Ann. Geophys., 27, 1153473 2009 ~ "*

www.ann-geophys.net/27/1153/2009/ G An n_ales
© Author(s) 2009. This work is distributed under Geophysmae
the Creative Commons Attribution 3.0 License. -

Arctic tidal characteristics at Eureka (80° N, 86> W) and Svalbard
(78 N, 16 E) for 2006/07: seasonal and longitudinal variations,
migrating and non-migrating tides

A. H. Manson?, C. E. Meek!, T. Chshyolkovat, X. Xu?, T. Asc?, J. R. Drummond?, C. M. Hall4, W. K. Hocking®,
Ch. Jacobf, M. Tsutsumi?, and W. E. Ward’

Linstitute of Space and Atmospheric Studies, University of Saskatchewan, Saskatoon, Canada
2National Institute for Polar Research, Tokyo, Japan

3Physics and Atmospheric Science Department, University of Dalhousie, Halifax, Canada
4Tromso Geophysical Observatory, University of Tromso, Tromso, Norway

SPhysics and Astronomy Department, University of Western Ontario, London, Canada
6Institute for Meteorology, University of Leipzig, Germany

"Physics and Astronomy Department, University of New Brunswick, Fredericton, Canada

Received: 4 September 2008 — Revised: 22 January 2009 — Accepted: 10 February 2009 — Published: 9 March 2009

Abstract. Operation of a Meteor Radar at Eureka, EllesmereNMT with s=0, +2 (westward) dominate in non-summer
Island (80 N, 86° W) began in February 2006. The first 12 months, while for the semi-diurnal tide NMT wit=+1, +3
months of wind data (82—97 km) are combined with winds occur most often during equinoctial or early summer months.
from the Adventdalen, Svalbard Island {718, 16° E) Me- These wave numbers are consistent with stationary planetary
teor Radar to provide the first contemporaneous longitudi-wave (SPW)-tidal interactions.
nally spaced observations of mean winds, tides and planetary Assessment of the global topographic forcing and atmo-
waves at such high Arctic latitudes. Unique polar informa- spheric propagation of the SPW=1, 2) suggests these win-
tion on diurnal non-migrating tides (NMT) is provided, as ter waves of the Northern Hemisphere are associated with
well as complementary information to that existing for the the 78—80 N diurnal NMT, but that the SPW of the Southern
Antarctic on the semidiurnal NMT. Hemisphere winter have little influence on the summer Arc-
Zonal and meridional monthly mean winds differed sig- tic tidal fields. In contrast the large SPW and NMT of the
nificantly between Canada and Norway, indicating the in-Arctic winter may be associated, consistent with Antarctic
fluence of stationary planetary waves (SPW) in the Arctic observations, with the observed occurrence of the semidiur-
mesopause region. Both diurnal (D) and semi-diurnal (SD)nal NMT in the Antarctic summer.

winds also demonstrated significantly different magnitudes . . .
. X Keywords. Atmospheric composition and structure (Mid-
at Eureka and Svalbard. Typically the D tide was larger atyq atmosphere — composition and chemistry) — Meteorol-

Eurekg and the $D tide was larger at Svalbard. Tidal ampli- gy and atmospheric dynamics (Polar meteorology: Waves
tudes in the Arctic were also generally larger than expecte nd tides)

from extrapolation of high mid-latitude data. For example
time-sequences from90 km showed D wind oscillations at
Eureka of 30 m/s in February—March, and four day bursts of
SD winds at Svalbard reached 40 m/s in June 2006. 1 Introduction

Fitting of wave numbers for the migrating and non-
migrating tides (MT, NMT) successfully determines domi- Our global knowledge and understanding of solar atmo-

nant tides for each month and height. For the diurnal tide sphere tides has been strongly influenced by the geograph-
ical distribution of continents and islands, but also by his-

torical, national, economic and cultural realities. These fac-

Correspondence toA. H. Manson tors that dominate ground-based observational systems have
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developed during the 1990s. Such satellite data are moghat the Tromso-Resolute 12-h phases were consistent with
useful in providing information on migrating tides (MT), SD s=+2 migrating tides. Also the SD tidal phases at Eu-
which are the zonal (longitudinal) mean tides, and also non+eka, compared to Tromso, fitted neither+1 or +2 well.
migrating-tides (NMT) from equator to medium-high lati-  In contrast, the Southern Hemisphere (SH), while suffer-
tudes (40-79); e.g. Manson et al. (2004a), Forbes and Wu ing geographically at middle latitudes, has the Antarctic con-
(2006), Zhang et al. (2006). The temporal resolution oftinent as its star, which provides ideal observational sites
satellite systems is also generally quite restricted, with seaalong the coast from 68-78% and also centered at the pole
sonal means tending to dominate the results. In contrasf‘South Pole” station). Enthusiasm to share the riches of the
ground-based observations, using “meteor winds” (VHF sys-continent has provided up to five contemporaneous radars
tems; MWR) and “medium frequency” radars (MFR), pro- over the last 2 decades, more evenly spaced than in the NH,
vide both good height sampling (circa 80-100 km, 2—3 kmbut still with a 120 longitudinal gap. Murphy et al. (2006)
resolution) and high temporal resolution (1-2 day mean ofused these five radars plus early data from two others (plus
winds and tides) for years and, for some locations, severahssumptions of year to year stationarity) to identify a dom-
solar cycles, e.g. Collm, 3N; Saskatoon, 52N, Adelaide  inant semidiurnal NMT ofs=+1 (and a lesses=0) during
35° S, Christchurch 45S. These location-specific solar tides summer-equinox months (October—March). The regional av-
are combinations of not only the various tidal Hough modeserage latitude was 6%. They were did not demonstrate the
making up the MT, but also NMT, so that observed tidal am- presence of NMT for the diurnal tide away from the pole,
plitudes, phases and vertical wavelengths vary with longitudeas their monthly mean profiles (amplitude and phase) for the
and season (Manson et al., 2006; Cierpik et al., 2003), duéouter rim” (67—78 S) of MF radars were significant for the
to the spatial and temporal variability of NMT-forcing by cu- MT (s=+1) only. They also showed 12-monthly amplitudes
mulonimbus clouds (e.g. Forbes et al., 2003; Oberheide andt 94km for the outer rim and the South Pole; these were very
Forbes, 2008) and stationary planetary waves (SPW: Hagasimilar and they concluded that this “verified predictions that
and Roble, 2001). the amplitude of the=+1 component should remain constant
Returning to geographical and historical factors, the birthwith (high) latitude. ...
of the personal computer (PC) has led to the above mentioned Earlier substantial polar tidal studies were all centered on
extensive radar archives reaching from circa 1978. Some“South Pole” and those results are relevant to our new stud-
what randomly placed radars now extend from equator toes at Eureka and Svalbard in the NH. Hernandez et al. (1993)
Arctic latitudes, including the two recently installed radars used OH emissions for several winter-years and identified a
that are the focus of this paper. The irregularly shaped Arcticl2-h oscillation ofs=+1. A meteor radar at 96 (Forbes
Ocean precludes longitudinal networks north of 65-M0 et al., 1995) that used orthogonal antennas provided con-
although some studies exist using six or so of such tempofirmation of a 12-h NMT withs=+1, and their preference
rally contemporaneous systems near those latitudes (Porfer process was non-linear interactions with the local sum-
nyagin et al., 2004). However, the absence of coverage inmer stationary planetary wave (SPW) wigk+1. This lat-
north-eastern Russia and the longitudinal extent of the northter is consistent with an off-set polar vortex, and the in-
ern Pacific Ocean (a 14@lata gap) have made identifica- herent presence of the migrating SB2 at nearby high
tion of NMT difficult. Portnyagin et al. (2004) concluded latitudes (i.e. circa 70S or Antarctic latitudes). A more
that the migrating tides (diurnal D and semi-diurnal SD) arerecent paper (Portnyagin et al., 1998) involved additional
dominant in the southern Arctic (65—7R), but with some  90° S data for 1995/96 and 1996/97, plus radar data from
indications of NMT. These latter were based on the mod-Scott Base (78S), Molodezhnaya and Mawson (6&nd
est departures from slopes of 1 and 2, respectively (corre67° S). At “South Pole” the 12-h oscillations were consis-
sponding to the MTs=+1 and +2) for the plots of D and SD tent with a NMT of s=+1 for spring-summer months: the
phases (time of maximum in UT) versus longitudes. Positiveoscillations had variable seasonal amplitudes ranging from
wave-numbers are westward propagating, with the sun. Prefs—10 m/s (mid-summer) to 15-20 m/s; smooth phase-trends
erences for semidiurnal NMT were May and June, while for of several hours from spring to summer; and day-to-day vari-
the diurnal NMT weaker preferences were November, Janations (5—-10 m/s) of tidal amplitudes with periods in the plan-
uary and February. This paper will show that these prefer-etary wave range (circa 5 to 8 days). Thé SQwinter oscil-
ences are quite similar to the months for which NMT were lations were non-solar related and of period 6-11.5h. Re-
determined, based upon our analysis of the Svalbard and Ewgarding the diurnal tide, a 24-h oscillation was observed in
reka Arctic tides near 8N during 2006/07. Another paper all months, but with weaker amplitudes in winter; Portnyagin
by Wu et al. (2003) relied upon EISCAT-Tromso radar dataet al. (1998) suggested that it was probably connected with
(70° N) and optical interferometers at Resolute Bay°(N» the evanescent MT with=+1. Away from the pole, the 12-h
and Eureka (80N), showing only two days of winter (Jan- oscillation at Scott Base (7&) was also consistent with a
uary) data. Points of note are that 12-h oscillations weredominant NMT ofs=1 and shared spring and summer max-
weak and not the dominant waves in Canada (we will laterimum amplitudes seen at South Pole. In contrast at6&l
show supporting evidence for this at°89), and secondly 67° S the SD tides had maximum equinoctial amplitudes and
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a mixture of MT (=+2) and NMT §=+1) was suggested. structures of this NMT in the temperature and winds fields.
They finished by asking whether the semi-diurnal NML For example, Fig. 10 from Forbes and Wu (2006) shows lit-
is also present in the Arctic. Our answer to this question willtle or no presence of the diurnat0 and +2 thermal-tides
be shown to be affirmative. at 60—70 N throughout the year, in contrast with the rela-
Some valuable modelling has been carried out recentlytively large amplitudes in the Southern Hemisphere; and their
Aso (2000) has stressed the dominant role of evanescent dFig. 11 suggests minimal presence of semidiuspall ther-
urnal modes (11, 1-2) of the MT at polar mesopause mal tide at high northern latitudes. However, the latitudinal
heights, and also the likely role of diurnal NMT at polar lat- structures of relevant “expansion functions” for winds and
itudes. Yamashita et al. (2002) used the Kyushu Universitytemperature do differ. Also the latitudinal variations of the
GCM to confirm that “non-linear interaction with SPW is diurnal Hough functions for various wave numbers (MT and
taking place”, providing the 12-h NMT with=+1. Theirre-  NMT) are significant and the amplitudes for trapped modes
lated calculations with this tide indicated that, once excitedare relatively more important at high latitudes (their Fig. 6).
in the NH winter hemisphere, it could propagate to the po-Hence, consistency between Figs. 10 and 11 of Forbes and
lar MLT region of the SH and provide the local summer en- Wu (2006) and the NMT characteristics for the winds that we
hancement of the NMT=+1. Most recently, Aso (2007) will show for 78-80 N will not necessarily occur. It remains
assessed the semi-diurnal NMT at polar latitudes using a lininteresting, that as indicated in our summarizing and detailed
earized steady and explicit tidal model and confirmed theAbstract, all three NMT wave numbers were dominant in the
trans-equatorial propagation of the 12-h NMT with+1, Arctic mesospheric winds near 88 during 2006/07.
which is forced in the opposite winter hemisphere. After dis- It is useful here to summarize 12-h/SD and 24-h/D tidal
cussing the asymmetry of the SP¥¥+1 activity between characteristics for extra-tropical and high (502R) lati-
the NH and SH, the authors suggested that a hemispheritudes. Manson et al. (2002) used multi-year MF radar obser-
asymmetry might also then exist in the seasonal variationwations from 2—70N and modeled tides (Global Scale Wave
of the semidiurnal NMTs=+1. We were reminded by two Model, GSWM; Canadian GCM, CMAM). The diurnal tide
referees of the important and pertinent work of Baumgaert-dominates from 2—-3% with maxima near 2Q equinoctial
ner et al. (2006): they provided amplitudes of the 12-h NMT maxima, modest monthly phase changes, and wavelengths
with s=+1, and also the MT witk=+2, based upon observa- that are short{30 km), long or evanescent (100+ km) at low
tions at Scott Base (7&) with an MF radar and at Halley and high latitudes, respectively. At 7R (Tromso) the diur-
(76° S) with an imaging radar Doppler interferometer. Con- nal tidal amplitudes are very smal-(0 m/s below 90 km),
sistent with the material in the first part of this paragraph, as might be expected, since evanescent Hough modes of the
they showed that amplitudes of the NMT and the global SPWmigrating tide have begun to dominate over the propagating
S=+1 were positively correlated near 1 hPa during the NH-modes. The diurnal tides (combinations of all modes) are
winter months of November—February; but also near 10 hPalso small at these latitudes in the GSWM and CMAM (Man-
during the SH-winter-centred months of 7 April to 7 Septem- son et al., 2002). The semi-diurnal tide dominates above
ber. Our paper will allow this matter to be further investi- 35° (maxima near 59, with winter and late summer-fall
gated. (August—October) seasonal maxima, large phase changes be-
A recent paper by Forbes and Wu (2006) contains fig-tween solstices, and wavelengths that are 30—60 km in winter
ures and discussion on much of the global tidal field®@©  but long or irregular £100 km) in summer months. Again
7C° N), using temperatures from UARS-MLS (1991-1997) the combination of Hough modes provides decreasing am-
at heights of 25—-86 km. Their study confirms the presenceplitudes at higher latitudes; thus Tromso values (Manson et
of diurnal NMT s=0, +2, —3 and semidiurnal NMTs=+1 al., 2002, 2004b) range from 10 to 20 m/s (monthly means).
and +3; thes=0 and +2 diurnal tides were not resolvable ear- Hence, in the absence of non-migrating tides, the D and SD
lier from HRDI winds data, although the spectra were wide amplitudes at Eureka and Svalbard were expected, at the time
and their presence was suspected (Manson et al., 2004a). Alvhen the first 2 authors began supervision/operation of the
though these NMT are tides in the temperature-field, theirEureka radar in 2006, to be smaller than those at Tromso. We
presence confirms their production processes as being SPWKclude the tides from the Svalbard radar in this statement, as
and/or latent heat release with wave numbg&rd and 2.  results from there had not been published in 2006/07.
Their paper discusses at some length the development of a In this paper all aspects of tidal variability at Eureka and
latitude-month temperature-contour comparison at 86 km beSvalbard are studied and compared. This is already the
tween the 24-h NMTs=—3 from MLS-temperatures, and largest data archive of 78-8@olar contemporaneous winds
contours derived from their Hough Mode Extension fit to in existence globally, featuring well-spaced100°) longi-
winds at 95km using data WINDII (Wind Imaging Inter- tudes through Norway and Canada. The radars are briefly
ferometer) and HRDI (High-Resolution Doppler Imager). described in Sect. 2. Our goal in Sect. 3 is to investigate
While successfully indicating the combined utilization of the tidal spectra and time-sequences of the winds at Eu-
space based winds and temperature for characterization, threka (80 N, the newest radar) and Svalbard {R8 from
authors do not discuss the differences between the latitudinalhere no tidal results have yet been displayed). These are
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compared with tides at two typical high mid-latitude loca- Again, as noted earlier, Murphy et al. (2006) also discussed
tions, whose longitudes are similar to those of the two Arcticthe diurnal tide obtained from fitting spatial tidal harmonics
radars: Saskatoon (5R) and Collm (52 N). The focus of  to data from 5 “outer rim” radars. Hence, there is no techni-
Sect. 4 is a completely unique one: comparison of the firstcal or physical reason why the radars operating in Antarctica
height (82—97 km) versus time (12 months of 2006/07) con-would not have detected tidal signals consistent with diurnal
tour plots of diurnal (D) and semidiurnal (SD) tidal ampli- NMT if they existed.
tudes and phases at two arctic (effectively equal) latitudes
and differencing longitudes (2& and 868 W). The initial
indications of the non-migrating tides (NMT) are considered3 Spectra and time-sequences
at this stage. The goal of Sect. 5 is to develop the longitu-
dinal differences in tidal characteristics at Eureka and Svaldtis useful to inspect spectra of the low frequency wind vari-
bard into quantitative estimates of the seasonal and altitudiations (6 h to 16 days), so as to discern whether tidal fre-
nal variations of the NMT and their relative importance com- quencies are visible and well defined. We have chosen two
pared with the migrating tides (MT). Specific values of the high mid-latitude radars (MFR at Saskatoor? 62 105 W
zonal wave- numbers for NMT of the D and SD tides are and MWR at Collm 51N, 15°E) as a contrast for the two
provided. Zonal wave numbers of the topography and lowerpolar radars. Tidal data from Svalbard have not yet been dis-
stratospheric winds are also provided in Sect. 6 and are linkegussed in the literature, so the first two authors of this paper
to the SPWS=+1. This wave provides probable forcing and had no expectations for them while the figures in this paper
coupling of the NMT in the Northern and Southern Hemi- were prepared.
spheres (NH, SH). Section 7 provides a brief introductionto In Fig. 1, the first month of data from Eureka (14
the importance of transient planetary waves in the upper midFebruary—14 March 2006) has been used for zonal (EW)
dle atmosphere. A summary of the significant progress madavind spectra at 85 and 88 km; matching data from the other
in achieving the goals of this paper is provided in Sect. 8. 3 radars are added. The spectra result from a Fourier trans-
form method for selected frequencies, which are chosen to
be linear with the cube root of the frequency. The conver-
2 Radar systems and data analysis sion equation is given in the figure caption. These spectral
estimates are therefore spaced more closely at lower frequen-
We use two MWR radars of similar design (Hall et al., 2003; cies than the usual components, for better apparent resolution
Hocking, 2005). Commercially the radar at Eureka®(®0  and easier perusal of the range of periods shown (Manson et
86° W) is known as a SKiYMET system, which was de- al., 2002). The well known speed-bias in the MF radars is
veloped and deployed by MARDOC-Incorporated (Modu- small at these Saskatoon-heights (Hall et al., 2005), so the
lar Antenna Radar Designs of Canada). It is located at theCollm-Saskatoon differences, if any, are small. (The merid-
Canadian Network for the Detection of Atmospheric Changeional (NS) wind spectra at each site are similar.) As is typical
(CANDAC) Polar Environmental and Atmospheric Researchof mid-latitudes, the SD tide dominates the spectra in these
Laboratory (PEARL) on Ellesmere Island, Canada. Thewinter-like months, and the 24-h and 8-h are comparable to
Svalbard (78N, 16 E) radar was built by the National Insti- each other. To our great surprise, the Arctic tides of Fig. 1
tute of Polar Research (NIPR) in Japan in 2001, and is calledre not simply smaller spectral versions of mid-latitudes (as
NSMR (Nippon Scandinavia Meteor Radar). Relevant anal-we had seen for years at Tromso), but provide large diur-
yses of 2006/07 data were prepared by the first two authorgal tides and small or negligible semidiurnal tides at Eureka,
for this joint circumpolar analysis. with quite the reverse at Svalbard! We have inspected pre-
In these cases of very high geographic latitudes, in particliminary data at those two polar sites for 2007 and the tides
ular during the winter months, the MWR initially appears to are similar to Fig. 1. The planetary wave activity (3—16 days)
have an advantage over the otherwise competitive MFR. Thés quite large (3—6 m/s) at all locations.
latter are dominant in Antarctica. During these months the We have also inspected spectral tides from two radars 5-8
D-region ionization for the MFR-scatter is mainly provided degrees south of the polar radars. Tromsc (Y0generally
by particle influx associated with auroral or polar cap dis- has a larger winter SD tidal feature than the D, and the 12-h
turbances, which are functions of solar activity and geomag-and 24-h amplitude peaks for this particular interval of 2006
netic latitude (Nozawa et al., 2002). Some discussion on thisre relatively very similar to Svalbard. In contrast at Resolute
possibility is appropriate. Indeed, tides over 12-month cal-Bay (MWR, 75 N, 95 W), south of Eureka, the spectrum in
endar years have been obtained at Troms6 KjOwhich is February—March (not shown) has no significant 12-h feature,
within the auroral zone (Manson et al., 2004b). We also noteand the 24-h feature is close to noise (as &tNR We will
that Baumgaeterner et al. (2005) provide both 12-h and 24not discuss data-analyses from these two other radars fur-
h multi-year monthly tidal sequences and “all-year-averages'ther in any detail, but focus upon Svalbard and Eureka due
from Scott Base (78S), and simply comment that the diurnal to their close and higher latitude similarity and radar-type.
tide is generally “much smaller” than the semi-diurnal tide. Also, the data from Resolute Bay is less continuous than that

Ann. Geophys., 27, 1153473 2009 www.ann-geophys.net/27/1153/2009/



A. H. Manson et al.: Arctic tidal characteristics at Eureka and Svalbard 1157

Zonal Wind Spectra for 2006 Feb. 14 - Mar. 14
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Fig. 1. Frequency spectra for two Arctic and two high mid-latitude radar-locations during winter months. The ordinate axis parameter is X,
where the Period (h)=23¢1/f, where f is the frequency in cycles per hour. This choice is discussed in the text, and provides better apparent
resolution and easier perusal in the range of periods that are of interest.

from Eureka (they are to be discussed elsewhere); and thiatitude and polar tidal oscillations. At 51/5R the 12-h
Tromso (MFR) tidal data, due to weaker radar scatter ancpeaks are quite prominent, as expected, since there is usually
auroral disturbances, can be somewhat noisy above 90 kma minor seasonal maximum in spring at these heights (Man-
The latter has been discussed earlier in detail (Manson et alson et al., 2006, 2004c), but there is no coherent (monthly
2004b), and the characteristics of the SD tides there are simimean) 24-h peak. Both sites feature Q2DW peaks. In fasci-
lar to those at middle latitudes, albeit of smaller amplitude nating distinction to winter, the Arctic spectra are now very
and consistent with MT and tapering Hough-mode ampli- similar to each other, with 12-h tides comparable to and even
tudes. For example the Tromso diurnal tide is evanescenlarger than at 51/52N, and clear 24-h peaks-6 m/s) that

and has a weak summer maximum. Based upon Antarcti@re stronger than at mid-latitudes. On this occasion, again,
data as discussed in the Introduction, it was expected as thithe Tromso spectral features (not shown) were similar to Eu-
study was begun, that locations neaf ROcould have a mix-  reka, although somewhat weaker and noisier (less coherent
ture of MT and NMT, whereas at Arctic latitudes (80290 over the month).

the NMT could be larger and even dominate. It is clearly time to assess the entire year, and it will be

een that the two intervals chosen (the first observing winter-

_We next provide two W(_eeks of time sequences of the ZonaF‘nonth for Eureka, and an early summer month) are by no
wind (Fig. 2) for late spring/early summer months, chosenmeans typical

to represent winds from the other solstice but also because
D and SD oscillations can be seen at both Arctic locations,
as well as bursts of SD oscillations at Svalbard. There wast Contour-climatologies and hodographs

also a strong~48-h oscillation (quasi 2 day wave; Q2DW) at

Saskatoon and Collm at this time. From Fig. 2, at Eureka theHere we have used thirty-day fits for the 12 and 24-h tidal
SD tide is now visibly stronger than the D tide, although the oscillations and means at Eureka and Svalbard. The fits have
Dtide is evident also (day 159, near 94 km). In contrast, therghe first day of the month at their mid-point, and contours
are bursts of SD tide reaching 40 m/s amplitude at Svalbardesult from a bilinear interpolation procedure (Manson et
(days near 153 and 160, 85-91 km). Inspection of the specal., 2006). The zonal and meridional amplitudes and (tidal)
tra for these sequences (Fig. 3) and of the spectra for Saskghases are provided in Figs. 4 and 5, respectively. North-
toon and Collm, again show strong differences between midward and eastward tidal winds are taken as positive, and the
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Fig. 2. Time sequences of the Zonal, or East-West winds.

phases are the local solar times of maximum northward andre at the heights of maximum EW vertical eastward shear.
westward winds. The poleward winter flows are very strong in the Canadian
) ) ) ) sector, with Eureka illustrating even stronger convergence.
Regarding mean winds, the winter zonal vortex (Fig. 4) agsociated with the weak 2007 winter EW winds at Sval-
observed at Eureka is much stronger (by 10-15m/s) thay,q, the NS flows are either weak or reversed into equator-
at Svalbard, while the Svalbard summer easterly (loweryarq flow. Similar effects were noted by Hall et al. (2003)
heights) and westerly (upper heights) circulations arej comparing the mean winds at Tromso and Svalbard, the
stronger (by~5m/s) than at Eureka. Generally the sol- qgjis torques on the meridional winds, and the linked GW-
stitial circulations at 51/52N (Saskatoon and Colm are omentum drags. The upper heights of the polar vortex for
similar, and Saskatoon is shown) are much stronger, conz006/07 were clearly not symmetrical about the North Pole.
sistent with weaker meridional (NS) temperatures gradi-Th;s will be addressed in vortex characterization studies (e.g.

ents and hence thermal winds at°8@ The meridional  chghyolkova et al., 2007) underway for the years 2006/07
winds in Fig. 5 are entirely consistent with the zonal winds 5,4 2007/08.

and their vertical shears. The northward/southward flows

of winter/summer lead to vertical motions at high lati- Now considering the diurnal/24-h tide, and including in
tudes, and hence to the warm/cool polar mesopause tempethe discussions the hodographs of the tidal winds for 82 and
atures of winter/summer, which provide the observed west94 km (Figs. 6 and 7), we perceive extraordinary differences
ward/eastward vertical shears. Notice that summer southbetween middle and Arctic latitudes, and between Eureka
ward Arctic flows are much stronger (by4 m/s) than at and Svalbard in particular. The zonal wind spectra of Figs. 1
high mid-latitudes, the former associated with strong diver-and 3 can now be placed in broader context: the contour-
gence from the pole. In all three cases the peak NS flowsalues for 1 March confirm the minimal (2—4 m/s) Svalbard
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Fig. 3. Frequency spectra for two Arctic and two high mid-latitude radar-locations during early summer months. Otherwise the figure is

configured identically to Fig. 1.

tide for both components and the large Eureka values; and The hodographs of Figs. 6 and 7 provide a useful alterna-
for 1 June, at the lower heights, similar and modest ampli-tive perspective of the 24-h tide, with the two Arctic locations
tudes (8—10 m/s) at both sites. A deeper summer minimunhaving quite similar elliptical-patterns and background wind
occurred on 1 July. Quick inspection of 2007/08 revealedvectors at 82 km, especially for the D tide, but having vastly
similar behaviour (not shown). different ellipses at 94 km, near where NMT are expected

More significantly, some of the differences between theto begin their increased contribution to the locally observed
monthly values of diurnal tidal amplitudes and phases for thetide (Forbes et al., 2003). The meridional axes amplitudes
two Arctic locations are the largest we have ever seen. Therare quite similar (as in Fig. 5), but the very small zonal am-
are factors of nearly ten between the March amplitudes, withplitudes have led to ellipses of large elongation. At 94 km
the zonal component providing the larger differences. Thethe tidal hodographs differ dramatically from mid-latitudes,
tidal variations with longitude near 40l for the CUJO net- in this instance from the Saskatoon MFR. Superposition of
work (Manson et al., 2004c, 2006) were much smaller; andMT and NMT of differing relative amplitude at different lon-
the hemispheric zonal patterns of amplitude and phase seagitudes, and distortion of the classical tidal Hough modes
in HRDI satellite data from 96 km (Manson et al., 2004a), by varying background winds, will lead to phase changes in
also for these lower latitudes, were significant but smaller.the zonal and meridional components of the observed tides.
From the phase contours of Figs. 4 and 5 observed ArcticThe elliptical patterns will then depart from circularity. We
24-h wavelengths (these involve superposition of the MT andhave noted this in 96 km-tides from satellite data (Manson et
NMT) are generally large compared with the shorter winteral., 2004a), earlier radar data and tidal models for northern
values at Saskatoon (52N) and often observed at other higBcandinavia (Manson et al., 2004b), and in MFR data from
mid-latitudes (Manson et al., 2002). However, Svalbard doesSaskatoon (Manson et al., 2002).

have finite vertical gradients<(120 km wavelength), while Moving to the 12-h oscillation or SD tide in Figs. 4 and

Eureka has only a consistent trend with time at all he|ght35’ the polar sites have more in common with the high mid-

(8h over 12 months). Differences in phase values (colors) .. , : o X
. L atitude’s amplitudes and phase morphology: winter maxima
between the Arctic radars are indicative of NMT effects, es- . o
: . : . along with the early fall ¢September) feature (Riggin et
pecially in the early spring of 2006, and the winter-centred T ; .
al., 2003), and somewhat similar large equinoctial changes
months of 2006/07. . . )
of phases (colors) and associated vertical gradients. That
said, Eureka’s amplitudes are consistently smaller than at
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Zonal Wind: Monthly Mean and Tidal Components
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Fig. 4. Zonal winds for mean background winds and the tides, both diurnal (24-h) and semidiurnal (12-h). Eastward tidal winds are taken as
positive, and the phases are the local solar times of maximum eastward winds. Heights above 94 km in mid-summer at Saskatoon are judge
to be above the heights of total reflection for the MFR and therefore are not plotted.

Svalbard (half in September) and the deep Eureka-minimummonths, thereby suggesting the presence of NMT. In con-

in March led to the absence of a convincing spectral peak irtrast, at 94 km the polar tides are comparable in size t0\NG2

Fig. 1. While NMT are manifested in this longitudinal phase- with Svalbard having a dominant tide in late-summer/fall.

comparison, their impacts are likely to be smaller than for theThis feature maximizes at different monthly times at the three

diurnal tide, as inferred by Aso (2007). sites. There are also generally large winter-centred values at
Again the hodographs in Figs. 6 and 7 encapsulate a nicéhe 3 sites. The tidal ellipses are more circular than for the D

visual summary for the 12-h tide. At 82km the 51952 tide, which is consistent with orthogonal oscillations of the

SD tide is generally larger than the polar tides, with Eu- Wind components.

reka and Svalbard differing in the spring and some autumn
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Meridional Wind: Monthly Mean and Tidal Components
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Fig. 5. Meridional winds for mean background winds and the tides, both diurnal (24-h) and semidiurnal (12-h). Northward tidal winds are
taken as positive, and the phases are the local solar times of maximum northward winds. Heights above 94 km in mid-summer at Saskatoor
are judged to be above the heights of total reflection for the MFR and therefore are not plotted.

5 Migrating (MT) and non-migrating tides (NMT) amplitude ratios S/E of Svalbard to Eureka, for diurnal and
semi-diurnal tides, and differences (S-E) of mean winds and

This topic has been the focus of considerable research, disidal phases: ratios of unity and phase-differences of zero are

cussions and papers in the last 10 years. While the role o§hown with a thicker contour-line.

NMT was a matter of conjecture by the radar community

for some time, the references in the Introduction indicate The tidal amplitude ratios reinforce the figures and dis-

recent studies confirming the significant presence of NMT,cussion of Sect. 4 very effectively. Generally, with few spa-

especially above 90 km, from both ground-based and spacdtial disagreements, the Svalbard diurnal tide is much weaker

based systems. Figure 8 provides the contours of monthlynonth by month than at Eureka, especially for the EW
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Monthly 82Km Wind Hodographs for Svalbard, Eureka, Saskatoon: Mar 2006 - Feb. 2007
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Fig. 6. Hodographs for the 24 and 12 h tidal components at 82 km from the Eureka and Svalbard radars along with those for the high mid-
latitude MFR at Saskatoon (52 N). The arrows show the monthly mean winds, and the small black squares on the hodographs indicates the
position of the tidal wind vector at 00:00 LT.

component. Again, except for the low altitude late spring- tially/longitudinally modulated in the range of latitudes 40—
summer feature, the Svalbard semi-diurnal tide is much70° (10-20 m/s, 06:00-08:00 LT), so similar or larger differ-
stronger than at Eureka. Regarding mean or backgrounénces can be expected at these polar latitudes. Although we
winds, the weakness of the Svalbard winter-westerlies andnspected time sequences of phase differences, which had
strength of the summer-easterlies, along with the unexpectetigher temporal resolution due to the use of 4 days means,
winter-northerlies (2006/07) are strikingly evident. the variability was not so rapid or large as to favour its use.
) ) Our choice has been to include the useful and dominant NMT

Qf fresh interest are the phase§ dlffer_ences (hours) for th‘?nformation based upon monthly means shown in Fig. 8. Fi-
D tide, where the two greens on either side of the zero phasesaly, even though a large amplitude ratio means that one site
difference line (thlgker and darker) are on average W,'th'”has relatively small amplitudes (e.g. 2—4m/s), the smooth
only £2h of local time agreement (Fig. 8). The NS diur- ,nearances of monthly phases in Fig. 5 and especially dif-
nal tide differences are thus probably consistent with migratsances in Fig. 8 suggest that both phases are reliable. No
ing tide dominance (unless only amplitude modulation hassmoothing has been applied to these monthly data. Also, we
occurred) for the large majority of months and heights aftery, 5.6 found (e.g. Manson et al., 2002) that differences be-
the 2006 spring; while the EW tide shows obvious NMT in- yeen original time sequences of winds and the fits to the two
fluence (phase modulation of more tha@ h) in the spring  iges pius the mean wind are consistent with gravity wave ac-
(2006) and winter (2007), with dark green and orange-pmktivity, rather than errors in the tidal fitting.
colours. The amplitude ratios (S/E) are also large in the
areas of consistently large phase differences (S-E). Man- The semi-diurnal tide, which has quite circular
son et al. (2004a) showed, using the HRDI 96 km globalhodographs all year for both polar locations, but gener-
tides, that both amplitudes and phases were significantly spaally much larger amplitudes at Svalbard, has significant
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Monthly 94Km Wind Hodographs for Svalbard, Eureka, Saskatoon: Mar 2006 - Feb. 2007
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Fig. 7. Hodographs for the 24 and 12 h tidal components at 94 km from the Eureka and Svalbard radars along with those for the high mid-
latitude MFR at Saskatoon (52 N). The arrows show the monthly mean winds, and the small black squares on the hodographs indicates the
position of the tidal wind vector at 00:00 LT.

equinoctial areas of yellow/orange phase-differences (Fig. 897 km. A separate analysis from the program has also been
in height and time, which are 1-4h different from LT used elsewhere to fit just the migrating tide (Manson et al.,
agreement. The amplitude ratios (S/E) are also large in thes2006); there we made statements such as “the migrating tide
areas. NMT are thus expected in these height-time locationsexplains 60% of that period’s tidal power”. As stated, the fit
] ) ) ] ) ) of migrating and non-migrating tide is exact, that is, there is
A migrating and non-migrating tide has been fitted to the ;, yea50n that is based upon fit-error for selecting one pair
data from the two sites. The amplitude and phase of the 0bgyer another. There is however justification for assuming
served tide, which is made up of the MT and possibly sev-qne of the pair is a migrating tide, and hence MT/NMT val-
eral NMT, are known for the sites, as is the wave number of o5 \ere calculated. Regarding the NMT, there are infinite
the MT i.e.s=+1 for the 24-h/D and=+2 for the 12-N/SD.  qgihle choices for wave number, all of which will produce
Since four observationally derived parameters are known it 5. tion. We regard very high wave numbers as unlikely
is possible to solve for the amplitude and phase of 'Fwo tidesy pe coherent around the globe, especially over long peri-
(MT plus one NMT with a given wave number). With two - o4 gych as a month, and so are left with the need to choose
sites the resulting set of equations has an exact solution, i.; |imited wave number range. We have made this limita-
zero squared error, but it would be easy to add data from;,, pased on expected stationary wave-tide interaction by-
other sites (preferably at widely separated longitudes) so thgh,q,cts. Given the previous discussion, when we fit an MT
the best non-migrating tide, i.e. minimum squared error, can, 4 NMT and find that one is stronger than the other we can
be cho;en. Unfortunately, it will not be easy to add f"mOtherargue that the stronger one in a single wave number fit would
80° N site. The program uses 12-months of data, with bothy3paply explain more than half the tidal “power”. Consid-

monthly and 4 day fits available, for diurnal and semidiur- ¢ that the choice of the dominant wave number in this
nal tides and their EW and NS components at heights 82—
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Monthly Mean and Tidal Amplitude and Phase Comparisons.
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Fig. 8. Comparisons of the two Arctic radar monthly mean winds (differences in m/s), tidal amplitudes (expressed as the logarithmic ratio),
and phase differences (of the local solar times).

way leads to regions in both height and month with the samesen for the NMT with the smallest MT/NMT ratio. While
wave number, we consider the method of choosing is justiphases of the NMT were also available, we found that ampli-
fied given the limitation of 2 sites. tude ratios allow easier discrimination between the dominant
) . and weaker NMT. Thus Fig. 9 shows amplitude-ratio results
We have used the MT/NMT amplitude ratios in a selectedfrom 12 monthly fits versus 6 heights (72 height-month lo-

NMT wave numbgr range to determine the d°m.'”a”t t'de:cations) for each tidal component; if the MT is dominant the
the MT is chosen if all ratios are greater than 1sds cho-
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Bigger in two tide fit(MT+NMT) to Eureka+Svalbard (migr.=black)
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Fig. 9. Two-tide fits, using the wave numbers of the MT plus one of a range of NMT, were used to find the bigger: either the MT, which is
shown here in black, or the NMT wave number in the ranges shown. The latter are appropriate to non-linear interaction withshé SPW
or 2.

height-month location is black. Wave numbers-1to +3  for the observed zonal tides from the Arctic radars (Fig. 8)
were selected for the D tide, which is the range encompasselave already been noted at those times and heights. The oc-
by MT s=1 plus and minus Stationary Planetary Wave (SPW)currence of this NMT in the zonal but not the meridional
wave numbers=1, 2. Correspondingly, for the SD tide wave component is interesting: analysis of data from GCMs with
numbers=0 to +4 were selected, which is the range for MT data assimilation, and of Hough modes present in the ob-
s=2 plus and minus SPV§=1, 2. The rationale for using serveds=0 NMT (e.g. Forbes and Wu, 2006) may shed light
these SPW as participants in non-linear wave interactions isipon this matter. Also, the SD phase-differences of circa
discussed in more detail below and in Sect. 6; one simple2.5 h of LT for 82—-90 km in May—June (Fig. 8), converted to
and statistical reason is to limit possible spurious wave num-UT difference, provide a phase-speed consistent with a wave
ber results. Finally we note that the dominant tides (MT or numbers=1, which is also featured dominantly and locally in
NMT) shown for the monthly fits in Fig. 9 were strongly Fig. 9. Small amplitude ratios S/E have already been noted at
confirmed by careful assessment of the results from fits tahose times and heights in the comparison of the tides from
4-day intervals. These latter showed significant clusters othe Arctic radars in Fig. 8. Again from that figure, there are
particular “dominant tides”, in both height and time, which additional height-time locations of S&+1, plus a fews=+3
favoured the relative simplicity of the version with monthly in Fig. 9, which are consistent with larger Svalbard ampli-
fits (Fig. 9). Minimal extra information has been eliminated tudes at mainly 94—97 km.

by this choice. The large regions of heights and months with small phase-

differences in Fig. 8, which were discussed earlier and sug-
gested as being prime candidates for MT-dominance, are
generally also the black MT regions=<1, diurnal; s=2,
semidiurnal) in Fig. 9.

The dominance of the zonal D tide'’s standing wav®
during the winter of 2006/07, and the SD tide’s wave number
s=+1 are clearly evident in Fig. 9. This relative importance
of the NMT and MT is consistent with Fig. 8 and associ-
ated earlier discussion. For example the zonal diurnal phase- Non-linear interactions between SPW and migrating solar
differences of 6-8 h of LT (pink color) for the observed tides tides have often been discussed in the literature (e.g. Manson
from the Arctic radars in December—February correspond tcet al., 2004a; Aso, 2007), but nowhere better than by Hagan
zero hours UT, which is appropriate to NMT wave number and Roble (2001). Hence and congruent with the software-
zero (=0, a tidal vacillation). Figure 9 shows a dominant logic used for the production of Fig. 9, interactions between
zero wave number in that area. Small amplitude ratios S/Bhe 12-h migrating tide and the SP\$£1 would provide
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Eureka-Svalbard 4d tidal data plotted on % migrating tide contours
Summer (2006:120-2006:210), 82-88 Km, U Winter (2006:330-2007:055), 82-97 Km, U
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Fig. 10. Tidal amplitude ratios for the observed tides at Eureka and Svalbard versus their observed phase differences for the diurnal and
semidiurnal tides. Model values are contoured in color (the scale is included in the figure), and 4-day observed tidal amplitude ratios are
added as black dots.

NMT s=+1, +3; and the 24-h MT interactions with SPS&1 differences, the percentage becomes smaller as the amplitude
would provide NMTs=0, +2. Consistent with this, there ratio departs from unity (larger or smaller).
is an important additional feature in Fig. 9, and that is the The observed amplitude ratios and phase differences for
dominance of NMTs=+2 for the diurnal tide of March-May, the Eureka and Svalbard tides, due to individual fits to 4-D
especially for the meridional component. The SBWL is sequences and 3-6 heights, have been super-imposed upon
therefore favoured statistically as a prerequisite for the NMTthese model contours; the examples chosen for Fig. 10 in-
displayed in Fig. 9. volve data for May—July and December—February. Zonal
Finally in this section we provide another visualization, COmponents of the winds are shown. Choices of heights and
which also illustrates the scatter of individual (4 day) ampli- months can be usefully compared with the table (Fig. 9) of
tude ratios and phase differences for the two radar-locationsBiggest in two tide fit (MT+NMT)". In May—July, the 24-h
(Fig. 10). Given any chosen amplitude ratio of the tides attide values are centered upon zero phase difference, and am-
the two radars (E/S) between—+36 deciBels (dB), and any Plitudes ratios close to unity (Eureka is larger by 1-2dB as
phase difference (S-E) betwe#18(, the percentage power @also evidentin Fig. 8). The MT tide is clearly dominant, and
in the migrating tide can be obtained analytically. Explicitly, consistent with this, the height-month locations of Fig. 9 are
the percentage power is the square of the MT amplitude comdominated by black (MT), with merely a hint of NMT (+2).
pared with the mean summed squares of the tidal amplitudeghe scattering of points will be due to noise in the tidal fits,
at Eureka and Svalbard. There are four sections in Fig. 10variability due to the other and smaller NMT, and/or general
the east-west wind component of the 24-h and 12-h tides foRtmospheric variability. The NS component plot, not shown,

MT is contoured in colours. val are spread between plus 20 and,2@nsistent with the

. . . influence of NMT; Fig. 9 has +1 as the dominant NMT in
As expected the percentage is 100% for the amplitude ratlcEhese height-month i?uervals. Eureka amplitudes are larger

E/S=1 (0 dB) and phase-differences of zero degrees. As th ; . . . .
phase-difference changes between zero ankll80 the % By 2dB, as also shown in the tidal amplitude ratios of Fig. 8.

power is reduced, becoming zerodat8(C°. For zero phase-
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Stationary Wave Number 1 and 2 in MetO Temperature at 14.7 mb (~29Km)
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Fig. 11. Topographical global map: grey is sea level, and the Himalayas are 10 km (USGS). The 29 km atmospheric temperatures from
MetO for the 4 seasons of the year provide pole to pole amplitudes of $EMéand 2. The width of the hatched area perpendicular to the
orientation of the line(s) of maximum temperature shows the amplitude of zonal stationary planetargwigesl 2 in MetO-temperature.

The hatch-widths given in the bottom left corner of each panel show the amplitude scale. Here the shown hatch-widths represent 0.8 degree:
(K). The two slants of hatching are f6=1 (NW-SE) and 2 (SW-NE), and both positions of maxima are showS#ar

Moving to the winter December—February (2006) interval forcing of the NMT through non-linear interactions with the
in Fig. 10, all six heights are combined. The data-pointssolar migrating tides. The modulation of the 12-h and 24-
for the 24-h tide (EW) are distributed rather evenly abouth harmonics of solar absorption, which includes such pro-
90 phase difference, consistent with the dominance of NMTcesses as deep convection and latent heating, by the domi-
s=0, since the two radars are separatedityh (6.7) in Co-  nant zonal wave numbers in the Earth’s topography, result
ordinated Universal Time (101of longitude). This was ex- in the majority of the NMT (Forbes et al., 2003; Manson
pected because the height-month locations of Fig. 9 are donet al., 2004a). Although such topographical forcings are in-
inated (17 of 18 possibilities) by the wave numbe0. Eu-  herently included in atmospheric GCMs, they have seldom
reka amplitudes are larger than Svalbard by 2—4dB (as irbeen analytically included in tidal papers. We used topo-
Fig. 8). The 12-h tide's data points lie mainly within the 70— graphic data from US Geological Survey’s website to pro-
100% contours suggesting MT dominance; in Fig. 9 blackduce a global plot of surface altitudes {3®to 90 N, 0—
squares dominate (14 of 18) for the EW tide, with the re-36C° E), Fig. 11. The analytical topographic wave numbers
maining fews=+1. This dominance of MT is also the case are as follows: weakest spectra are near the equatts°(
for the NS tide (not shown in Fig. 10). The offset of phasesand southern extra-tropical oceanic latitudes (35651,
from zero is due to the NMT influence. Svalbard 12-h tidal 3); Oceania has minoer=1 and 4 peaks; the Northern Hemi-
amplitudes are larger than those at Eureka, which is the outsphere’s (NH) outstanding features are due to the dominant
standing feature for this first year of observations. Himalayas (a broad=1-2 peak and then weaker peaks at

n=4 and beyond), which blends into that of Greenland (an
n=1 peak, tapering smoothly to higher values:pf There
6 Forcing of the Stationary Planetary Waves (SPW) is a significant phase shift between the topographical wave
numbers due to these two mountainous structures, and this
As discussed within the tidal papers referenced in the In-will also be expected in the atmospheric waves yet to be
troduction, SPW are the prime polar latitude candidates for

www.ann-geophys.net/27/1153/2009/ Ann. Geophys., 27, BAR-2009



1168 A. H. Manson et al.: Arctic tidal characteristics at Eureka and Svalbard

discussed. Antarctica remains for comment, and it is much The SPW wave numbe§=1 amplitudes for high latitudes
less symmetrical than many discussions of the southern polasf both hemispheres, from 4 day fits that are shifted by 1 day,
vortex would suggest: there is a strong peak= and then  are shown in Fig. 12. The meridional wind component is
a smaller peak at=3). Topography affects the positions, used, but zonal winds or temperatures perturbations are sim-
amplitudes and wave numbers of atmospheric SPW, due tdar in seasonal and monthly variations. It is immediately ob-
seasonal variations in the relative temperatures of land angious that during the winter months of each hemisphere the
sea, but also the related forcing of tides due to latent heafrctic amplitudes are much larger than those in the Antarc-
and water vapour distributions (Manson et al., 2004a, 2006}ic. Consistent with these amplitudes, as they relate to wave
and also ozone. This figure and the discussion above are propagation, the zonal winds are eastward from 40-97 km in
beginning to a topic that will require significant research: re-the Northern Hemisphere during the months September to
lationships between the boundary layer, surface science andpril, while they are eastward in the Southern Hemisphere
the atmosphere. Our assessment is that GCMs with data asluring the months March—October. During the early spring
similation, with their inherent global and 3-D atmospheric months of September—October for the south the SPW ampli-
structures, will be required to make significant progress. Wetudes are largest. This is associated with the dominant and
are presently active in this area. final stratospheric warmings of the Southern Hemisphere,

MetO (UK Meteorological Office) data from their data- which may be comparable in dynamical intensity and com-
assimilation GCM were then used for the months of 2006/07 plexity to the mid-winter warmings of the Northern Hemi-
to obtain the wave numbers of the atmospheric SPW. Plotsphere. In Fig. 12 the stratospheric warming events occurred
(longitude versus latitude) for EW/NS wind and tempera- during January and February.
ture at 10, 20, 30, 40, 55km were inspected. Northern Time sequences of the percentage-power of the migrating
winter-like months (November to February) at circa 30 km tide for both the 24-h and 12-h tides, as obtained from the
provided a dominanf=1 in the extra-tropics, with longitu- Eureka and Svalbard radars, are also shown in Fig. 12. The
dinal phase differences of180C° consistent with the topo- NS component has been chosen. For the 24-h tide, this fig-
graphical features of the Himalayas at middle latitudes andure illustrates the dominance of the MT in the summer and
Greenland at high latitudes. Spectra also evidenced less, barly autumn months (June—October), with values very close
significant, energy af=2, 3 at middle latitudes, due to the to 100%. This higher time-resolution figure and statement
richness of the topographic spectra (Himalayas plus Rockyare consistent with the monthly means of Fig. 9. Sequences
Mountains). There was very weak spectral energy at highfor the 24-h EW component are not shown, but are similar to
polar latitudes of the SH. The northern summer-like monthsthese for the NS. Considering the 12-h tides, the sequences
(June—September) provided spectra that had maxima in tha Fig. 12 show MT dominance for the three upper heights in
Southern Hemisphere’s winter (significantly smaller than theJune—July, and then almost exclusively for all heights from
NH winter), and with only very modest spectral presence August through to the middle of winter (January). The ex-
in the NH. The equinoxes, most obviously March—May and ceptions are NMT presence for the upper heights in October—
October-November, evidenced spectral energy in both hemiNovember; the monthly values in Fig. 9 are similar to this.
spheres mainly af=1. The weaker global winds but with During this equinoctial time the SPW amplitudes in both
westerlies in both hemispheres (Chshyolkova et al., 2006)hemispheres are comparable, so global forcing of the NMT
have allowed the SPW to propagate globally. As noted inis possible. Behavior of the 12-h EW component, which is
that paper, propagation of transient 16-d wavesX) also  not shown, is similar to the NS component, as suggested by
then occurs. the monthly states in Fig. 9.

This material is summarized in Fig. 11: the amplitudes of It is important to note that there is not a clear peak to peak
the MetO-derived SPW=1 and 2 (distinguished by “NW-  correspondence between the SPW amplitudes shown, and the
SE” and “SW-NE” hatching of the band respectively at 29 % powers of the MT. Interactions between the SPW and the
km) and phase location (longitude) of the wave maxima areMT tides will occur on a global or at least hemispheric scale
provided for two solstitial and equinoctial months. January(Hagan and Roble, 2001), and the temporal and spatial as-
has the largest NE§=1 amplitudes, while June has St+1 pects of these interactions are best dealt with using specific
maxima, significantly smaller than these of January. Marchmodels (Aso, 2007; and note the discussions in the Introduc-
and September, which are the nearest equinoctial months ttion, Sect. 1), and realistic GCMs and specific experiments
the respective hemispheric winters, have significsit am-  with year-specific data assimilation. There is very little indi-
plitudes globally, but are largest in the NH and SH respec-cation from Fig. 12 that the Antarctic-winter SPW, which are
tively (Chshyolkova et al., 2006), The dominant wave num- relatively small, are responsible for significant NMT activity
bers of the atmospheric SPW are consistent with the domin the Arctic summer. Indeed, given the strong NMT activ-
inant topographical wave numbers, with wave number ondty in the Arctic-winter and spring that we are now reporting,
generally being the largest in Fig. 11. We conclude this secwhen the local SPW are large, it is very likely that the promi-
tion with direct comparisons between the SPW amplitudesnent and observed NMT activity of the Antarctic-summer
and the MT and NMT data discussed earlier. (Murphy et al., 2006; Baumgaertner et al., 2006; 12-h NMT
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Fig. 12. Time-sequences of the amplitude, obtained from the Fourier transform, for theSSP\(80 m/s for each height-box/sequence): in
this case the NS component of the wind, at high latitudes of both hemispheres and at 39 km, is shown. Below, and using the same analysis a
used for Figs. 9 and 10, we show the % power in the MT when compared with the RMS of the observed tides at Eureka and Svalbard.

s=+1 as discussed in Sect. 1) is associated with the globaNS winds at 88 km over the 12 months of 2006: a detailed
presence of these NMT. The reverse (SPW from the SH win-description of the analysis method for the wavelet is pro-
ter driving the 12-h NMTs=+1 at 78-80N) appears not to vided in Manson et al. (2005). These are for Eureka, Sval-
be the case, despite the claims of Smith et al. (2007): thdvard and southern neighbor Tromso, as well as for Saska-
latter is the subject of scrutiny in an extended study by thetoon whose PW data have often been compared to Tromso
present authors, with significance-levels being a source ofwe collaboratively operate the Tromso and Eureka radars).
serious concern. At the 78/80 N sites there is spectral energy up to long pe-
riods of 10-20 days during the winter-like months (October
to March) and 2-5 days for the summer-centred months. A
7 Planetary waves likely shared feature at the four radars is a 5-day oscillation
in the zonal wind near day 300 (it is smallest at Tromso).
We provided a brief introduction to planetary waves in the Perfect agreement between PW spectral features at several
2-20 day range with Figs. 1 and 3 of Sect. 3. A larger, likely radars is surprisingly rare (Luo et al., 2002). The spec-
three year, data set is needed to gather enough oscillations tfal occurrences of the large features (green, yellow-green)
these transient features to provide useful generalizations. at Tromso are generally quite similar to Svalbard, and cer-
However readers will expect a further figure and com- tainly not stronger. The 5-10 day feature in January is com-
ment on non-stationary Planetary Waves (PW). We providemon. The ubiquitous summer-centred 2-d wave is strongest
wavelets in Fig. 13 for the annual variations of the EW andat Saskatoon, where the “dish” shaped yellow-red colors
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Fig. 13. Wavelet analyses applied to winds data from the two Arctic radars, Tromso and Saskatoon. The analysis method is described fully
in Manson et al. (2005). The dominance of the semidiurnal tide at Svalbard and the diurnal tide at Eureka is clearly evident. Planetary wave
activity is relatively strong in the Arctic.
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(smallest period in mid- summer) is clearest in the meridional
(NS) component. At Tromso the feature is weaker (green
with speckles of yellow), but still dish shaped in the NS com-
ponent. It becomes progressively weaker at the 78N80
locations. The differences between spectral features at Sval-
bard and Eureka, in time of occurrence and frequency, are 3.
typical of those already observed at middle latitudes (Man-
son et al., 2005; Chshyolkova et al., 2005).

The number of oscillations occurring during a typical burst
of Rossby wave activity (Luo et al., 2002) is small, so that
these PW are best studied over several years and then for a
range of latitudes. Such is our intention.

8 Summary with discussion

The discussions throughout this paper have been quite de-
tailed, so we will not extend them here. A few observa-
tions in summary are desirable however. We have provided
the first comparison of height (82—97 km) versus time (12
months of 2006/07) contour plots of diurnal (D) and semid-
iurnal (SD) tidal amplitudes and phases at two, effectively
equal, latitudes (78N, 8C° N) and usefully differing longi-
tudes (18 E and 86 W).

1. The first two (AHM, CEM) authors noted from the

very beginning of Canadian observations at Eureka
(80° N) that the tidal amplitudes were larger than ex-
pected, and that the relative magnitudes of the 24-h
and 12-h tides differed from these at Saskatoon, Canada
(522 N). Existing expectations were based upon Saska-
toon and Tromso (7AN) observations (Manson et al.,
2002, 2004c). Unique polar information on diurnal
non-migrating tides (NMT) has been provided, as well
as complementary information to that existing for the
Antarctic on the semidiurnal NMT. While just two loca-
tions/radars have been used, the consistency with time
and height of the wave numbers provided for the diur-
nal and semidiurnal NMT, and their excellent matching
with wave numbers appropriate to forcing by non-linear

interactions between the MT and SPW, are excellent ev- 5.

idence for the reality of these NMT. Data from three
or more locations would provide relative magnitudes of
the NMT, without any limitations regarding the forcing
mechanism for the NMT.

. Longitudinal variability of the Arctic tides (78/8IN)
became more apparent as Svalbard tides were assessed
for the year March 2006—February 2007. The radars are

of effectively identical characteristics. In general terms 6.

the 12-h tide as observed (combinations of MT and
NMT) at Svalbard was larger than at Eureka, although
phases (contour-colors) if not their gradients were often
similar (within 1-2 h), except during the equinoxes. In
contrast the observed 24-h tide at Eureka was generally
larger, and the phases at the two sites differed in both
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vertical and time (monthly) gradients, especially in the
winter and spring months. The seasonal variations of
the diurnal and semidiurnal tides, in height and time,
differed between Eureka and Svalbard.

Hodograph analysis showed that for the diurnal tide the
strong amplitudes-differences between the Arctic lat-
itudes of Norway and Canada were partly associated
with the dominance at Svalbard of elliptical oscillations

of large axial ratio and preferred north-south orienta-
tions.

Fitting of migrating and non-migrating tides (MT,
NMT) to the data illustrated very convincingly that the
NMT were often larger than the MT: during spring
(March—May) and then winter (December—February)
for the 24-h tide {=+2 and 0); and then spring and
early summer (March-July) at low heights, and more
weakly in the autumn (September—November) for the
12-h tide =+1 and occasionally +3). The NMT wave
numbers are fully consistent with stationary planetary
wave SPWS=1 non-linear interactions with the MT
tides. The presence of these NMT is usefully consistent
with the paper by Forbes and Wu (2006), discussed in
the Introduction, which provided UARS-MLS tempera-
ture tides (1991-1997) up to 7. However the Arctic
spring and winter tidal winds shown here for 2006/07
at ~80° N have larger diurnai=0,+2 NMT relative to

the MT, in contrast with the MLS tides at 78l and

86 km; and the semidiurnak1l NMT Arctic monthly
occurrences do not coincide well with the MLS tides
at 70" N. Interannual variations of the MT and NMT
at Svalbard and Eureka will be investigated after the
completion of the second IPY year, March 2009. There
are certainly physical expectations based upon variable
forcing mechanisms e.g. the SPW, and already good
evidence that interannual variations may be significant
(Hagan and Forbes, 2003; Baumgaertner et al., 2006;
Wu et al., 2008)

Spatial Fourier spectra of the planet’s topography and
also of the atmosphere (from the GCM with data as-
similation, MetO), demonstrate the dominance of wave
numbers 1 and the smaller 2. Greenland dominates the
topographic forcing of the Arctic SPW=1. The SPW

of the stratosphere near 30km are larger in the Arc-
tic winter than in the Antarctic winter, and during the
equinoxes these waves exist globally.

The Arctic tides demonstrate dominantly MT behaviors
for the diurnal tide in summer and early fall when the lo-
cal SPW amplitudes are small. There is thus little to no
indication of significant NMT forcing from the South-
ern Hemisphere’s winter SPW, which by the SH spring
have reached their annual maximum. Global presence
of SPW in September—October and more modestly in

Ann. Geophys., 27, B&R-2009



1172

April-May may lead to the presence of the Arctic NMT
(s=+1 and +3) for the 12-h tide, whose seasonal vari-
ability is closer to being equinoctial. It is probable that

A. H. Manson et al.: Arctic tidal characteristics at Eureka and Svalbard

and Igarashi, K.: Planetary wave coupling processes in the mid-
dle atmosphere (30-90km): a study involving MetO and MF
radar data, J. Atmos. Solar-Terr. Phys., 68, 353-368, 2006.

the large SPW of the NH winter and their associated Chshyolkova, T., Manson, A. H., Meek, C. E., Aso, T., Avery, S. K.,

NMT are linked through trans-equatorial propagation
to the reported/observed summer semidiurnal NMT of
Antarctica. Radar data from the SH will be sought for
the next study of Arctic tides, which will involve in-

Hall, C. M., Hocking, W., lgarashi, K., Jacobi, C., Makarov, N.,
Mitchell, N., Murayama, Y., Singer, W., Thorsen, D., and Tsut-
sumi, M.: Polar vortex evolution during Northern Hemispheric
winter 2004/05, Ann. Geophys., 25, 1279-1298, 2007,
http://www.ann-geophys.net/25/1279/2007/

terannual variability, GCM models with data assimila- cierpik, K. M., Forbes, J. M., Miyahara, S., Miyoshi, Y., Fahrutdi-

tion, as well as global distributions of forcing chemical
species (0zone and water vapour).

7. The transient planetary waves have comparable ampli-
tudes to those at lower high-middle latitudes. They also

nova, A., Jacobi, C., Manson, A. H., Meek, C., Mitchell, N. J.,
and Portnyagin, Y.: Longitude variability of the solar semidiurnal
tide in the lower thermosphere through assimilation of ground-
and space-based wind measurements, J. Geophys. Res., 108(A5),
1202, doi:10.1029/2002JA009349, 2003.

demonstrate some longitudinal variations between Nor-Forbes, J. M., Makarov, N. A., and Portnyagin, Y.: First Results
way and Canada, and the presence of the longest periods from the Meteor Radar at South-pole — A large 12-hour Oscilla-

(10-20 days) in winter-like months. Several years of
data are required to investigate these transient features
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