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Abstract. HRDI (High Resolution Doppler Interferometer- nonmigrating tides are frequently indicated in the spectra
UARS) winds data have been analyzed ittldtitude by  with wave numbers s=2, 0, 6; and there are complemen-
10°-longitude cells at 96 km to obtain the global distribu- tary longitudinal structures in the global tidal fields with two
tion of the solar-tidal amplitudes and phases. The solsticeand four maxima evident. Modelled 12-h tidal amplitudes
June-July (1993), December—January (1993-1994), and orere much smaller than observed during non-winter months
equinox (September—October, 1994) are analyzed. beyond 30. There is a detailed discussion of the spectral

In an earlier paper (Manson et al., 2002b) the emphasideatures, their seasonal variations, and the similarities with
was solely upon the longitudinal and latitudinal variations of the HRDI tidal data. This discussion is in the context of the
the amplitudes and phases of the semidiurnal (12 h) and diurinherent limitations of the model.

nal (24 h) tides. The longitudinal structures were shown to beKey words. Meteorology and atmospheric dynamics (mid-

quite distinctive, and in the case of the EW component of thedle atmosphere dynamics; thermospheric dynamics; waves
diurnal tide there were typically four maxima/perturbations and tides)

of amplitudes or phases around a latitude circle. In this case
they tended to be associated with the locations of the major
oceans. Here, a spatial complex spectral analysis has been
applied to the data set, to obtain the zonal wave numbers fot  Introduction
the tides as functions of latitude. For the diurnal tide the
dominant s=1 migrating component and nonmigrating tidesThe observations of the global tides of the middle atmo-
with wave numbers s=3, —2, 0, 2 are identified: and for SPhere, or “mesosphere lower thermosphere” (MLT), at
the semidiurnal tide, as well as the dominant s=2 migratingn€ights from 60-100km, have been dominated by sampling
component, the spectra indicate the presence of nonmigraffom radar systems: Medium Frequency (MF) and “meteor
ing tides with wave numbers s2, 0, 4. These wave num- wind” radars. These have provided climatologies with sam-
bers are also simply related to the global longitudinal struc-Pling of high temporal resolution (10 days over 365) and
tures in the tidal amplitudes and phases. altitudes (typically 3km). Comparisons with models have
Comparisons are made with the Global Scale Wave ModeP€€en both encouraging and challenging, due to the complex-
(GSWM-02), which now incorporates migrating and non- 'Y of tidal forcing aqd propagation processes: examples of
migrating tides associated with tropospheric latent heat pro-SUCh model comparisons have involved the GSWM (Global
cesses, and offers monthly outputs. For the diurnal tide the>cale Wave Model, in 1995 and 1998/2000 versions), and
dominant nonmigrating tidal spectral feature (94 km) is for CMAM (Canadian Middle Atmosphere Model), e.g. Hagan
wave number s=3; it is relatively stronger than in the HRDI €t @l-, 2001; Fomichev et al., 2002; Manson et al., 2002a;
winds, and produces quite consistent structures in the globd/!anson et al., 2002b (hereafter Paper 1). However, signif-
tidal fields with four longitudinal maxima. Overall, the mod- icant differences have emerged, and a most likely source of
elled 24-h tidal amplitudes are larger than observed duringh€S€ are non-solar-migrating tides or components, since the

the equinox beyond 40latitude. For the semidiurnal tide, CSWM ?5 a 2-dimen_sional mode_l in it_s b""_SiC formulation_.
Satellite observations of the tidal field in the MLT region

Correspondence toA. H. Manson have also been of enormous importance. The winds from the
(manson@dansas.usask.ca) UARS instruments, WINDII (Wind Imaging Interferometer)
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and HRDI (High Resolution Doppler Interferometer), gave for the first time for this tidal purpose, and provided vertical
the first really global views of the tides and have been es-sstructure. However, they noted that there were issues with
pecially valuable in the upper MLT (95 km and above) and aliasing. Comparisons of our results with Forbes et al. (2003)
at lower latitudes where the diurnal tide ((1,1) Hough mode)are interesting, as the analysis methods (Sect. 2) are some-
dominates (McLandress et al., 1996). what different, and the focus of our study (relationships be-
A note on nomenclature is added here. We use s to refer tbween the nonmigrating tides and the global tidal structures)
the wave numbers of individual tides (or components) whichdiffers; we also assess the semidiurnal tides.
may be propagating or “standing” (zero wave number); the Ground-based radar studies are also beginning to con-
positive sign is for westward propagation. This symbol is tribute information on longitudinal variations as the num-
used in the majority of papers on the topic of migrating andber and distribution of MF and meteor wind radars expands.
nonmigrating tides. If more than one tide exists at a givenJacobi et al. (1999) assessed the variation of the semidiur-
period of oscillation (in this paper, 12 and 24 h only), an am- nal tide using a chain involving Europe, Russia and Canada
plitude/phase structure is generated around a circle of conflongitudinal tidal amplitude structures were inferred in win-
stant latitude whose number of maxima (we use the symboter, with one maximum along the latitude circle, S=1); and
S for this) is related to the difference in the wave numbers. IfPancheva et al. (2002) used a massive 22 radar network
there are only two components present, the number of maxduring summer (1999) and demonstrated the structure num-
ima is equal to the absolute value of the signed wavenumbeber S=1 in the diurnal tide amplitudes. Finally, the new
difference, e.g. Forbes et al. (2003). CUJO network (Canada, U.S., Japan Opportunity) of MF
Longitudinal variations in the tidal amplitudes and phases,radars has demonstrated that the variations in tidal and plan-
due to the combination of nonmigrating tides and the mi-etary wave climatologies (70-95km) found between Lon-
grating components, may indeed be large and increasing idon (43N, 81 W), Platteville (40N, 105W) and Wakkanai
importance above 95 km. We mention just two recent studieg45 N, 141 E), a 7000 km longitudinal sector, are very signifi-
using UARS winds which demonstrate this: the first con- cant and often larger than local latitudinal variations (12-14
sidered is the background paper for this present study, andhanges) (Manson et al., 2004a) Tidal wave number analysis
the second also uses HRDI winds but has a different emprovided nonmigrating tides components with wave numbers
phasis which proves to be complementary to the present pas=2, 0 or 3, and 4 for the diurnal and s=1, 0 or 3 for the semid-
per. Manson et al. (2002b), or Paper 1, used HRDI windsiurnal.
(betweent7( latitude) for two solstices (June—July 1993;  The basis for modelling the nonmigrating tides is longi-
December—January 1993-1994) and an equinox (Septembetudinally varying forcing, which thus far has involved tro-
October, 1994), in an analysis based upon small cefls (4 pospheric water vapour, e.g. Forbes et al. (1997). Discus-
latitude, 10 longitude), and showed that at 96 km the di- sion below focuses briefly on the enormous efforts made in
urnal tide (EW, east-west, component) has rather clear maxthis regard. It is expected that this will have a major impact
ima over the oceans. The semidiurnal tide has much lessipon the diurnal tides, and a lesser impact upon the semidiur-
longitudinal variation or structure. This present paper buildsnal tides. A similar effort based upon longitudinally varying
upon that study by calculating the zonal wave numbers of theozone distributions, e.g. from the Odin satellite (Llewellyn,
nonmigrating semidiurnal and diurnal tides, as described be2002), can be expected to impact the modelling of the semid-
low. Secondly, Forbes et al. (2003) used HRDI and WINDI iurnal tide in the future.
daytime and night-time “95km” winds (December 1991 Forbes et al. (2003) discuss the role and analysis of global
September 1994) to identify several diurnal tides: the east¢loud imagery data, which is related to deep convective ac-
ward propagating tide with zonal wave number-&; the  tivity and which can be converted to rainfall rate and latent
“standing” (s=0) oscillation, and the westward propagating heating (Forbes et al., 1997). (We occasionally use the ab-
s=2 tide. They also showed that this combination of tidesbreviation TLH, tropospheric latent heat, to categorize this
leads to significant longitudinal variations in tidal structure hereafter.) It is important to mention the forcing mechanisms
betweerd-4(° latitude. The s=3 tide near the equator was here, as the identification of particular wave numbers later in
associated with the Kelvin wave (a symmetric mode) in thethe paper then has a physical justification. Also, given the
Northern Hemisphere’s (NH) summer/fall, and with the en- large number of tidal papers now emerging on this theme, a
hanced presence of an antisymmetric mode during Octoberbrief summary of these is useful for the reader. The Forbes et
April; the s=0 existed for most months, was nonsymmetrical. (2003) paper is elegantly tutorial in nature, and is most
in amplitude about the equator (SH maxima), and was coninstructive with regard to those new developments. They
sistent with an antisymmetric mode and its superposition anote that the strongest spectral power for TLH lies at wave
times with a symmetric mode; and the s=2 was consistenhumbers—3, 1, 5 for the diurnal tide and-2, 2, 6 for the
with a symmetric mode in combination with modest contri- semidiurnal tide. Significantly, the migrating s=1, 2 tides
butions from an antisymmetric mode, and exhibited strongare also strongly forced by the TLH processes. They ex-
and seasonal changes. There were supportive GSWM studigdain that modulation of solar energy absorption by the dom-
and comparisons. Forbes et al. (2003) noted they elaborateidant topographic structures at low latitudes (structure num-
or “built” upon a study by Talaat and Lieberman (1999). The bers, S=4, 1) leads to these tidal componentsS)s and also
latter study used daytime HRDI wind and temperature datao s=0, 2 for the diurnal tide. Other heating mechanisms,
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such as insolation absorption by longitudinally varying water winds for the diurnal (Sect. 3) and semidiurnal (Sect. 4) tidal
vapour, will generate additional nonmigrating tides (Forbesharmonics, using the HRDN96 km) data and analyzed re-
et al., 2001). Finally, nonlinear interactions between the stasults of Paper 1, along with matching “data” and analysis
tionary planetary wave (wave number 1) and migrating tidesfrom GSWM-02. In each case spatial spectral analysis has
also leads to s=0, 2 for the diurnal tide (modelling exercise;been applied to obtain the amplitudes and phases of the zonal
Hagan and Roble, 2001), and to s=1, 3 for the semidiurwave numbers of the migrating and nonmigrating compo-
nal tide (UARS winds; Angelats i Coll and Forbes, 2002). nents, and then these are compared with the global structures
The existence of such tides (or components), and the relate(hmplitudes and phases) of the tides. Some comparisons be-
global longitudinal structures in amplitude and phase withintween middle atmosphere climatologies from the GSWM-02
the MLT, depend upon a myriad of factors, which indeed re-and radar data are shown for completeness in each section.
flect upon the importance of studying tidal activity within the
lower and middle atmospheres. At this stage itis useful to re-
mind the reader that Forbes et al. (2003) did deteet%0, 2 Data analysis
2 for the diurnal tide within the MLT, using UARS winds,
consistent with tropospheric latent heat forcing (and perhap$Ve provide brief descriptions here as the original papers ref-
the standing planetary wave process). erenced above have richer descriptions. Regarding HRDI,
Finally, some comments upon the GSWM modelling ef- the data files from Paper 1 were used directly. At edchyd
forts, which have now incorporated the tropospheric latentl0° (latitude/longitude) area or cell, time sequences of the
heat forcing, are appropriate. The so-called GSWM-02HRDI winds for the respective two month intervals were re-
model will be described later in Sect. 2, and it basically incor-formed into 24-h mean days only, according to their local
porates the GSWM-00 radiational tides resulting from non-time of day. After that, harmonic fitting was applied to the
longitudinally varying forcing (Hagan et al., 2001) and the mean-day data, to obtain the mean winds, and the amplitudes
tides (nonmigrating as well as the migrating) forced by tro- and phases of the 24- and 12-h tides. When the time coverage
pospheric latent heat processes. This present paper is one of the mean-day data was larger than 15 h for a day, the mean
the first to use the new “combined” model, which makes thewind and 24-h and 12-h oscillations were all fitted. However,
comparisons with the tides from HRDI particularly useful. when data yield was low<(16 h, but>8h), typically above
Two recent significant papers which have used the GSWM tdb0° due to the lack of day-time or night-time data, depend-
assess the MLT tides excited or forced by tropospheric latentng upon the local time of the UARS orbit, only 12-h fitting
heat processes only are Hagan and Forbes (2002) for the das accepted. Similar criteria in the analyses of radar data
urnal tide, and Hagan and Forbes (2003) for the semidiurnahave been shown to be appropriate by us in using MF radars
tide. They incorporate 7 years of global cloud imagery data,(unpublished) and by Jacobi et al. (1999). Also at the higher
to provide a “climatology” with monthly resolution. Brief latitudes, where the 12-h fitting was done, the 24-h tidal am-
comments are appropriate. The first remark is that GSWM-plitudes are known to be small, and so is the related error.
02 will contain the same tides/components as those incorpo¥he 12-h only fitting was useful from 45—-7th NH and SH
rated and discussed by these two papers, although they wiBummers. Excellent consistency occurs between neighbour-
necessarily be a smaller part of the total tide. Also, the globaing cells for amplitude and phase (Paper 1). Full global grids
longitudinal structure (as described by the structure numberpf latitudes and longitudes, with land images, are used for the
S) of the total tide may differ from those shown in the two pa- contours of amplitudes and phases. Estimates of significance
pers due to phase constructive/destructive interference. Fasuggest that amplitudes less than 5-10 m/s are noisy, and this
the diurnal tide, Hagan and Forbes (2002) demonstrate thés confirmed by inspection of the phase contours, which show
strong importance of s=3, —2, 0, 2 non migrating compo- more random phases in these regions.
nents, and the migrating s=1, in determining the global tidal Following the comments on GSWM in the Introduction,
field above 90 km. The complementary paper on the semidisome basic description is appropriate. The GSWM is a
urnal tide, as described by Hagan and Forbes (2003), demor2-dimensional, linearized, steady-state numerical tidal and
strates more complexity at MLT heights, with non migrating planetary wave model which extends from the ground to
tidal responses at all latitudes (rather than dominantly lowerthe thermosphere (Hagan et al., 2001, http://www.hao.ucar.
latitudes for the diurnal tide.) Components-s3; 0, 1, 2, 3,  edu/public/research/tiso/gswm/gswm.html). Briefly, GSWM
5, 6 may be significant. Also, monthly responses for the diur-tidal and planetary wave predictions are solutions to the lin-
nal and semidiurnal tides differed, and interannual variabil-earized and extended Navier-Stokes equations for perturba-
ity is expected. It will be useful, therefore, in this paper, to tion fields with characteristic zonal wave numbers and peri-
assess the relative contributions of the migrating and nonmiedicities that are specified along with the zonal mean back-
grating tides in GSWM-02 for the first time and to compare ground atmosphere. Mean zonal winds are included. The
these with the HRDI tidal field. most recent version of the GSWM tidal model, GSWM-02,
The contributions to our knowledge of nonmigrating tides includes the GSWM-00 results (e.g. Hagan et al., 2001),
in the MLT which will be provided in this present paper have along with the migrating and nonmigrating diurnal and
been mentioned in the above paragraphs. However, and teemidiurnal tides that are excited by tropospheric latent heat
summarize, the paper will assess aspects of the total tidgbrocesses in the tropical troposphere (Hagan and Forbes,
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Fig. 1. Spatial spectral analysis of the global HRDI complex diurnal wind field, providing wave number versus latitude contours of amplitude
and phase. Positive (+)/negative)(numbers represent westward/eastward propagating “tides” or “components”. The amplitude colour scale

is in dB (decibels) where dB=20 Ilgg(RMS m/s); the dB value for the red colour for each portion of the Figure are provided. The phases are

in degrees relative to the UT=0 h longitude, so that each colour represents a change in phagerd Bof local time). Values are used for
contouring when the amplitude is greater than the value of the second bin (see text for further details). Contour plots for each component of
the wind (NS, north-south; EW, east-west) and for two solstices and one equinox are provided.

2002; 2003). Briefly, the GSWM-00 results are the monthly  The plots of global tidal structures for diurnal and semid-
variable migrating tidal responses to the absorption of so4urnal harmonics (Figs. 2, 4, 7, 9), and for either HRDI or
lar radiation throughout the atmosphere. The GSWM-02 re-GSWM-02 data, are formed from the phases or amplitudes
sults also include the “standing” (wave number 0) diurnal andfor each available cell. Contours are formed as described in
semidiurnal tidal oscillations along with eastward and west-Manson et al. (2003), but a brief explanation is also given
ward propagating harmonics with wave numbers between below in the paragraph on the MF radar analysis, since the
and 6 inclusive. Because the nonmigrating tides beat withmethodology is the same for both. Each plot has ampli-
the migrating diurnal and semidiurnal tides, the GSWM-02 tudes according to a colour scale; the values in m/s for the
monthly tidal climatologies vary with longitude. red colour, and the increments for each colour, are provided.
Global maps are added to each figure to aid in locating the
structures.
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If data existed at all longitudinal cells for a particular latitude the complex spatial frequencies appropriate to the global
(the cells are 2in latitude, 10 in longitude), spatial com- tides are now provided and discussed. The analysis method
plex spectral analysis has been applied to the longitudinal sewas described in Sect. 2, and is a complex spatial spectral
quence of complex tidal values (from Manson et al., 2002b)analysis providing amplitudes and phases of spatial frequen-
for each tide (24 h, 12 h). In contrast, the cells used by Forbesies (wave numbers) from 0 to7 versus latitude. The wave
et al. (2002) were 30in longitude. Solutions have been numbers represent tidal “components” or “tides”, where +ve
sought for the zonal wave numbers s=0 tat35 with +ve is westward and-ve is eastward (Fig. 1).
being westward propagating. Migrating and nonmigrating The dominant amplitude features are a broad contour cen-
tides are present in this analysis, unlike Forbes et al. (2002)tred on s=1 (the solar migrating tide), and having amplitude
who first removed the migrating components. Contours ofwithin 10 dB (a factor of 3.2 from dB=201qg (RMS ampli-
amplitudes and phases are then formed (Figs. 1, 3, 6, antlide)) of the maximum from approximately s=0 to 2. Also,
8), as described in the paragraph below. Amplitudes are prothe s=3 contours are relatively strong (yellow to red) in one
vided in decibels (dB) to provide the best range of colourswind component or the other, for each season. Table 1 sum-
over the amplitude ranges; in each case the dB value for thenarizes the wave numbers of the nonmigrating tides repre-
largest amplitude/colour range is provided to allow for in- sented, and these also include; 3, 4. There is some sea-
tercomparisons (dB=20 lgg(RMS amplitude)). For clarity, sonal variability. From the Introduction, nonmigrating tides
and to remove noisy values, phases are only plotted when theelated to topographic forcing (structure numbers 4, 1) would
corresponding amplitudes are at least two amplitude contoumclude s=-3, 5 and 0, 2. The latter two would also be forced
levels above the minimum. by nonlinear interactions with a standing planetary wave of
Data from the Saskatoon MF radar have been exhaustivelyvave number 1; while a planetary wave of wave number 2
explained elsewhere, e.g. Manson et al., 2003. The monthlyvould force s=-1, 3. The existence of such tides in the MLT
tidal analysis uses a least-squares fit of a mean, 24-h andepends upon many factors, and as evident from Table 1, a
12-h oscillations, to a composite monthly day in which the number of these components are observed.
squared error is weighted by the number of raw (5 min) val- Itis also useful to relate the dominant wave numbers of Ta-
ues in each composite hour. As in the tidal papers referencetlle 1 and Fig. 1 to the (amplitude/phase) longitudinal struc-
earlier, there must be data in at least 16 of the possible 24ures or patterns in the global diurnal tides (as also shown in
composite hours. (At most heights there are typically at leasPaper 1). To aid in this comparison we show (Fig. 2) con-
20 h of data; and analysis experiments in which the num-tour plots for both components of the tides for the three sea-
ber of hours with data are reduced to 16 show that the fit-sons in slightly different (more compact) format, but one that
ting results are still quite robust.) The tidal contours cover 6 matches Fig. 1. The distributions of land masses and oceans
heights and 12 months. There is no smoothing. The methodare shown below each column of plots, to enable any topo-
ology for contouring that is now described is the same for allgraphic or regional linkages to be made; the dominant topo-
three types of figures in the paper. Interpolation between datgraphical features at lower latitudes have “wave numbers” of
points employs a “bilinear patch” method, viz. the interpo- 1 and 4 (Yagai, 1989). Structure numbers (S) of the tidal
lated value is ax+by+cxy+d, where a, b, ¢, d are solved fromstructures in Fig. 2 for both the amplitudes and phases range
the corner values in the grid (of data points). In the case offrom 1to 4, and have been added to Table 1; these are clearest
phase contours, and provided that the four corner phases have the EW component for all three seasons, where S values
a spread of less than 18awo separate BLP calculations are of 3 and 4 are especially evident. These have been obtained
done, one for cosine and one for sine. The resulting pairfrom visual inspection of the tidal structures, since the rela-
of interpolated values at each point is recombined to get itdionships between strong features in the wave number spec-
phase value. Any pixels in the amplitude plots representing dra and the tidal structures (as discussed below) should be
value greater than the maximum in the legend are set equal tolearly evident. There is also some indication of association
the maximum. Finally, MF radar data for which the heights of these amplitude and phase structures with the oceanic po-
are expected to be inaccurate, due to virtual versus real heiglsitions for the EW component (this is perhaps more evident
considerations, are not used. This leaves gaps at the greatastthe colour choices and larger format used in Paper 1). This
heights in summer. Five heights of the Global Scale Waveassociation is to be expected, as latent heat processes associ-
Model (GSWM-02) have been plotted on the same scale tated with deep convection activity vary between the oceans
provide comparisons with the observations. and continents.

As shown by Angelats i Coll and Forbes (2002), the num-
ber of maxima in a longitudinal structure or pattern of tidal

3 Diurnal Tides amplitudes (structure number, S, in this paper) is given by
the difference between the wave numbers of the tides that are
3.1 HRDI global tides at 96 km present. For example, in June/July the-8: 1 components

dominate in the EW wind spectra (Fig. 1), which should pro-
Following Paper 1, where the global tidal structures werevide the structure number S=4 in the tidal patterns. Indeed, 4
provided for the solstices of December-January (1993-maxima are clearly evident in the appropriate amplitude and
1994), June-July (1993), and September—October (1994)phase plots of Fig. 2. In general, the numbers of maxima in
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Table 1. Summary of HRDI Tidal Components: Diurnal.

HRDI NS Wind EW Wind
December— 8§ -3 12 -2
January 1993/94 (1 longitudinal structure) (3 longitudinal structures§)
June-July 3 B 2 4 P -3
1993 (3, 2 longitudinal structurés) (4 longitude structure$)
September— q 12 -3
October 1994 (1 longitudinal structufe) (4 longitudinal structure§)

@ Broad feature 0—2, both hemispheres, especially NS component; phases distinguish components m=0, 1, 2 modes.
b Broad feature 0—2, winter hemisphere, especially NS component; components (m=0, 2) less well distinguished.
¢ HRDI amplitude and phase contours (Fig. 2).

Table 2. Summary of GSWM-02 Tidal Components: Diurnal.

GSWM NS Wind EW Wind
December/ & 12 W 3 4 1 W _3
January (4 southern structur’és) (4 structureé)
June/July 4 12 _3 4 1 -3
(2, 4 structure$) (2, 4 structured)
September 2 1 -2 4 1 -3
October (little structuré) (4 structured)

@ Broad feature 0—2; phases do not distinguish m=0, 1, 2 components.
b Gswm-02 amplitude and phase contours (structures) of Fig. 4.
D-December J-June S-September W - Weak.

the structures (S values) evident from Fig. 2 are consistent For the s=3 tide, maximum EW amplitudes (Fig. 1) oc-
with the dominant components or tides evident in Fig. 1 (andcur in June/July and September/October for which the phase
Table 1). There are two interesting cases where the speds continuous across the equator, or with a modest phase shift
tral features centered on s=1 are very broad (NS, Decem{2-3 colours, 4-6 h), respectively. NS amplitudes are barely
ber/January and September/October), suggesting that weakdiscernable {15 dB) and were not scaled for Table 1. This
s=0, 2 components could also be present. If so, the expectas consistent with the symmetric Kelvin wave (Forbes et al.,
tion is for S=1 to dominate the global or longitudinal tidal 2003; Talaat and Lieberman, 1999). In contrast, during De-
structures, and that is indeed the case, as shown in Fig. 2. cember/January this s=3 component is only evident in the
]NS amplitudes, and it does not demonstrate a phase shift

Fig. 1/Table 1. Here, phase values are used for contours ficross the equator. Such behaviour was also noted by Forbes

the corresponding amplitude values are above the value of thet al. (2003) ina Iarger set of HRDI/WIND” c_jata, who_ sug-
second colour bin, to minimize noisy contours. For all threegeSted the greater influence of the first antisymmetric tidal

seasons the dominant migrating tide (s=1) evidences closgpde between O.ctober. and April. (This mode is forced by
to zero phase differences for the EW component across th irect tropospheric heating.)

equator (for latitudes near and less thaf)24nd large phase Finally, some comments on the s=0 and 2 nonmigrating
differences (5—6 colour changes, 10-12-) for the NS compotides are useful. Careful inspection of the phases in Fig. 1,
nent. This is also evident in the global tidal structures plotsbut bearing in mind that some phase contours are associated
(Fig. 2), since at the equator the continuous/discontinuousvith very small amplitudes, indicate that there are distinctive
nature of the colour contours for the EW/NS components isvalues for these wave numbers. For s=0, the amplitudes are
evident, despite the modulation of the pattern by the nonmidarger for the NS component and in the Southern Hemisphere
grating tides. Notice also that the amplitudes for s=1 maxi-(SH), and the phases are continuous (or show small changes)
mize near 24 (both hemispheres). This behaviour is consis- across the equator. The tide of the EW component is smaller,
tent with the symmetric (1, 1) Hough tidal mode. with noisier phases, although the December/January season

Now consider the phases of the components or tides o
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Fig. 2. Global HRDI tidal structures for the diurnal tide at 96 km, as functions of latitude and longitude, and for NS and EW winds. As in
Manson et al. (2002b), the amplitudes and phases refer to cells of’sflaitide) by 10 (longitude). The amplitude colour scale is in m/s,

and the phases are in hours (local solar time). The amplitude value in m/s of the red colour is provided, and the amplitude increment for each
colour is 5m/s. Contour plots for two solstices and an equinox are provided.

shows a clear phase change~af2 h across the equator. As mode (Forbes et al., 2003). Overall there is good agreement
also suggested by Forbes et al. (2003), this is consistent withetween our analysis and that of Forbes et al. (2003), even
the fundamental antisymmetric mode (they also suggestethough the data sets and analysis differ somewhat; however,
the additional presence of the symmetric mode leading to dewe have also shown the relative strengths of the migrating
structive interference in the NH). Finally, for s=2, the phaseand nonmigrating tides and the resulting standing wave pat-
changes across the equator are smaller or zero for the EMérns in the global tidal structures. We follow this with a
component and are larger (5-6 coloursl2 h) for the NS  similar presentation based upon the GSWM-02 tidal values.
component. This is suggestive of a dominant symmetric
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Diurnal Tides: GSWM 94 Km
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Fig. 3. Spatial spectral analysis of the global GSWM-02 complex diurnal wind field, providing wave number versus latitude contours of
amplitude and phase. Positive (+)/negativg lumbers represent westward/eastward propagating “tides” or “components”. Otherwise, the
description is as for Fig. 1.

3.2 GSWM-02 global tides at 94 km GSWM-02 complex diurnal wind field. Contours of ampli-
tudes and phases are again plotted as functions of wave hum-

The development of the GSWM (1998, 2000) versions (here-]?er anc:]la;ccitlrj]de.hWe Egve cf;ltl)sen to shOV\:‘%anlgc)lféhe mqnths
after GSWM-00), to now include nonmigrating and migrat- ﬁr eic oft ft ree h:)mor!t y seashon.s Oh h ata, since
ing tides associated with the release of latent heat within"€ changes for neighbouring months in these three seasons

deep convective clouds (Sect. 2), provides an excellent opY—NIthln GSWM-02 are usually modest with regard to the ex-

portunity for comparisons with our analysis of HRDI data. istence of major spectral features. However, the tabulations

These will aid in the assessment of the realism of the modePf Tr?blf ﬁ are based fupon exarlpina_tljﬁn of b?th dmor_lth_ls i.n
and whether further changes and forcings are required. Her&ach 0 the seasons, for generality. The amplitude similari-

we have formed figures of the same format as the previ—t'es with Fig. 1 and Table 1 are quite strong: there are strong,

ous section, that can be directly compared with observationsr.ather brqad spectral features centred on s=1 for all plots; and
Figure 3 provides the spatial spectral analysis of the gIobaFIearly evident features centred on-s3for the three seasons
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Fig. 4. Global GSWM-02 tidal structures for the diurnal tide at 94 km, as functions of latitude and longitude, and for NS and EW winds. The
amplitude increments for each colour are 3 or 5m/s. Otherwise, the description is as for Fig. 2.

(June and July (EW), September and October (EW) and Deeonsistently modelled (e.g. the alternate months, December,
cember and January (NS)). Differences are that the feature3une, and September included in Table 2), but only observed
at s=1 are not as broad as observed by HRDI (and rarely exin June/July (EW).

tend to s=0, 2 with any significant amplitude); the spectral Moving to the global GSWM-02 tidal structures (Fig. 4),
features at s=3 are more consistently modelled than ob- the effects of the differences in the modelled and observed
served (features are evident in January and December (EWjpatial spectra of the tides are immediately evident. While
and July (NS) and several months other than the six beingtructure number S=4 (numbers of maxima in the ampli-
specifically dealt with here); and the s=4 spectral features areude/phase) was evident in only two amplitude-phase pairs
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for HRDI (June/July, September/October; EW component),present in the plot. However, based upon the EW compo-
it is dominant in four of the pairs for GSWM (January, NS nent, and as for the HRDI tides, the symmetric Kelvin wave
and EW; July and October, EW component). A summary ofis often favoured. For January, and the neighbouring months
the numbers of amplitude maxima (and/or phase perturbaincluding autumn, the phase shift across the equator is larger
tions) are provided in Table 2, and these structure numberg§~4—6 h) for the EW and the NS components (when the low-
S (S equalling the difference in the dominant wave numbersamplitude phase values are cautiously scrutinised) which, as
are consistent with the wave numbers of the dominant tidaffor the observed HRDI tides, suggests more influence of the
components. As noted in the consideration of the HRDI dataantisymmetric tidal modes. The two non-summer months of
the topographic feature with “wave number” 4 will have a Fig. 3 (January, October) are quite typical.

strong input with respect to the forcing of the tides which are  Although the main focus of this paper has been the non-
associated with the tropospheric latent heat. Oceanic struamigrating tides, the tides forced by tropospheric latent heat
tures are related to this topography. Thus, there is a tendenggrocesses, and the comparison of the spectral wave numbers
for the amplitude maxima and related phase features in Fig. 4spatial frequencies) from global observations and models, it
to be located in the oceanic regions (Eastern Pacific, Atlanticjs appropriate to take this opportunity to compare the general
Indian and Western Pacific), but there is seasonal variatiorieatures of the global tidal structures as represented by HRDI
in those positions. This is at least partly associated withand GSWM-02.

the presence of other spectral maxima+254) in GSWM- The phases (colours) change strongly with the three
02, which have led to further modulation of the longitudinal months/seasons for each wind component in Fig. 4 (GSWM),
structures. and somewhat less in Fig. 2 (HRDI). There are fair agree-

Now consider the spectral phases of the tides or compoments in the relative colours, indicating some similarities in
nents in Fig. 3 and Table 2. Here a value is used for contourtidal phases between the observations and the model. The
ing when the amplitude is greater than the second colour binamplitudes are quite easy to infer from the figures: each fig-
or the neighbour of such a value, regardless of its amplitudeure or section thereof has a specific maximum amplitude to
For the migrating s=1 tide the phases for EW/NS compo-provide optimum colour ranges for each global image, and
nents are, respectively, continuous or demonstraté/130 the values (m/s) of the last red shade are added to the top right
changes across the equator in each of the three seasons. Tterner of each contour plot. Equinoctial maxima in GSWM-
global tidal structures (Table 4), which are also dominated02 are strong compared even to HRDI, as expected from
by this tide (albeit modulated by the s3 tide), also demon- GSWM-00 (Manson et al., 2002a, b). There, the agreements
strate this tidal phase behaviour, which, along with the am-between the 24-h tides of the MF radar, and the GSWM-95
plitude maxima near 24 favours the dominance of the (1, 1) and GSWM-00 versions, were shown to be very encourag-
Hough tidal mode again. ing. However, here, at the higher mid-latitudes and above

Consistent with the narrow amplitude feature at s=1, the85 km, the GSWM-02 equinoctial values are larger than the
phases of Fig. 3 do not show any differential structure in theearlier versions and warrant further assessment.
regions of s=0, 2, suggesting that the influence of these tides Hence, we show in Fig. 5 the GSWM-02 climatologies
is very weak in the new combined GSWM. (There is merely of the MLT for the latitude and longitude (3N, 105 W)
the expected continuous sweep of frequencies as one viewdosest to that of Saskatoon (52, 107 W), which is the
from s=0 to s=2.) In the earlier study by Forbes et al. (2003)site of the MF radar that the Canadian authors have operated
GSWM was forced by the appropriate Hough modes (e.gfor two solar cycles. Here, a 7-year vector average of the
wave numbers 0, 2) and then normalized to match the HRDimean monthly days (from each year) has also been calculated
observations. Also, Hagan and Forbes (2002) in their as{1995-2002) for the radar data. Indeed, in the new model,
sessment of MLT tides solely forced by deep convection pro-the large equinoctial amplitudes (circa 20 m/s at 94 km) and
cesses in the lower atmosphere, showed that amplitudes fahe related and consistent monthly short vertical wavelengths
s=0, 2 were typically 10-20dB (3 to 10 times) weaker thanhave become a strong feature of Bl
the migrating (non radiationally forced) tide in the 95km  Such large amplitude modelled features were more typ-
height region. In the GSWM used here the amplitude ratiosical of 3% N within GSWM-00, as shown in the compari-
will be even greater as the radiational migrating mode is nowson between the Platteville (48, 105 W) and Saskatoon
also included. climatologies (Manson et al., 2003). In GSWM-95 these

Another factor is the absence of nonlinear wave interacfeatures of strong equinoctial amplitudes and short vertical
tions in GSWM, in particular the standing planetary wave of wavelengths were even more restricted to the low latitudes
wave number 1, which would potentially lead to nonmigrat- (Manson et al., 2002a). Although GSWM-02 has longitudi-
ing tides with wave numbers s=0, 2. nal variations, these are fairly modest af Bhd northward

Considering the relatively strong s3 tide, phase changes (Fig. 4), so that at no longitudinal location do characteristics
across the equator for the EW component are quite smaléxist which are similar to those observed (Fig. 5).
in July but are typically 4 h for neighbouring months (hot  We note in conclusion that the well-known speed bias of
shown). The amplitudes for the NS component are typi-MF radar-derived winds would change the colours/speeds
cally smaller for these months (for several months the val-within Fig. 5 modestly. Very intensive comparisons between
ues are in the lowest colour bin) and the phases are often natlimatologies from MF and Meteor-Wind radars in Northern
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Fig. 5. Climatologies of diurnal tides from GSWM-02 and the Saskatoon MF radar (52 N, 107 W) for 1995-2002.

Scandinavia (Manson et al., 2004b) demonstrated speed r@&omparison with the observed tides), as well as phase dis-
tios of circa 1.5 above 90 km, but with excellent phase/phaseerepancies which can, in turn, affect the longitudinal variabil-
gradient agreements in tides. Thus, the differences in Fig. 5ty of the modelled MLT tides. The presence of nhonmigrating
are not due to those system biases. It must be emphasizeaitles from the full variety of sources will also probably affect
that there are inherent limitations to GSWM-02, as discussedhe vertical structure of the tide, and provide the type of dif-

in Sects. 1 and 2, since significant sources of nonmigratingerences in phase gradients already seen between GSWM-00
tides other than the tropospheric latent heat forcing have beeand GSWM-02 (the vertical wavelengths from the latter at
(knowingly) neglected. This can lead to both underestimatesSaskatoon are slightly longex0%) than those from the
and overestimates of the nonmigrating tidal amplitudes (informer). These comparisons for the diurnal tide are very
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important, as they provide insights as to the possible importhis, phases are sometimes available in the figure only in

tance of other sources of nonmigrating tides, and their role inone hemisphere at some higher latitude. Mode assignment

establishing the global structure of the tidal field. is therefore difficult or impossible. Considering the s=0, 4
pair, both of which occur in the spatial spectra quite fre-
quently (Table 2), their occurrence as yellow contours within

4 Semi-diurnal tides 4-5 colours (10-15dB) of the maxima is in every case lim-
ited to one hemisphere in a narrow latitudinal range. The
4.1 HRDI global tides at 96 km phases are not available over a sufficient range of latitudes

to comment on the tidal mode. Finally, the-s2, 6 pair do
Following Sect. 3, we follow the same pattern of presen-offer more opportunities for hemispheric phase assessments;
tation, textually and graphically. In Fig. 6 the dominant jn December/January and September/October the NS com-
spectral features of the spatial spectral analysis of the component shows clear continuity of phase at-€s suggesting

plex tidal field are centred on s=2; this is the migrating tide, an antisymmetric Hough mode (the EW amplitudes are too
and the feature is broadest at higher latitudes and during themall to provide coherent phases).

equinox. It does overlap the s=1, 3 positions on occasion,
but, as with the diurnal tide, those amplitude components4.2 GSWM-02 global tides at 94 km
are not resolved. The resolved spectral features are sum-
marized in Table 3 (contours reaching4 dB, yellow), and  The spatial spectra of the GSWM data in Fig. 8 are visually
frequently also include s=2, 0, 4; during equinox there are or qualitatively rather similar to the HRDI spectra (Fig. 6),
additional features at s=5, —4, 5, 6. As noted in the Intro- and there are, relative to the diurnal tide, a larger number of
duction, tides or components related to topographic forcingweak spectral features. That being said, the modelled spec-
(“wave numbers” of 4 and 1) would include s2, 6 and 1, tral features at s=2 are generally narrower than observed.
3 (Forbes et al., 2003), but such tides may or may not reaclseveral spectral (amplitude) features are evident, including
the MLT with significant amplitude. Nonlinear processes in- s=—2, 0 and particularly s=6 (this is the maximum s value in-
volving the standing planetary waves with wave numbers 1cluded in the model). Table 4 indicates the consistent appear-
and 2 would force s=1, 3 (again) and s=0, 4, respectively.ance of these features (for the two-month seasons), which is
Hence, it appears that a selection of the forced nonmigratingn contrast to Table 3 for HRDI: s=6 is forced consistently
tides have reached the MLT. and significantly in the model and s=4 quite weakly, while
Consistent with the relatively weak but numerous spectrals=4 is preferred observationally. The latter could be due to
features other than for s=2, the global longitudinal tidal struc-nonlinear interactions with the standing planetary wave of
tures of Fig. 7 are relatively weak or indistinct, which con- wave number 2, which are not included in the GSWM-02.
trasts strongly with the diurnal tide. The number of maxima The modelled dominance of the s=6 nonmigrating tide has
or features in the amplitude and phase plots ranges from 1 tthe expected influence upon the global GSWM tidal ampli-
3, with a preference for 2 (§=2), as summarized in Table 2tude and phase structures of Fig. 9, where the structure num-
Such preference is consistent with the frequent occurrence dier S=4 is dominant in the SH during July (and in months
enhanced spectral contours for nonmigrating tides of waveof May—September, not shown). There are also four max-
number s=4. ima at equatorial and SH latitudes during October, but that
Considering the tidal phases from Fig. 6, the migrating s=2is probably related to the s=2 wave number spectral peaks
tide appears to be dominantly symmetric, with usually 0/6 (these latter are also increasingly important during the late
hour phase changes across the equator for the EW/NS win8H winter and spring in GSWM). Finally, there are four and
components. Here the phase values are retained for contout®/o structures at low and high latitudes, respectively, during
if they have amplitudes above the second colour bin, to min-January (and other neighbouring solstitial months), consis-
imize noisy values. The corresponding amplitude maximatent with comparable s=2, 6 but also s=0 spectral peaks.
occur at latitudes poleward af24°, indicating the presence Such longitudinal structure is not evident in HRDI observa-
of (2, 2) and higher Hough modes (2, 4), etc. There is alsations (Fig. 7), where the wave number spectral peaks-as=
evidence for antisymmetric modes as the amplitude minimaand particularly at s=6 are relatively weaker (Fig. 6).
do not always coincide with the equator, and in the case of Now to continue with phase assessments, the modelled mi-
June/July (NS component) the phases are continuous acroggating s=2 tide shows consistent evidence (Fig. 8) for the
the equator at low latitudes. dominance of the symmetric Hough modes ((2, 2) and higher
The phases for a possible pair of tides with s=1, 3 do notorders during equinoxes) with close to zero or smafB f)
show any systematic variations across the equator (unlike thphase differences between hemispheres for the EW compo-
s=0, 2 pair for the diurnal tide), suggesting that if physically nent and~6-h differences for the NS component at high and
present, their amplitudes are very weak compared with thdow latitudes. Here we have again assessed the two month
s=2 migrating tide. Otherwise, the assignment of phase valseasonal pairs and not just the plotted months. Again, to
ues from Fig. 6 is made problematic by the small amplitudesemphasize the dominant spectral features, we have shown
(5 to 15 dB less than the s=2 features), and the lack of symthe phases in Fig. 8 only when the intensity is greater than
metry in spectral amplitudes about the equator. Because ahe second contour. The alternate tendency to symmetry is
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Table 3. Summary of HRDI Tidal Components: Semi-Diurnal.

HRDI NS Wind EW Wind
December— 4 2 0o -2 —4 4 2 -2
January 1993/94 (2 longitudinal structures) (2 longitudinal structures§)
June-July 4 % -2 —4 2 1 —4
1993 (1 longitudinal structures) (3 longitudinal structures)

September- 6 520 -2 -4 5 6 6 5 4 ® 0 -2 -4 -5
October 1994 (2 longitudinal structures) (irregular structures)

@ Broad feature 1-3, both hemispheres, especially NS component.
b Broad feature 1-3, both hemispheres.
¢ HRDI tidal contours (Fig. 7).

Table 4. Summary of GSWM-02 Tidal Components: Semi-Diurnal.

GSWM NS Wind EW Wind
December/ 6 2 0 -2 6 2 0 -2

January (complex 2, 4 longitudinal structuRes) (complex 2, 4 longitudinal structuré’s)
Junefduly 6 ¥ qw 22 oW 6 5V W oa oW

(complex 2, 4 longitudinal structuré’s) (complex 2, 4 longitudinal structuré’s)

September/ 6 W 2 0 -—-2W _3W _gW 6 M 2 0 W _gW _gW
October (complex 2, 4 structure%) (complex 2, 4 structureé’)

@ Broad feature 1-3, both hemispheres.
b GSWM-02 tidal contours (Fig. 9).
W Relatively weak, or in one of two months.

for the higher (48-72 latitudes in June/July and Decem-  Again, in concluding this section, it is valuable to make
ber/January (and neighbouring months), when antisymmetsome general observations about the semidiurnal tide as rep-
ric modal influences (several hours phase differences for EWesented in the global tidal structures from HRDI and the
and NS components) exist. This pattern of phases is also elsSWM-02, i.e. the dominant migrating tidal characteristics.
ident in the global tidal structures (Fig. 9), where the phaseThus, we compare Figs. 7 and 9. For the solstices the main
structures are more continuous across the equator for the EWodelled characteristic is for strong amplitude maxima in
in all 3 months, while the NS shows discontinuous colour the local winter hemisphere poleward of 30 degrees latitude.
bands. During the solstices the colour contrasts (phase differfhe HRDI amplitudes are less dominated by the winter, and
ences) are stronger at high latitudes for the EW component.the observed summer values are much larger (circa 20 m/s)

When assessing the hemispheric phase differences for th@an modelled (0-10m/s). That being said, the colour con-
nonmigrating tides the lack of hemispheric symmetry in thetours of phases are rather similar for GSWM-02 and HRDI
occurrence of features above the noise level (typically theat this altitude, especially where the winter amplitudes maxi-
light blue and green areas) for several of the tides make#&nhize. During October, GSWM-02 demonstrates strong sym-
for some difficulty. This was also a problem for HRDI metry of (small) amplitudes about the equator, with consis-
phases (Fig. 6). However, for s=0, and for the availabletent phases. The observed amplitudes and phases are rather
months (mainly solstitial and including the plotted July) the different: amplitudes are much larger (20-50 m/s versus 5—
NS hemispheric phase differences of higher latitudes are typ20 m/s), and phases/colours and patterns differ.
ically small, with the EW being larger. A combination of  Hence, we show the last figure of the comparisons
antisymmetric modes is favoured. Finally, for the-s% 6 (Fig. 10) with radar and GSWM climatologies for the Saska-
pair of nonmigrating tides only the former provided match- toon mid-latitude location, where the 12-h tidal character-
ing hemispheric contours, and then mainly in the equinoctialistics are well displayed (Manson et al., 2002a). As ex-
months. Again, antisymmetric tendencies were quite clearpected from the previous discussion, the modelled ampli-
This result is consistent with HRDI phases forsZin simi- tudes are smaller than the MF radar values everywhere but
lar months (equinoctial). during winter. There, and allowing for the 1.5 speed factor
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Fig. 6. Spatial spectral analysis of the global HRDI complex semidiurnal wind field, providing wave number versus latitude contours of
amplitude and phase. Otherwise the description is as for Fig. 1.

adjustment, the values are similar. Equivalent vertical wave-similar, are shorter in May and June. In these studies the
lengths, are~65 km in GSWM-02 and-45 km for the MFR, = GSWM-00 version has already been shown to have signif-
but phases/colours are similar near 90 km. Otherwise, thécant differences from observations in this regard. Models
observed dominant autumn feature is not reproduced, nor thevith tidal forcing due to nonlinear interactions with standing
smaller spring feature. At these times and in the summer, th@lanetary waves hold the prospect for better agreement, as
observed phases and their gradients (longer wavelengths) ad® models with longitudinally varying ozone distributions.
also quite dissimilar. Otherwise, the comments made in the conclusion of Sect. 3
In the present context, the addition of the 12-h tidal Com_regarding the inherent limitations to GSWM-02, also apply

ponents forced by tropospheric latent heat has provided moahere' _In th|§ rega_rd the 12-h tides in the Canadian (Gen-
elled values (GSWM-02) for a mid-latitude location that eral Circulation) Middle Atmosphere Model (CMAM) were

are modestly different from those of GSWM-00 (Manson et Iﬁlrlyn:ealls:!c (Mﬁm;qntret al '&2002?’ atﬂd te;;pe;nrpents l;zmg
al., 2002a, 2003): the amplitudes of GSWM-02 are larger € interactive chemistry sottware for that model areé under-

by circa 10%, and the vertical wavelengths while generallyway'
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Global HRDI Tidal Structures: Semi-Diurnal 96 Km
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Fig. 7. Global HRDI tidal structures for the semidiurnal tide at 96 km, as functions of latitude and longitude. The amplitude increment for
each colour is 5 m/s. Otherwise, the description is as for Fig. 2.

5 Summary and conclusions Considering the diurnal tide, the HRDI spatial spectra
(plots of wave number versus latitude) for the 3 seasons (both
solstices and the September/October equinox) were domi-

Following the publication of global HRDI tidal structures -~
(Manson et al., 2002a) that demonstrated significant Iongitu—n"’lted by a broad feature centered on wave number 1 (s=1)

dinal variations in the global distribution of amplitudes and and sirefching from s=0-2. The global phases and ampli-

phases of the 12-h and especially the 24-h tides, it was appr tudes were consistent with the symmetric migrating (1, 1)

priate to assess the spatial tidal frequencies (or wave nurr(j-_|ough mode, and with symmetric and antisymmetric modes

bers) inherent in those structures. The development of th(%:.or nonmigrating tides having values of s=2 and s=0, respec-
GSWM-02, which now contains migrating and nonmigrat- ively, as suggested by Forbes et al. (2003). Otherwise, the

S : .. s=3 tide in the EW wind component was spectrally strong
ing tides (or components), has also provided the opportunlt)? .
for modelling comparisons (Hagan and Forbes 2002, 2003)_ln the June/July and September/October seasons, which,
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Semi-Diurnal Tides: GSWM 94 Km
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Fig. 8. Spatial spectral analysis of the global GSWM-02 complex semidiurnal wind field, providing wave number versus latitude contours
of amplitude and phase. Otherwise, the description is as for Fig. 1.

combined with the dominant s=1 tide, was consistent withsons (EW wind component) and additionally for the NS wind
four maxima in the global longitudinal tidal structures. (The component in December/January. Consistent with the exis-
number of maxima, or the structure number S, is given bytence of topographical features of “wave number” 4, the tidal
the difference between the wave number of the migrating tidestructures tended to be aligned with the oceans. (This as-
and that of the nonmigrating tide.) Phases then favoured theociation was also evident for the observed tidal structures,
symmetric Kelvin wave. The s=3 was also evident in the although there it was weaker and limited to the EW com-
December/January NS component. ponent.) The Kelvin wave mode was again favoured for
The GSWM spatial spectra for the diurnal tide were gen-June/July and September/October, while phases favoured an
erally rather similar, with dominant intensities at wave num- antisymmetric Hough mode in December/January (as was
bers s=-3, 1. However, the s=1 spectral feature for the the case for HRDI). The nonmigrating tide with s=4 in the
(1, 1) symmetric Hough mode was not as broad, and therenodel was more evident than in observations.
was, therefore, no evidence for unique phases for s=0, 2; Overall, the nonmigrating tides forced by solar heating
and the tide appropriate to the -s8 spectral feature was associated with deep convection {s3-and 0, 2) appear to
more consistently modelled than observed. This latter ledbe the dominant MLT tides in HRDI and GSWM-02 (also
to clear global longitudinal tidal structures (S=4) in all 3 sea- based on Hagan and Forbes, 2002) with no evidence in HRDI
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Global GSWM Tidal Structures: Semi-Diurnal 94 Km
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Fig. 9. Global GSWM-02 tidal structures for the semidiurnal tide at 96 km, as functions of latitude and longitude. The amplitude increments
for each colour are 1, 2, 3, or 5m/s, respectively. Otherwise, the description is as for Fig. 2.

data for the s=1, 3 tides associated with nonlinear interac- tudes poleward of 40 This is unlike the GSWM-95 values
tions with the standing planetary wave of wave number two.(Manson et al., 2002a). Consistent with that, comparisons
(However, the observed s=0, 2 tides could also be associateaf annual MLT climatologies (82—97/8 km) of monthly am-
with the planetary wave of wave number one.) Differencesplitudes and phases from the Saskatoon MF radar and from
in the observed and modelled tidal spatial (amplitude) specGSWM-02 for 52/52 N and 107/105W reveal significant

tra and complementary global tidal structures led to carefuldifferences. Equinoctial maxima, and short vertical wave-
inspection of the overall (average) global tidal structures atlengths are a strong modelled feature, while much longer
94-96 km. The equinoctial maxima at 94 km in the model wavelengths and summer maximum are observed.

are large and exceed the HRDI values, especially at lati-
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g. 10. Climatologies of semidiurnal tides from GSWM-02 and the Saskatoon MF radar (52 N, 107 W) for 1995-2002.

The spatial spectra for the semidiurnal tides within the2. Consistent with the weak spectral features for the non-
HRDI data provided even more evidence for a range of non-migrating tides, the global longitudinal tidal structure was
migrating tides, although their amplitudes were weak com-only weakly modulated, with a slight preference for structure
pared with the migrating tide. The latter was dominated bynumber 2 due to the beating of the migrating tide (s=2) with
symmetric Hough modes, e.g. (2, 2), (2, 4), etc. The mosthe nonmigrating s=4 tide. Phases for those weak tides were
frequently observed nonmigrating tides were of wave num-seldom defined above noise levels in both hemispheres and
ber s=-2, 0, 4; the first could be due to topographic forcing hence tidal modes could not usually be determined. Phases
at “wave number” four, and the latter two by nonlinear pro- for the s=-2 tide had some antisymmetric tendencies.
cesses involving the standing planetary wave of wave number
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The GSWM spatial spectra (12-h tide) provided less seaillustrated using global HRDI and GSWM-02 data from near
sonal variation than the HRDI spectra, and with more fre-95km. The nonmigrating tides lead to strong longitudinal
quent and intense spectral features due to certain nonmiariations or structures in the total tidal fields of amplitudes
grating tides (s=2, 0, 6). Each season and componentand phases, especially for the diurnal tide. These variations
then consistently demonstrated strong structures in the globahould be considered when comparisons are made between
longitudinal tide (two or four maxima). The s=6 tide is ground-based observations. Such structures will also play an
strongly forced by the deep convection processes in theémportant role in determining the regional relationships be-
model, whereas forcing for s=4 (seen in HRDI) is clearly tween interacting waves, such as gravity, planetary and tidal
weaker in the model. There were some indications that thevaves.
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