusions
amplitude perturbations reported in Seg# show that the
correlation (averaged across all radar height gates) is highefen years (2002—2011) of wind observations from the Ascen-
for the meridional diurnal tidal amplitudes (0.58) than the sion Island meteor radar{&, 14 W) have been analysed to
semidiurnal (0.37). This greater effect of the QBO on the characterise the diurnal and semidiurnal tides over the trop-
meridional diurnal amplitudes compared to the effect on theical mid-Atlantic region. The length of the dataset enables
meridional semidiurnal amplitudes provides support to simi-an investigation into the effect of the stratospheric QBO on
lar conclusions drawn from the TIDI/TIMED satellite obser- the tidal amplitudes. Comparisons have been made between
vations reported byWu et al.(2011). the observed tidal parameters and those predicted by the eC-
Hagan et al(19991 performed a number of numerical MAM and WACCM models.
experiments with the GSWM-98 to investigate two possi- The MLT wind field over Ascension Island has been
ble causes of this QBO modulation of MLT diurnal tidal shown to be dominated by the diurnal tide, which can have
amplitudes. These causes were (i) the QBO in zonal-meamstantaneous amplitudes on occasion reaching in excess of
zonal winds and (ii) variable forcing arising from the QBO in 100 ms'1. The semidiurnal tide is also present but smaller in
stratospheric ozone. They suggested that the QBO in zonakmplitude.
mean zonal winds cause variations in tidal amplitude by ap- Considering the diurnal tide over the height range ob-
proximately 40 %, somewhat larger than what we observeserved, monthly-mean diurnal amplitudes generally increase
over Ascension Island. They also concluded that the QBQwith height. In both zonal and meridional components of the
in stratospheric ozone has negligible effect on MLT diurnal diurnal tide, there is a semiannual seasonal variation appar-
tidal amplitudes because the major ozone variations occuent, with amplitude maxima at the equinoxes and amplitude
below the height of the majority of the ozone heatiltayr minima at the solstices. Amplitudes are greater in the merid-
and Mengel2005 were able to produce a QBO with real- ional component than the zonal for all months except the
istic periods in a numerical spectral model and found thatlow-amplitude austral winter months of June and July. The
it can modulate tidal amplitudes by up to 30%. They found meridional diurnal tidal vertical wavelengths are generally
that at heights above 80 km this modulation was driven bysimilar throughout the year, ranging from 24 to 30 km. The
gravity-wave momentum deposition. zonal vertical wavelengths are generally similar to the merid-
However, in contrasiXu et al.(20093 came to a different  ional, except for during the austral winter months when the
conclusion about the role of gravity waves. They found thatzonal vertical wavelengths are much longer.
the tropical zonal wind variations associated with the QBO Semidiurnal tidal amplitudes are observed to be approxi-
had little effect on the filtering of gravity waves because the mately 25 % of the diurnal amplitudes (when averaged across
effect was masked by the larger magnitude winds in the uppeall heights and months). There is a greater difference in am-
stratosphere. As of now, there is thus no consensus on thglitude between the meridional and zonal components of the
processes that are responsible for the QBO variation in tidakemidiurnal tide than was the case with the diurnal tide. The
amplitudes. semidiurnal tidal vertical wavelengths vary much more than
Our results (Figl7) show that the observed mesospheric is the case for the diurnal tide.
tidal amplitudes over Ascension Island have negative cor- Both eCMAM and WACCM reproduce the trend for
relation with the ENSO index. This is particularly interest- greater diurnal amplitudes in the meridional component than
ing when contrasted with the enhanced diurnal amplitudeghe zonal. However, eCMAM tends to overpredict meridional
in the MLT observed during El Nifio events, i.e. positive amplitudes, while WACCM underpredicts zonal and merid-
correlations, at various ground-based stations in the Pacificonal amplitudes. Semidiurnal amplitude predictions were
(Tirunelveli, Jakarta, Kauai, and Christmas Island) as ob-generally good for both models. Vertical wavelength predic-
served byGurubaran et al(2005 and Lieberman et al. tions were also often good for both models. However, eC-
(2007). This is the opposite of the effect we observe over MAM predicts shorter zonal vertical wavelengths than ob-
Ascension Island. However, the regional impact of ENSOserved for the diurnal tide in austral winter, while WACCM
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predicts longer zonal semidiurnal vertical wavelengths thanChang, J. L. and Avery, S. K.: Observations of the diurnal tide in

observed for most months. the mesosphere and lower thermosphere over Christmas Island,
Component analysis of the eCMAM and WACCM zonal J. Geophys. Res.-Atmos., 102, 1895-1907, 1997.

diurnal tide shows that the migrating W1 and the nonmigrat-Chang, L. C., Ward, W. E., Palo, S. E., Du, J., Wang, D.-Y,

ing E3 components were the dominant contributors to the to- LU H--L.. Hagan, M. E., Portnyagin, Y., Oberheide, J., Gon-

tal tidal field. charenko, L. P., Nakamura, T., Homapn,_ P., Singer, W., Batista,
Finally, sorting MLT region tidal amplitudes by QBO P., Clemesha, B., Manson, A. H., Riggin, D. M., She, C-Y.,

h h led that | h idi ITsuda, T., and Yuan, T.: Comparison of diurnal tide in mod-
phase at 10 hPa revealed that larger-than-average meridiona els and ground-based observations during the 2005 equinox

diurnal amplitudes occur when the stratospheric QBO winds  cawsES tidal campaign, J. Atmos. Sol. Terr. Phys., 78, 19-30,
are eastwards, and smaller-than-average meridional diurnal §oi:10.1016/j.jastp.2010.12.012010.

amplitudes occur when the QBO winds are westwards. CorChang, L. C., Palo, S. E., and Liu, H. L.: Short-term variabil-
relations show that the QBO appears to have the most ef- ity in the migrating diurnal tide caused by interactions with
fect on the diurnal tide in the meridional component. Despite the quasi 2 day wave, J. Geophys. Res.-Atmos., 116, D12112,
the significant magnitude of QBO modulation of tidal ampli-  d0i:10.1029/2010JD01499@011.

tudes, there appears to be no consensus as to the underlyifdU: X. Z., Gardner, C. S., and Papen, G.: Lidar observations of
physical cause. The similar period of the ENSO during the polar mesospheric clouds at South Pole: Diurnal variations, Geo-
2002-2011 interval further complicates the issue. This high- gg)cl)i Res. Lett,, 28, 1937-1940, dd):1029/2000GL012525
lights the need for further studies on the coupling betwee :
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