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Abstract. The accelerometer onboard CHAMP enables uspresented a climatology of CHAMP zonal winds in the equa-
to derive the thermospheric zonal wind at orbit altitudestorial region. The authors confirmed the expected dominant
(~400km). Numerous equatorial overflights45250) are  diurnal variation with westward winds in the morning sector
used to investigate the influence of nonmigrating tides on theand eastward winds in the evening sector. Furthermore, the
thermospheric zonal wind. In a previous study a so calledzonal wind revealed a strong dependence on solar flux, but
“wave-4” longitudinally signal observed in the satellite frame little dependence on magnetic activity. In a statistical anal-
was identified in the zonal wind residuals during equinox. ysis, Hausler et al(2007%) investigated the longitudinal de-
Using four years of data (2002—-2005), we determine the anpendence of the CHAMP zonal delta winds (deviations from
nual variation of this prominent feature which is strongestthe zonal average) at dip equator latitudes for the combined
during the months of July through October and has a smalleequinoxes as well as for June and December solstices. In
second maximum during March/April. Due to the large datathat study, the largest longitudinal dependences are observed
set we were able to separate the observed wavenumbers intluring the morning hours, 03:00-09:00 local time (LT). In
the tidal components. Thereby, we can identify the eastthis local time sector the direction of the delta wind is revers-
ward propagating diurnal tide with zonal wavenumbe8 ing sign between the two solstices, and the equinoxes are ex-
(DE3) as the prime cause for the observed wave-4 pattermibiting the switch in polarity between the two solstices. The
in the zonal wind. Analyzing the zonal wind along the geo- influence of the solar flux level was found to be insignificant.
graphic and the dip equator revealed that the largest ampliHowever, performing a Fourier transform of the equinox data
tudes of DE3 are found along the dip equator. Besides DE3evealed the dominance of a wavenumber 4 longitudinally
we present the full spectrum of nonmigrating tides in the up-structure in some LT sectors. The wave-4 pattern is a pre-
per thermosphere. vailing feature specifically observed in the slowly precessing

Keywords. Meteorology and atmospheric dynamics (Ther- satellite frame. ) )
mospheric dynamics; Waves and tides) Numerous studies based on satellite data have reported a

wave-4 structure in several atmospheric parameters. This
fascinating feature of the atmosphere was identified in the
electron density (e.gl.in et al, 2007 Luhr et al, 2007,
electric field (e.g.,Hartman and Heeljs2007, Kil et al.,

Knowing the characteristics of the zonal wind in the upperzoo_/)’ electrojet (e.g&=ngland et a| 2006 Luhr etal, 2009

thermosphere is a key issue for the understanding of the eled@> well as in ionospheric emissiori=gawa et 8l 2005 Im-

trodynamics of the upper atmosphere due to ion/neutral intermel et al, 200 but also in the neutral parameters of the

action. Since its launch in July 2000, the global and Contm_?tmosphtere IlkebMLTtg\J/lzeggspTe;ﬁ Ll\c/)lvli/'(l?r TherThosEhere)
uous measurements of the satellite CHAMP (CHAllenging empera uresFor ?J|S ef ;[h 9. In 4e " re_g|on'dte l?- th
Minisatellite Payload) contribute considerably to the under->'¢ Wave responsibie for the wave-4 pattern IS said o be the

: : ) . eastward propagating diurnal tide with zonal wavenumber 3
f th I .Inaf l.(2 ) C2 T .
standing of the zonal wind. In a first study et al. (2009 (DE3). This wave is primarily excited by latent heat release

in the tropical tropospherddagan and Forbe2002.
Correspondence td€. Hausler In this work, we address the open issue of how the de-
BY (kathrin@gfz-potsdam.de) tected wave-4 structure in the upper thermospheric zonal
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Table 1. The listed diurnal (D) and semidiurnal (S) oscillations above mentioned zonal wavenumber; longitude, and, s

propagating either eastward (E) or westward (W) with a given zonal= Phase korbes et a).2004.
wavenumbers, or remain standing (0) as well as stationary plane- ~ Oscillations with periods of 24 h and 12 h are referred to as

tary waves (sPWi) can account for the observed wamestructures  diurnal (D) and semidiurnal (S) tides and correspona-tb,

in satellite data taken at a quasi constant LT. 2, respectively. Throughout this paper we will use the nota-
tion DWs and DEs to describe a westward or eastward prop-
observed contributing oscillations agating diurnal tide with zonal wavenumberor semidiur-
nal tidesD will be replaced bysand the standing oscillations
wave-1  —  DW2, D0, SW3, SW1, SPW1 are termed DO and S0O. Stationary planetary waves with zonal
wave-2 —> DW3, DE1, SW4, SO, sPW2 : .
wave-3 —> DW4 DE2 SW5. SE1, SPW3 wavenumpem are_denoted as sPWm. The_ phase is defined
wave-4 —-> DWS5, DE3, SW6, SE2, SPW4 as the universal time (UT) when the maximum passes the
zero degree longitude, i.e. the local time at the Greenwich
meridian.

wind behaves over the course of a year and whether it can. CHAMP IIS orpltlngfthe Earrt]h on allc;lrcular, near pﬁlar 0;
be attributed to the DE3 tidal signal in the MLT region. Fur- it atan inclination of 87.3 The satellite precesses throug

thermore, we present the diurnal and semidiurnal tidal spec9ne hour of local time every 11 days, thus taking its daily

tra of the zonal wind within a latitude band both along the Measurements at a quasi constant local time. Converting
geographic and the dip equator which indicate the presencEd- @) from universal time to a local time frame by using
of other nonmigrating tides. For our analysis we make use of =1LT — /%, we get

4 years of CHAMP accelerometer measurements taken beAm COSnQLT + (s — )k — P s) @)
tween January 2002 through December 2005.

Looking at Eq. R), we see firstly why migrating tides & n)

are longitude independent-{ n = 0) in the local time frame,
secondly that an observed wave-4 structure in satellite data

Global-scale oscillations in temperature, wind, and densityCannot be related unambiguously to a certain tidal compo-

. . : cpent because it is consistent with any values ahdn for
with periods that are harmonics of a solar day are referre hich holdsls —n| — 4. In other words. the observed wave-4
to as atmospheric tides whereas one distinguishes betwee‘ﬁ‘attem canlf)e Zgaséd by a diurnal tide:(l) with s — —3
“migrating” and “nonmigrating” t.ides_ (e.g_.Chapman and or s = +5, a semidiurnal tide= 2) with s = —2 or s =_+6
Lindzen 197Q Forbes 1995. Migrating tides propagate or by a s,tationary planetary wave £ 0) with s — 4 Ta7-

i\ ith th t ti f th th . o L L
\évlfr?-;,virgh\rlgnouseai?jﬁ?);er}turgg ilr?geo endee?tj?/vﬁgg 2lraier\l/j) elsummarizes the individual contributions to the observed
at cozstant local time gl'hereby tr?e sonal wavenumber Vave structures in satellite data. The individual contributions
s, is equal to the frequency (in cycles per day). Migrat- to the observed wave-4 can, however, be discriminated by

ing tides are prompted primarily by the absorption of so- their local time evolution. Within 24 h LT, a wave-4 structure

lar energy by tropospheric water and water vapor, as We"caused by DW5 propagates™ad the west while DES prop-

as stratospheric ozon®perheide et al2002. Nonmigrat- agates 301o the east; SW6 displays a phase shift of"180

ing tides are excited for instance by zonal asymmetries (i.e.the west while SE2 exhibits 1800 the east; sPW4 shows no

. . phase shift at all.
topography, land-sea differences, longitude dependences R . . _
absorbing speciesf-¢rbes et a).2003 or by nonlinear in- ;neﬂd;; tc(:)t qrgantgyhglz ;(;S'ZZ?]?bl?hzs'ﬂg?t‘lgn; ?c:ntt?.?
teractions between the migrating diurnal tide and planetar)yv v ucture, w v ! ity indiviau '

waves Hagan and Roble2007) or gravity waves KcLan- butions. This can be done not only by looking at the phase
dress and Wardl994. Another important source of nonmi- propagation of the observed wave-4 but also by performing a

grating tides and denotative for the observed wave-4 Strucgwo-dlmensmnal (2-D) Fourier transform with the data.

ture is latent heat release in the tropical tropospheta- (

gan and Forbe<200). The zonal wavenumbes, of non- 3 pata set and method of analysis

migrating tides is not equal to the frequency (in cycles per

day) which means that they can either propagate eastwartthe data set employed in this study is comparable to the one

(E) (s <0), westward (W) { > 0) or remain standing(=0). ~ used byHausler et al(2007. However, in this work we

Atmospheric tides can be expressed, in general, in thehave extended the time period usedHausler et al(2007)

form to include all years from 2002—2005. Four years of CHAMP
data are needed to cover each month of the year with 24 h

An,s COSREA +5 =) @) of LT. The 24 h LT coverage is a mandatory requirement in

whereA, s = amplitude denotes a subharmonic of a solar order to perform the 2-D Fourier transform. As already de-

day, 2 = rotation rate of the Earth,= universal times is the scribed in the previous section, CHAMP precesses through

2 Atmospheric tides
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one hour of local time every 11 days. Combining the as- Number of passes

cending and descending node of the satellite, 24 h local time 2 == 700
coverage is obtained after approximately 131 days. For ours 18 600
statistical analysis, there are roughly 45250 CHAMP over- °E_’ ig 500
flights available. The distribution of these equator passes isZ g =!1400
depicted in Figl where one can identify the precession of § 6 300
the CHAMP orbit through local time as well. It is also vis- g

ible that 4 years of data do not provide a homogeneous 24 h 1 2 3 4 5 6 7 8 9 10 11 12 200
LT coverage. For each month/LT hour bin, there are between Month

200 and 700 passes available. However, for each LT hour
overlapping 3 h bins of local time centered around the hour
of interest are used in order to get a sufficient amount of datd9- 1. Number of passes used in the statistical analysis for each
for each bin for further processing. month/local time hour bin.
Within this study we are investigating the zonal delta wind
derived from CHAMP accelerometer measurements as Pr€slanetary waves the longitude of the maximum. In cases

viously introduced byHausler et al.(2007. The zonal  \here the signal is available from all longitudes and local
delta winds are wind residuals from which the zonal mean;imes Eq. 4) can be solved analytically far,

was removed. For further description on how to dgrive theandtn,m, fm, nm Dy performing a second Fourier transform
zonal wind from CHAMP accelerometer readings E&eet {1 eyery combination of andm and thus revealing all the

aI_._ (2009, and for the zonal wind residual calculation see {44 and stationary planetary wave contributions.
Hausler et al(2007).
Furthermore, we concentrate only on data taken between
10° N and 10 S along the geomagnetic equator because that Results
is where the wave-4 structure in the zonal wind was first iden-
tified. Later on, for comparison, we will also survey data One of the open issues we want to discuss within this paper is
taken between PN and 10 S along the geographic equa- the annual variation of the observed wave-4 structure in the
tor. zonal wind at 400 km altitudeHausler et al(2007) found a
After sorting the wind readings into 24 overlapping lon- dominating wave-4 structure at equinoxes during some local
gitude bins of 30 width, we can perform the first Fourier times along the dip equator. Performing a Fourier transform
transform which will bring forth the observed wavenumbers of the longitudinally binned data, as described in Sect. 3,
in satellite data. The observed longitudinal variation of theyields the observed wavenumbers summarized in Thble

Amy An+m

zonal wind velocity for a given wavenumbet, can be cal- When taking the results of the Fourier transform for the
culated for each month and LT by inserting the determinedfourth harmonic and calculating with the help of E®) (
Fourier coefficienta andb into the following equation the longitudinal signal distribution versus local time, we get

) the annual variation of the wave-4 as displayed in Rg.
wave-m(i) = apcos(ma) +bpsin(mi) ©) Depicted in Fig.2 is the wave-4 structure for each month
with m=1,2,3.4. of the year. We see that the wave-4 is present throughout

As already discussed in Sect. 2, the wavenumieb- the year with varyiqg strength and p_hase properties. The
served by a satellite moving slowly in local time can be strongest wave-4 S|gnalls are found in the months of July
caused by several tidal components. This ambiguity can béhrough September. During these months, the wave-4 pattern

expressed mathematicallyifhr et al, 2008 as is propagating 90to the east within 24 h LT as indicated by
P b 9 the black guiding line. As already discussed in Sect. 2 and

A cosmi+@) = ay—pm COS{mk — H(LT —tn—m)} iIIus_trated byLuhr et aI.(20_Oa_ in their Fig. 1, a phz_ise propa-
12 gation of 90 to the east within 24 h LT would be induced by

. COS{mk— m, the nonmigrating tide DE3. Thus, suggesting DE3 to be the

12 cause for the observed wave-4 structure in the zonal wind at

+ Anim cos{mk+ n—n(LT —zn+m)} , (4) CHAMP altitude. The months of March and April as well as
12 October and to some extent also November display the 90

whereA,, is the amplitude of the totak-th harmonic,i is phase propagation to the east although with reduced ampli-
the longitudep a local time dependent phase shift=1,2) tudes. But for the months of December through February,
denotes harmonics of the once per day oscillatign,y,, a;,, there is no clear phase propagation recognizable and also the
an+m are the amplitudes of the various tidal components andamplitudes are rather small compared to the dominating bo-
stationary planetary waves, and.,,, t, t,+n are the cor-  real summer months. However, when looking at Rigt is
responding phases, i.e. the universal time at which the maxialso noticeable that the strength of the wave-4 is varying with
mum is passing the Greenwich meridian; for the stationaryLT. For example, in July the biggest amplitude of 27.5m/s is

www.ann-geophys.net/27/2643/2009/ Ann. Geophys., 27, 2Z8382-2009
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Fig. 2. Longitude vs. local time distribution of the observed wave-4 structure in the zonal wind [m/s] for each month of the year. The black
guiding line is indicating a phase propagation of @ the east within 24 h LT.

found at 06:00 LT, while already at 10:00 LT the amplitude is predominantly responsible for the observed wave-4 struc-
decreases to 1.2 m/s. Thereafter itincreases again to 15.5 mifgre in the zonal wind at 400 km altitude. All the other con-
at 22:00LT. The observed LT variations can be attributed totributing waves are rather weak oscillations hardly exceed-
the cumulative effect of the different tidal components con-ing 3m/s while DE3 is exhibiting two maxima, one from
tributing to the wave-4. July through September and a smaller one in March/April.
After identifying the annual variation of the wave-4 struc- We find mean amplitudes for March and April of 6.7 m/s and
ture, the remaining question is which oscillations are causing’-2 M/s, respectively which are comparable to the ones in Oc-
this pattern. In order to answer this question it is necessarjober/November. The biggest amplitude of DE3 is reached
according to Sect. 3 to perform a second Fourier transformin July with 10.5m/s followed by 9.6 m/s in August and
Figure 3 shows the results of the second Fourier transformSeptember. From December through February, DE3 is rather
for the observed wave-4 and thus displays over the course ofeak with amplitudes that are not exceeding 4 m/s. During
a year amplitude variations of the waves that are responsibléhat time of the year, the strength of DE3 is comparable to
for it; namely DW5, DE3, SW6, SE2, and SPW4 pursuant tothe other contributions to the wave-4 structure and hence ex-
Table1. Looking at Fig.3 it is obvious that DE3 is domi- Plains why during that time no clear phase propagation is
nating by far the other components throughout the year andecognizable.
hence confirming the assumption that this nonmigrating tide

Ann. Geophys., 27, 2642652 2009 www.ann-geophys.net/27/2643/2009/
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However, besides the much discussed wave-4 structure 1, T SWb sPwa

we also observe wavenumbers witt¥1,2,3. Applying the
above described analysis approach and calculating the corre
sponding oscillations forn=1,2,3,4 andi=1,2, we get the di-
urnal and semidiurnal tidal spectrum embedded in the zona
wind at CHAMP altitude. The tidal spectra were calcu-
lated both along the geomagnetic and the geographic equato
within the latitude range of:10°. Figure4 shows the ob-
tained tidal spectra for both coordinate systems as well as

the stationary plan_etary waves ov_er the course of the yearFig. 3. Amplitude of the diurnal (DE3, DWS5), semidiurnal (SE2,
Due to the data taking by the satellite and the processing apswe) and stationary (sPW4) components contributing to the ob-
proach, the migrating tides are filtered out and hence do noterved wave-4 structure in the zonal wind along the dip equator
appear in Fig4. versus month of the year. DE3 is the most prominent component
When looking at the diurnal tidal spectra in Fijitisno-  throughout the year and thus responsible for the observed wave-4
ticeable that overall larger amplitudes are observed along thétructure.
geomagnetic equator (top left panel). We find the strongest
amplitudes of the tidal spectrum in December/January for

DW2 with an amplitude of 12.0m/s and 14.3m/s, respec-tom panels of Fig4. Looking at sSPW1, it is observable that

tively. Along the geographic equator (top right panel), thethis oscillation is peaking during solstices. While for June

amplitudes of DW2 for December/January are reduced tosolstice the amplitudes between the two coordinate systems
5.3m/s and 7.7 m/s, respectively. Another strong tidal com- P y

ponent observed along the geomagnetic equator is the stangr® of comparable s.trength,.the amplitudes for December sol-
ing diurnal oscillation DO peaking in December with an am- stice are almost twice as high along the geomagnetic equa-

plitude of 11.3 m/s which almost vanishes when considere or (bottom left panel) compared to the geographic equator
in geographii: coordinates bottom right panel). Like SE1, sPW3 is disclosing max-
An interesting result is revealed for the annual behavior & at the time of strong DE2 peaking in November with

of the DE2 and DE3 tides within both coordinate systems.an amplitude of 6.0m/s and 5.8 m/s along the geomagnetic

Therefore, the annual variations of DE2 and DE3 are replot—and geographp equatqr, respectively. It. 'S further notewor
L . o thy that SPW3 is showing the same variations between the

ted in Fig.5. It is striking that except for the months De- . .
. ._two coordinate systems as DE2, namely being stronger from
cember and January the amplitudes of DE3 are clearly big- ; .
. March through August in the geographic reference frame and
ger along the geomagnetic equator than along the geographi L ; .
oA . -stronger for the remaining year in the geomagnetic reference
equator. The annual variation is the same, just the ampli-

tudes are reduced by 1.0 m/s in November and 3.1 m/sin Ma)ziﬁrr;?' The arlpplltéjt':ies_ragrjeahasels fpr(tjhe Ju§t dllscussr:ad 0s-
when analyzed in geographic coordinates. While DE2 has ations are Isted in Ta ora atlt_u e strip along the
roughly the same amplitudes from September through De_geomagnenc as well as the geographic equator.
cember and for February and March within the both coordi-
nate systems, the amplitudes from April to August are largerns Discussion
within the geographic frame than in the geomagnetic frame
(between 1.8 m/s in August and 2.4 m/s in May). In January,Within this section we want to discuss our findings in the
the amplitude of DE2 is 1.6 m/s higher in geomagnetic coor-context of previous results related to nonmigrating tides in
dinates. the upper atmosphere. But first we turn our attention to the
The semidiurnal tidal spectra in Fid.are dominated by reliability of our results. Liu et al. (2006 name an uncer-
SW3, SW1, and SE1. While SW3 is displaying generally tainty of 20 m/s for the zonal wind calculated from CHAMP
larger amplitudes along the geographic equator (middle rightaccelerometer measurements. However, we don't consider
panel) peaking with an amplitude of 9.5 m/s in August, SW1 the total zonal wind velocity but zonal wind residuals, i.e. the
is showing essentially larger amplitudes along the geomagzonal mean was removed. Investigating the longitudinal de-
netic equator (middle left panel) peaking with an amplitude pendence of the zonal wintiausler et al(2007) found that
of 7.7m/s in December. Incidentally for December, the the biggest standard deviations for the longitudinal binned
biggest amplitude of SW1 with 9.0 m/s is observed in ge-zonal wind residuals are found in the early morning hours
ographic coordinates exceeding the geomagnetic amplituderhen the thermosphere has its lowest density of the day. In
by 1.3 m/s. However, independent of the coordinate systemthis study we use the same processing steps to get to the
SW3 and SW1 have maxima in the same months. The samingitudinally binned data. Thus the same variability of the
is true for SE1 which is usually stronger along the geomag-zonal wind residuals can be assumed. In order to test the reli-
netic equator. However, it is noticeable that SE1 is peakingability of our method calculating the individual tidal compo-
during the same months as DE2. nents (a similar approach is usedlgwes and Olser2004)

SE2

——DE3 - - -DW5

=
o

Amplitude [m/s]

O N M O ©
T

=
N
N
4]

6 7 8 9 10 11 12
Month

The stationary planetary waves are displayed in the bot-

www.ann-geophys.net/27/2643/2009/ Ann. Geophys., 27, 2Z8382-2009



2648

K. Hausler and H.

Tidal spectrum, diurnal, geom.

lihr: Nonmigrating tidal signals in CHAMP zonal winds

Tidal spectrum, diurnal, geog.

12 14 12 : S 14
10} 12 10f ’ = 12
- 8 10 - 8: 7 10
k= E 8 c F — 8
s 6 6 2 62 6
4f 4 4t 4
2| 2 2k 2
- - 0 : - - 0

6 5 4 3 2 1 0O -1 -2 -3 -4 5 4 3 2 1 0 -1 -2 -3 -4

Tidal spectrum, semidiurnal, geog.

12 14 12 : s 14
10l 12 10l > ~> 12
10 2 10
£ 8 8 £ 8 8
s 6 6 s 6 6
4F 4 4f 4
2f 2 of 2
- : - 0 : : . - - : 0

7 6 5 4 3 2 1 0 -1 -2 -3 6 5 4 3 2 1 0o -1 -2 -3

westward Wavenumber eastward

12 [ = T ] 14 12 [ 14
10t 1M 12 10t 12
< 8: < 10 < 8: 10
! (V 7 o= 1] s g Ol 8
s 6 e 1] e 2 6f 6
4t 1N 4 4t 4
2f /\_, 2 2f 2
: 0 0

0 1 2 3 4 5 0 1 2 3 4 5

Stationary planetary wave, geom. Stationary planetary wave, geog.

Fig. 4. Diurnal (top) and semidiurnal (middle) tidal spectra of the zonal wind [m/s] along the geomagnetic equator (left panels) and the
geographic equator (right panels). Bottom panels display the stationary planetary waves.
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Fig. 5. Comparison of DE3 (red) and DE2 (blue) tides at the geo-

magnetic (solid) and at the geographic (dash-dotted) equator. Thejy g Estimated formal uncertainties [m/s] of the CHAMP tidal

biggest amplitudes of DE3 are reached along the geomagnetic equanalysis for the diurnal tidal spectrum along the geomagnetic equa-

tor while DEZ is peaking along the geographic equator. tor. The largest uncertainties are observed during June Solstice
when the upper thermospheric density has its minimum.

we rerun our processing approach 100 times using subsets of

25%, 35%,..., 85%, 95% of our available data. Thereby, theour method. Figurés displays the estimated uncertainties
100 individual data sets for each processing run were selectefibr the diurnal tidal wind spectrum along the geomagnetic
randomly out of the existing data. After this we calculated equator as resulting from the statistical test. We see that
the standard deviation of the 100 individual results for eachthe estimated formal uncertainties are between 0.1 m/s and
tidal component and subset. The standard deviations are d&.2 m/s with largest values during June solstice. This again
creasing continuously from the 25% to the 95% data subsetsan be related to the reduced thermospheric density. During
Extrapolating to 100% vyields the estimated uncertainties ofthe middle of the year the air density attains its minimum
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Table 2. Zonal wind tidal amplitudes [m/s] (top) and phases [UT] (bottom) observed with CHAMP at 400 km altitude along the geomag-
netic/geographic equator. The last two columns contain the amplitudes [m/s] (top) and longitudes of maximum (bottom) for the stationary
planetary waves sPW1 and sPW3. The damping of the amplitude due to the binning procedure as discussed in Sect. 5 is considered.

month DW2 DO DE2 DE3 SW3 SW1 SE1 sPW1 sPW3

1 14.3/7.7 7.7/26 52/3.6 3.0/31 1.9/3.0 4.7/28 4.3/2.4 16.7/9.8 5.3/4.7
2 9.6/7.1 7.5/26 55/55 3517 3115 14/15 3.1/15 8.9/4.4 5.8/5.4
3 7.6/4.6 9.3/45 35/38 6.6/39 1.0/14 15720 3917 7.1/2.0 2.9/3.7
4 1.6/2.3 1.4/20 26/47 7.2/44 23/3.8 6.7/54 1.7/1.3 5.0/3.8 2.5/3.9
5 5.9/1.3 5.7/1.4 35/59 43/1.2 20/29 75/46 23/3.0 7.0/14.2 0.2/1.7
6
7
8

1.6/4.2 3.3/04 7.3/88 56/3.8 23/1.3 4.2/54 7.9/6.8 8.4/7.1 3.7/4.8
5.3/34 6.8/0.6 5.4/7.3 105/8.3 55/38 7.1/7.1 4.6/4.6 8.0/7.4 1.0/1.8
23/44 29/31 3553 96/79 7.895 6.7/6.0 1.5/2.3 6.9/7.7 0.8/1.9
9 3.3/21 45/20 29/3.3 9.6/7.7 6.2/71 2521 4.0/2.7 5.1/0.8 2.6/0.6
10 2.4/2.0 3.1/42 4.0/40 6.9/5.7 24/3.7 3.7/29 59/4.6 4.9/3.4 2.6/2.5
11 8.1/44 76/24 7.7/79 6.2/52 7.4/6.8 19/1.1 8.5/6.6 6.8/3.4 6.0/5.8
12 12.0/5.3 11.3/27 7.1/65 2.0/25 3.9/3.2 7.7/9.0 3.8/24 12.8/4.6 4.9/4.0

month Dw2 DO DE2 DE3 SW3 Swi SE1 sPW1 sPW3
1 11/11 1/10 6/7 3/4 11/2 32 717 a0 300°/280°
2 11/11 1/3 5/6 0/0 10/0 7/10 6/6 A30° 2701270
3 12/12 1/3 7/6 20/20 10/1 4/3 6/6 430° 2701240
4 18/12 6/5 4/6 20/19 3/3 8/8 5/4 810  260°/240°
5 23/4 10/5 5/6 20/17 12/10 10/10 5/6 25U 300°/28C°
6 1/8 11/8 6/6 18/17 5/3 7/6 5/5 2108  340°/32C°
7 0/10 13/18 3/5 20/19 6/6 8/8 5/4 20090  210°/27C¢°
8 19/13 14/21 3/5 20/19 11/11 8/7 3/3 20080° 150°/24C°
9 9/10 21/20 5/7 20/19 9/8 8/11 6/6 98200  350°/26C°
10 6/1 20/13 7/8 19/19 5/4 22 6/6 2090  320°/30C°
11 12/14 1/6 6/5 20/19 10/10 11/11 5/5 °ZBAC®  300°/29C°
12 13/16 1/3 6/5 6/5 9/8 4/3 6/6 B0 320°/30°

(e.g.-Miller et al, 2009, which causes a larger scatter of the underestimated by 11%, 14%, 19%, and 26%, respectively.
wind data. The uncertainties of the other tidal spectra displayBecause of the fact that the stationary planetary waves are lo-
variations comparable to the one shown in fg. cal time independent, we don’t have to consider the damping
Another fact to be taken into account is the damping due todue to the LT binning. Hence the stationary planetary waves
the data processing. The damping can be evoked on the onwith zonal wavenumbern=1,2,3,4 are reduced by 1%, 4%,
hand by the large longitudinal bins of 3idth, and on the  10%, 17%, respectively, considering our analysis approach.
other hand by the binning of the local time into 3h LT com- Tidal components presented in this paper are corrected for
posites. Running our analyzing routines with test data set¢he amplitude alternation.
revealed that the damping is following the well-know func-  One goal of this work is to present the annual variation of
tion x~sinx. Considering the damping due to the longitude the observed wave-4 structure initially detected in the zonal
bins, we find thatc = n/12, n/6, n/4, =/3 for the wave-1, wind during equinoxes bifausler et al(2007). For accom-
wave-2, wave-3, wave-4, respectively. This leads to an unplishing this, we made use of 4 years of data taken by the
derestimation of the corresponding tides due to the longitudeaccelerometer onboard the CHAMP satellite. The wave-4
bins by approximately 1%, 4%, 10%, 17% observed as wavestructure is present throughout the year but varies in strength
1, wave-2, wave-3, and wave-4, respectively. Regarding thelue to the annual variation of DE3. On the basis of the huge
local time binning, we findc = 7/8 andx/4 for the diur- data set available for this study we were able to calculate
nal and semidiurnal tides yielding an undervaluation of thethe individual tidal components embedded in the zonal wind.
diurnal and semidiurnal tides by 3% and 10%, respectively.Thereby, we identified the eastward propagating diurnal tide
The total damping is the product between the two contribu-with zonal wavenumbey=3 (DE3) as the primary cause for
tions. Therefore, the diurnal tides observed as wave-1, wavethe observed wave-4 structure in the zonal wind at 400 km
2, wave-3, and wave-4 are underestimated by our approachltitudes. Thus the annual variation of the observed wave-4
by 4%, 7%, 13%, and 20%, respectively. The semidiurnalstructure and DE3 are quite similar.
tides observed as wave-1, wave-2, wave-3, and wave-4 are

www.ann-geophys.net/27/2643/2009/ Ann. Geophys., 27, 2Z83E2-2009



2650 K. Hausler and H. lihr: Nonmigrating tidal signals in CHAMP zonal winds

Another prominent nonmigrating tide revealed in the bers,sg, so that we geffs = fp1 % fp2 andss =sp1Lsp2
CHAMP zonal wind is the eastward propagating diurnal tide (Hagan and Roble2001). Numerical experiments with the
with zonal wavenumbes=2 (DE2). Comparing the annual TIME-GCM model developed at the National Center for At-
variation of DE2 and DE3 at 400 km altitude with those for mospheric Research (NCAR) revealed that the nonlinear in-
the zonal wind at 100 km altitude derived from SABER and teraction between the migrating diurnal tide (DW1) and the
TIDI measurements onboard the TIMED satellite@atella  DE3 excites a stationary planetary wave-4 oscillation (SPW4)
et al, 2008, we find a big resemblance of the annual vari- (Hagan et al.2009. A similar interaction between DW1 and
ation between the two altitude levels. The tidal componentsDE2 would yield from theory a stationary planetary wave-
of Pedatella et al(2008 (their Fig. 1) represent a five-year 3 oscillation (sPW3) and an eastward propagating semidiur-
mean from 2002—2006. Besides the good agreement betweeral tide with zonal wavenumber=1 (SE1). In Fig.4 we
the zonal wind at 100 km and 400 km altitude, there is alsoshow, both SE1 and sPW3 display the same annual varia-
good agreement with the findingsebrbes et al(2008 who tion as DE2, suggesting that the aforementioned components
analyzed SABER temperatures for tidal signatures. The aueould be caused by the nonlinear interaction between DW1
thors could confirm a strong DES3 tidal signal for the months and DE2. However, a comparison of the CHAMP tidal wind
of June through October. Also their DE2 tidal temperaturessignals at 400 km altitude with TIME-GCM shows that so
show a similar annual variation as presented here for the DE2ar the model does not predict the observed DE2 properly

tidal winds of CHAMP. (Hausler et a].2009. Hence, a possible connection between
Both DE3 and DE2 are excited in the tropical troposphereDE2 and SE1 and sPW3 cannot be confirmed yet.
due to latent heat release in deep convective clotidgén Discernable in Fig4 is a strong stationary planetary wave

and Forbes2002. The good qualitative agreements be- with zonal wavenumbem=1 (sPW1). The interaction of
tween the MLT and upper thermospheric tidal signals raisesPW1 with the diurnal migrating tide (DW1) generates DW2
the question of how the tidal signatures from the MLT re- and DO according to the aforementioned relation. Looking
gion are coupled to the upper thermosphere. Modeling studat the upper right panel of Fig, we see a strong DW2 and
ies performed bydagan et al(2007) with the thermosphere- to some extent DO when sPW1 is high. The same is true for
ionosphere-mesosphere-electrodynamics general circulatioBW1 and SW3 (middle right panel of Fig) which are gen-
model (TIME-GCM) suggest that at least DE3 is capableerated when sPW1 is interacting with SW2. However, the
of propagating well into the upper thermosphere. Using ainteraction of DW2 and DO with DW1 yields SW3 and SW1
physics-based empirical fit model based on Hough Modeas well. Therefore, our results alone cannot explain beyond
Extensions (HMEs)Oberheide and Forbg2008 are able  doubt how the individual tidal components are generated and
to extend TIMED tidal observations into the upper thermo- whether they propagate upward from lower altitudes or are
sphere thus closing the gab between the MLT and measureexcited in-situ. We can only quantify the presence of these
ments taken at-400 km altitude. In their studyDberheide  nonmigrating tides. Numerical experiments, performed e.g.
and Forbeg2008 report that at least 50% of the CHAMP with TIME-GCM, are needed to further investigate the tidal
DE3 tidal signal in the zonal wind can be ascribed to directdynamics in the upper thermosphere.

tidal upward propagation from the troposphere. Reuvisiting

the subject in a more recent studyberheide et al(2009

report that within the limits of uncertainties the DE3 tidal 6 Summary and conclusions

winds at CHAMP altitude are mainly attributable to tropo-

sphere forcing. However, this leads to the question whyln this study we present the annual variation of the promi-
stronger DE3 tidal winds are observed along the geomaghent wave-4 structure in the zonal wind at 400 km altitudes.
netic equator compared to the geographic equator. NaturallyAnalyzing 4 years of CHAMP accelerometer measurements
if DE3 is merely propagating upward from the lower atmo- taken between 2002—2005 makes this possible.

sphere it should be strongest along the geographic equator The wave-4 is strongest from July through October with a
because deep convective clouds are not controlled by the gesmaller maximum in March and April. During these months,
omagpnetic field. Therefore, there has to be an additional conthe wave-4 is propagating 9o the east within 24 h LT.
nection between the DE3 tidal winds with F-region electro- We are furthermore able to calculate the individual tidal
dynamics also displaying wave-4 structures. This link cannotcomponents and show that the observed wave-4 structure in
be explained right now. Atrtificially enhanced DE3 ampli- the upper thermospheric zonal wind can be attributed to the
tudes along the geomagnetic equator due to the applied dag@esence of the eastward propagating diurnal tide with zonal
processing have been ruled out by test data sets. wavenumbers=3 (DE3). All the other possible contribu-

In general, global-scale secondary waves are excited, e.gions to the wave-4 are rather weak. The identified annual
through nonlinear interaction between tides and planetarwariation (strong maximum in July—October and a smaller
waves. Thereby, the primary waves with frequencigs, one in March/April) corresponds well with tidal properties
and fp2, and zonal wavenumbersp; and spp, generate in the MLT region. However, the observed larger amplitudes
secondary waves with frequencigg, and zonal wavenum- along the geomagnetic equator still need to be explored. We
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suppose that there is an additional interaction between th€orbes, J. M., Russell, J., Miyahara, S., Zhang, X., Palo, S.,
DES3 tidal winds and F-region electrodynamics not explained Mlynczak, M., Mertens, C. J., and Hagan, M. E.: Troposphere-
at the moment. thermosphere tidal coupling as measured by the SABER instru-

The eastward propagating diurnal tide with zonal ment on TIMED during July-September 2002, J. Geophys. Res.,

— ; ; . 111, A10S06, doi:10.1029/2005JA011492, 2006.

Excumined in geographic coortinates but the annual variaiof . M- Hagan, . €., Myahara, . Miyoshi, Y. and Zharg
- ) ) . X.: Diurnal nonmigrating tides in the tropical lower thermo-
is dlffer_ent showing maxima in June ar_wd Nove_mber. HQW- sphere. Earth Planets Space, 55, 419-426, 2003.
ever, this annual variation is also consistent with DE2 tidal porpes, 3. M.: Tidal and Planetary Waves, in: The upper Meso-
variations in the MLT. A possible connection between DE2  sphere and Lower Thermosphere: A Review of Experiment and
and SE1 and sPW3, displaying the same annual variation as Theory, Geophysical Monograph 87, edited by: Johnson, R. M.
DE2, cannot be confirmed yet. and Killeen, T. L., AGU, 1995.

Furthermore, we observe strong DW2, DO, SW3, SW1,Hagan, M. E., Maute, A., and Roble, R. G.: Tropospheric tidal ef-

and sPW1, all contributing to wave-1 in the satellite frame, ~fects onthe middie and upper atmosphere, J. Geophys. Res., 114,
mostly along the geomagnetic equator. A01302, doi:10.1029/2008JA013637, 2009.

The presence of these waves in the upper thermos heré—iagan, M. E., Maute, A., Roble, R. G., Richmond, A. D., Immel, T.
P PP P ' J., and England, S. L.: Connections between deep tropical clouds

however, cannot be explained without any doubt, calling for 4 the Earth's ionosphere, Geophys. Res. Lett., 34, L20109,
model simulations to support the interpretation of the sig- {0i:10.1029/2007GL030142, 2007.

nals. A consequent next step is thus to perform simulationg{agan, M. E. and Forbes, J. M., Migrating and nonmigrating di-
to delineate the coupling mechanisms and to resolve the open urnal tides in the middle and upper atmosphere excited by tro-
questions of tidal waves in the upper atmosphere. The initi- pospheric latent heat release, J. Geophys. Res., 107(D24), 4754,
ated comparison between CHAMP observations and TIME- doi:10.1029/2001JD001236, 2002.

GCM tidal signals byHausler et al(2009 can be regarded Hagan, M. E. and Roble, R. G.: Modeling the diurnal tidal
as a first step. variability with the National Center for Atmospheric Research

. . Lo thermosphere-ionosphere-mesosphere-electrodynamics general
Notably, we find that the applied data processing induces o oo del 3 Geophys. Res., 106, 2486924882, 2001.
a damping of the tidal amplitudes which can be as high az_1

. . ) artman, W. A. and Heelis, R. A.: Longitudinal variations in the
20% and 26% for the diurnal and semidiurnal tides observe equatorial vertical drift in the topside ionosphere, J. Geophys.

as wave-4 in the satellite frame. Res., 112, A03305, doi:10.1029/2006JA011773, 2007.

Here we limited our analysis to latitude bands-b10° Hausler, K., lilhr, H., Hagan, M. E., Maute, A., and Roble, R.
along the geomagnetic and geographic equator. Extending G.: Comparison of CHAMP and TIME-GCM nonmigrating tidal
the study to mid latitudes will be the topic of a follow-on  signals in the thermospheric zonal wind, J. Geophys. Res., in re-
Study. ViEW, 20009.
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