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Abstract. The horizontal winds in the mesosphere and and the semidiurnal tide (SDT) have attracted more attention.
lower thermosphere (MLT) at heights of about 80—-100 km But recently, also the terdiurnal tide (TDT) has been consid-
have been measured continuously since summer 2004 usirgred to play an important role as well, because occasionally
an all-sky 36.2 MHz VHF meteor radar at Collm, Germany their amplitudes are as large as the ones of DT and SDT.
(51.3 N, 13 E). A climatology of the 8-h solar tide has been DT and SDT are essentially forced by absorption of so-
constructed from these data. The amplitude shows a seasoniar radiation through tropospheric water vapour and strato-
behaviour with maximum values during the equinoxes, andspheric ozone, respectively. But the forcing mechanism of
it is generally increasing with altitude. The largest ampli- the TDT is still under debate, and both direct solar heating in
tudes are measured in autumn, partly reaching values up tthe lower and middle atmosphere and nonlinear interaction
15ms. The phase, defined as the time of maximum eastbetween the DT and SDT (Teitelbaum et al., 1989) or grav-
ward or northward wind, respectively, has earlier values inity waves are also thought to excite the TDT. Observations
winter and later ones in summer. Except for summer, thein the Arctic mesosphere showed a relationship between the
phase difference between the zonal and meridional compovertical wavelengths of the TDT, SDT and DT when the
nents is close to +2 h, indicating circular polarization of the TDT had large amplitudes. This indicates, at least to a cer-
tidal components. The vertical wavelengths are short in sumiain degree, the existence on nonlinear coupling (Younger
mer (~20km) but significantly longer during the rest of the et al., 2002). Model analyses gave partly inconclusive re-
year. The terdiurnal tide is generally assumed to originatesults. Akmaev (2001) concluded from circulation model cal-
from either a terdiurnal component of solar heating or non-culations that nonlinear interaction makes a contribution to
linear interaction between the diurnal and semidiurnal tide.the excitation of the TDT. Smith and Ortland (2001) per-
Analysing monthly means reveals positive correlation duringformed calculations that indicate that the direct solar forcing
the spring maximum, but negative correlation in autumn.  of the TDT is the dominant mechanism at middle and high
latitudes, while nonlinear interactions contribute to the TDT
at low latitudes. Huang et al. (2007) used a nonlinear tidal
model and concluded that the migrating TDT can be signifi-
1 Introduction cantly excited by the nonlinear interaction between the diur-
nal and semidiurnal tides in the MLT region. These models
The dynamics of the mesosphere and lower thermospherbave used prescribed lower boundary TDT fields. Du and
(MLT) are strongly influenced by atmospheric waves, in- Ward (2010) analysed CMAM Global Circulation Model re-
cluding the solar tides with periods of a solar day and itssults with respect to correlations between TDT and DT/SDT
harmonics. Their wind amplitudes usually maximise aroundon the short-term or seasonal time scale. Since the correla-
100-120km (e.g. Hagan et al., 1995). In these regions, theition was significant essentially on the seasonal and not on
amplitudes are of the order of magnitude of the mean windthe short-term scale, they concluded that possible correla-
As a result, the solar tides drive the global circulation andtion is due to corresponding source or propagation condition
more accurate knowledge leads to a better understanding ofariability rather than nonlinear interaction. To summarize,
the wind fields in the MLT. Shorter period waves often have model results still show somewhat inconclusive results, and
smaller amplitudes, so that in the past the diurnal tide (DT)the dominant forcing mechanism of the TDT is still not clear.
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Observations of the TDT are relatively rare. A o 24hrs  12hrs  8hrs
global characteristics at 95km, derived from Upper At-
mosphere Research Satellite/High Resolution Doppler Im-
ager (UARS/HRDI) measurements, have been presented b}g
Smith (2000). There, a winter amplitude maximum was vis- Y
ible. The characteristics of the TDT observed by radar havez2 €+
been described on few occasions (e.g. Beldon et al., 2006§ : L
Jacobi, 2011). Often, the zonal amplitude has been foundg 4-
to be larger than the meridional one. A clear seasonal cy-2
cle is apparent, with smaller amplitudes in summer and two §
maxima in spring and autumn, while the latter one is domi-
nating. The amplitudes range from 1-101 st altitudes at
~90 km depending on season and latitude. Observations a
high latitudes have shown no spring maximum below 95 km
(Younger et al., 2002), while it was clearly visible at mid-
latitudes (Beldon et al., 2006; Jacobi, 2011). The phaserig. 1. Example of a zonal mean wind spectrum over Collm. The
varies with latitude and season. Often the phase differenceéata used are March 2005 hourly means over the 85-95 km altitude
between the zonal and meridional components is close teegion. The dashed lines indicate the 95 % and 99 % significance
+2h, indicating a circular polarized wave. Noticeable dif- levels according to a2-test.
ferences only occur during summer (Beldon et al., 2006).

The reported values of the vertical wavelength strongly vary, . . . -
and arg sometimes contradicting. Observat?ons ma(?eyat A?/cloq km :altltude, with a maximum around 90 km. Ind|v_|dual
tic latitudes show wavelengths of about 25-90 km (Youngerrad'al winds calculated from the meteors are summarized to

et al., 2002). Considering the results at mid-latitudes (rang-]corm hourly or half-hourly mean values through projection

ing from ~22—1000km in the course of a year) by Nam- of the horizontal wind on the individual radial winds, using

boothiri et al. (2004) or Thayaparan (1997) and the 0bserva[eas:t-squares fitting and assuming that vertical winds are neg-

tions at lower latitudes~12—32 km) reported by Tokumoto “?ébllzeFSrHSOC:QE rent::;r?gg%r;;nicr?:hrlz Oriigr:n l':rll%slt'hgtsr?;n:e
et al. (2007), some differences are seen. P pectru v urly Wi v

In this paper some features of the TDT measured at Collmbeen calculated using meteors between 85 and 95 km is pre-

Germany (51.3N; 13.0° E) are presented, using the dataset sented. While, as gxpggted, the major §|gqal IS owing o the
: SDT, a peak at 8 h is visible as well, which is, at least in this
from August 2004 to June 2011. This data represents an up-
se, even larger than the well-known DT peak at 24 h.

. C
date of the one presented by Fytterer and Jacobi (2011) andaFor characterizing the horizontal wind field in the MLT,

Jacobi (2011). in the following the observed height interval is divided in

six not overlapping height gates centred at 82, 85, 88, 91,
94 and 98 km. Owing to the meteor detection rates strongly
decreasing with altitude above 95 km, the real mean altitude
of the uppermost height gate is only 97 km (Jacobi, 2011).

The data used in this study have been measured by VHF me-l——he amplitudes and phases of the TDT within each height

teor radar at Collm Observatory, Germany (513 13° E) interval in a given 15-day time interval are calculated by a
Itis operating since July 2004 a’nd the 7-yr dataset frorﬁ Au_multiplg 'regress'ion analysis of 15 days O.f half-hourly zonal
gust 2004-July 2011 is used here to investigate the peculiar®' "eMOnNal wind components, wnich Includes the mean
ties of the TDT. The meteor radar operates at 36.2 MHz with ' ’ ' ' '

a pulse repetition frequency of 2144 Hz by using a transmit- .
ter of 6 KW peak power with a pulse width of 13 us. Meteor 2 2
peak p P H m(t) = vo+2aisin<—n>t+b,~cos<—7_r>t, (1)
i=1

99%
95%

0.10 0.15 0.20 0.25
Frequency (1/hr)

2 Collm meteor radar wind measurements and tidal
analysis

horizontal winds are modelled as:

reflections are detected by a five element antenna array form®
ing an asymmetric cross, acting as an interferometer. This
allows the calculation of azimuth and zenith angle. In com-With vm as the measured half-hourly (either zonal or merid-
bination with range measurements, the meteor trail positiofonal) wind, vo as the prevailing (mean) wind and using the
is determined. Radial wind velocity along the line of sight is Periods PL=24h, P,=12h, 3=8h. The amplitudesi3
obtained from the Doppler phase progressions with time a@nd phase#z of the TDT are calculated from the regression
each receiver, which are averaged to form the mean Doppleoefficientsuz andbs through:

frequency. The number of meteors varies between approxi- PE— P3 az

mately 3500 and 7000 per day, depending on season (e.g. A3 =/ a3+03,T3= Zatan{ b3 } : @)

ras etal., 2009). Meteors are mainly detected between 80 and

1 1

1
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Fig. 2. Zonal amplitudega) and phaseéb), meridional amplitudegc) and phasefd) of the terdiurnal tide over Collm. Relative amplitude
differences after Eq:3] are shown in pandk); the regions of amplitude differences smaller than 25 % are indicated by heavy isolines. Phase
differencesA¢ in degrees are given in pan@. Positive values of the phase difference indicate later westerly than northerly wind maxima.
The regions ofAp =90+ 15° are indicated by heavy isolines. Data are 7-yr means constructed from regression analyses including 15 days
of data each, updated from Jacobi (2011).

3 7-yr mean tidal amplitudes and phases for the zonal/meridional component at 97 km. The average
phase standard error is 0.19 h for both components, largely
Figure 2 presents TDT zonal (a) and meridional ampli-independent of height. Standard errors of individual 15-
tudes (b), and zonal (c) and meridional phases (d). Note thaday mean amplitudes approximately range between 1 and
the scaling of the meridional phase is shifted by 2 h with re-2mMs . Zonal and meridional amplitudes both maximise in
spect to the zonal one to more clearly indicate seasons an@utumn, while a second maximum is found in spring. Gen-
regions where the TDT components are in quadrature. Th&rally, amplitudes tend to increase with altitude during the
average standard error has been taken from daily analyse§ntire year. An exception is the region belov®0km in
i.e. applying Egs.X) and @) but including only one day of Midsummer, where a slight tendency for constant or decreas-
data each. For the amplitudes below 91 km, the error range&!d amplitudes with height is visible. On an average, zonal
between 0.50-0.53nT$, and increases to 0.62/0.66m's  and meridional amplitudes are of similar order of magnitude.

www.adv-radio-sci.net/10/265/2012/ Adv. Radio Sci., 10, 26540, 2012



268 Ch. Jacobi and T. Fytterer: The 8-h tide in the mesosphere and lower thermosphere over Collm

98 - 4 Interannual variability
oo June

% Interannual variability of the TDT amplitudes and phases at

941 91km is shown in Fig. 4. Here the 7-yr mean, calculated

92 from individual data each based on 15 days of measurements,
g 90 is represented as the solid line, while the dots show the re-
= —@— zonal mean spective amplitudes (upper panels) and phases (lower panels)
o 881 =0~ meridionsl mesn o @ of single years. In most months, the amplitude variability is
< ged = e very strong, and during some years amplitudes of less than

sal = 200 o = 1ms ! are occasionally found. An exception is represented

2009 by the autumn maximum (a multi-year average-&fms1),
824 . ¢ = o which has considerably large amplitudes in every year. On
804+t the contrary, the spring maximum-{ ms™! on an average)
5 4 -3 -2 101 2 3 4 5 6 7 8 is less stable. Beldon et al. (2006) showed that for the case

of the UK radar the spring amplitudes are not larger than the
winter ones. The phases generally range within about 3 h
gfrom year to year, but the interannual variability is smaller in
March and October, when the amplitudes are larger. During
summer, the meridional phase is extremely variable, which is
partly due to the choice of the height gate presented here. At
Figure 2e presents relative amplitude differenaess: 91 km, the transition between the two summer modes is seen
(Fig. 3), and while the zonal component shows the same ver-
, (3) tical phases gradient at all heights considered, the meridional
A3zz+Azm one changes with altitude, and the 91km value obviously

with A3, and Az m as the zonal and meridional TDT ampli- belongs to different modes in different years.
tudes. Zonal amplitudes are slightly smaller than meridional Since the phase variability is weakest during spring and
ones during the March maximum at the upper height gatesautumn, the March and October amplitudes are well suited to
while the contrary is the case during the autumn maximum Investigate interannual variability. Du and Ward (2010) have
During early and late summer, there is a tendency for slightlyused correlation analysis between the TDT and the DT or
larger zonal than meridional amplitudes. The summer merid-SDT, respectively, from CMAM model results in order to ex-
ional amplitudes below 90 km appear to be smaller than thaPlain possible coupling processed between tides. They found
zonal ones, but generally the amplitudes in summer are vergignificant correlation between TDT and SDT amplitudes,
small, and differences are insignificant. which, however, change with height and latitude and show
TDT phases (Fig. 2¢ and d) clearly change between winte® rather complicated picture in the MLT near®Q In Fig. 5
and summer. Phase change with height is very small durtime series of monthly mean amplitudes at 88 km are shown
ing winter, and therefore the vertical wavelength is very longfor these months. For comparison, and to indicate possible
then, generally exceeding 200 km. Since the wavelengths argorresponding variability with the SDT, the SDT amplitudes
calculated from the phase change with altitude, such largére also shown. During March there is a positive correla-
values cannot be determined with accuracy. However, thdion between TDT and SDT amplitudes (correlation coeffi-
results are in agreement with the ones by Namboothiri eientr =0.56, however, r increases for lower height gates,
al. (2004). On the contrary, there is a strong phase changiaching-=0.72 at 82km), while in October the correlation
with altitude in summer. This results in a short wavelengthiS negative £ = —0.59, and its magnitude also increasing at
of about 20 km, which is even shorter than those reportedower heights). However, the time series used is still too short
by Namboothiri et al. (2004) and Thayaparan (1997). Thet0 draw substantial conclusions, and the correlations are not
zonal and meridional phases are close to being in quadrasignificant at the 95 % level. Correlation between TDT and
ture when the amplitude is strong, i.e. in autumn and latemean wind (not shown here) is weak and inconclusive.
winter/early spring. In summer, zonal and meridional phase
difference changes with altitude, with a rather sharp change
around 90 km (Fig. 3), and connected with a change in ampli> Conclusions

tude gradient (see Fig. 2a, b). This indicates that at least two .
TDT modes are present in the summer mid-latitude MLT. ~ The Collm meteor radar has been operated nearly continu-
ously since summer 2004, measuring daily mean winds and

tidal amplitudes and phases. Here we focus on the TDT, and
a 7-yr climatology is presented. Generally, from a point mea-
surement as is used here, one cannot prove that the analysed

time (LT)

Fig. 3. June TDT phases for individual years (small squares) an
for 7-yr means (large circles).

Az;—A
AA3:2 3,z 3,m
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Fig. 4. Zonal (left panels) and meridional (right panels) amplitudes (upper panels) and phases (lower panels) of the TDT over Collm at

91 km. The solid line denotes the 7-yr mean while the dots represent data from individual years. Data are calculated from regression analyse:
based on 15-days of half-hourly means each.
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Fig. 5. Time series of monthly mean TDT and SDT amplitudes at 88 km in March (left panel) and October (right panel).

oscillations really belong to waves rather than other kind ofnents at those times when the amplitude is large is consistent
fluctuations. However, we have seen from comparison withwith an upward propagating inertio-gravity wave. Therefore
literature that some essential features of the 8-h oscillation atve may consider the 8-h oscillation at Collm as the signature
Collm — e.g. the seasonal cycle of the vertical wavelength —of the TDT, although a final proof is not given.

are likewise found at other stations, which indicates that the Maximum amplitudes of the TDT are found in spring
8-h feature is a large-scale one and not a local pattern onlyand autumn. The autumn maximum is quite stable, while
Furthermore, circular polarization of the horizontal compo- the spring maximum is broader and less stable; sometimes
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small amplitudes are found. Vertical wavelengths are shortHagan, M. E., Forbes, J. M., and Vial, F.. On modeling migrating
(~20 km) in summer, but very long in winter. solar tides, Geophys. Res. Lett., 22, 893-896, 1995.

Interannual variability of amplitudes has been analysed fortocking, W. K., Fuller, B., and Vandepeer, B.: Real-time deter-
March and October, when the phases are only weakly varying mination of meteor-related parameters utilizing modern digital
from year to year. TDT amplitudes are positively correlated _ technology, J. Atmos. Sol.-Terr. Phys., 63, 155-169, 2001.
with SDT ones in spring, but negatively in autumn. This Hu@n9: C. M., Zhang, S.D., and ¥i, F.: A numerical study on am-
indicates a possible interaction between TDT and SDT, but plltu.de characterlstlcs of the Ferdlurnal tide .e).(mted py nonlin-

. ) . T ear interaction between the diurnal and semidiurnal tides, Earth

the underlying process is not clear and probably differentin  p,ets Space, 59, 183-191, 2007.
different seasons. Jacobi, Ch.: 6 year mean prevailing winds and tides measured

o by VHF meteor radar over Collm (528!, 13.0° E), J. Atmos.
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