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Abstract. The data of the regular low-frequency D1 E-region composition of the middle and upper atmosphere. This de-
observations at Collm, Germany (B84, 15°E) in 1983— termines an increased interest in the study of IGW clima-
1999 are used for estimations of the intensity of short-periodtology. Considerable information about IGWs in the middle
perturbations of the horizontal drift velocity at 85-110 km atmosphere has been obtained with different ground-based
altitude. A simple half-hourly-difference numerical filter is and satellite techniques. One of the experimental methods,
used to extract perturbations with time scales of 0.7—-3h.  which can be used for IGW study at the altitudes 85-120 km
The average monthly standard deviations of short-periods the D1 method observing drifts of ionospheric irregu-
perturbations of the zonal velocity near altitude 83 km havelarities using low-frequency (LF) radio waves propagating
a main maximum in summer, a smaller maximum in win- from ground-based transmitters and reflecting from the lower
ter, and minimum values at the equinoxes. At higher al-ionosphere.
titudes the summer maximum is shifted towards the spring The LF D1 method has been used for measuring iono-
months, and a second maximum of perturbation amplitudesphere drift velocities at altitudes between 80 and 120 km
appears in autumn at altitudes near and above 100 km. That the Collm Observatory of the University of Leipzig, Ger-
seasonal changes in the standard deviations of meridional venany (52 N, 15° E) since the International Geophysical
locity show the maxima in spring and summer. A numerical Year, 1959 (Schminder andilkschner, 1994). Fully auto-
model describing the propagation of a set of harmonics modmatic devices give the opportunities to obtain at least one
eling a spectrum of internal gravity waves in the atmospheredrift velocity value per minute. The virtual reflection heights
is used for the interpretation of observed seasonal variationsf radio waves are simultaneously measured since late 1982
of wind perturbation intensity. Numerical modeling reveals (see Kirschner et al., 1987).
that the observed altitude changes in the seasonal variations Systematic multi-year measurements at Collm gave sub-
of the drift velocity standard deviations may be explained by stantial information about the mean winds, planetary waves
a superposition of IGWs generated at different levels in theand tides and about their seasonal and interannual varia-
troposphere and middle atmosphere. IGWs generated in thigons (Schminder et al., 1994; Jacobi et al., 1997a, b). Be-
stratospheric and mesospheric jet stream may have substagides these large-scale components, ionospheric drifts re-
tial amplitudes at altitudes near and above 100 km, whereseal strong fluctuations with periods from tens of minutes
they may modify the seasonal variations, which are typicalto hours. These perturbations may be connected with inter-
for IGWSs propagating from the troposphere. nal gravity waves (IGWs) propagating from the lower atmo-

Key words. Meteorology and atmospheric dynamics (mid- sphere. Gauvrilov et al. (2001) developed and applied sim-

dle atmosphere dynamics; waves and tides) — IonospherBIe,nqmer'C?Irf]'lt?rs to (.avall;athe tggffeafor?al and méerqnnual
(ionospheric irregularities) variations of the intensity of the drift velocity perturbations

having time scales from 0.7 to 3 h.
To study the possible reasons for the variability in the
1 Introduction seasonal behavior of IGW intensity observed at Shigaraki
with the Japanese Middle and Upper atmosphere (MU) radar,

Internal gravity waves (IGWSs) are supposed to be importaniGavrilov and Fukao (1999) applied a numerical model de-

for the formation of general circulation, thermal regime and Scribing the vertical propagation of a set of wave harmon-
ics modeling the atmospheric IGW spectrum. The model
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viscosity and heat conduction, ion drag and radiative heat exmaxima and minima at the three receiversi(gchner, 1975;
change, and wave filtering at critical levels, due to the totalSchminder and Krschner, 1994). The individual pairs of the
reflection of the wave energy. time differences, which correspond to the ionospheric drift
Many IGW sources exist in the atmosphere. There arevelocity, are measured at a time resolution of 0.25s. The
the theories of IGW generation by mountains (Nastrom anddata are combined to half-hourly zonal and meridional mean
Fritts, 1992; McLandress and McFarlane, 1993; Chunchu-drift velocity values for each frequency, the mean values be-
zov, 1994), by shear instability in jet streams (Fritts, 1984;ing averaged over 30-60 individual velocity values. Only a
Hamilton, 1984; Lindzen, 1984; Fritts and Nastrom, 1992), few half-hourly means can be obtained during daylight time,
and by convection (Manzini and Hamilton, 1993; Pfister et due to absorption of the radio waves in the D-region of iono-
al., 1993; Alexander, 1996). An important source of wavessphere, which is stronger in summer due to the longer time
of different scales in the atmosphere is turbulence rangingnterval of daylight hours then. This results in a total of about
from the microscale to the synoptic scale. The generation700 and 1200 half-hourly mean values per month in summer
of sound by small-scale turbulence was studied by Lighthilland winter, respectively.
(1952, 1978). Mesoscale IGWSs are generated by mesoscale Since late 1982, the virtual heighit, is measured on the
turbulent motions (Stein, 1967; Townsend, 1965; Drobyazkofrequency 177 kHz using travel time differences between the
and Krasilnikov, 1985). ground and sky radio waves {iKschner et al., 1987) on a
Gavrilov and Fukao (1999) made calculations for a setmodulation side band near 1.8 kHz. The standard deviation
of IGW harmonics with a range of frequencies: horizon- of the individualk values is about 2km. The relation of the
tal wavelengths, phase speeds and azimuths of propagatiomeasured virtual heiglit to the real height depends on the
which represent an ensemble of waves propagating frong¢lectron density profile, which is unknown during the mea-
nonlinear hydrodynamic sources randomly distributed in thesurements. However, we use relations betweandz (e.g.
atmosphere. These calculations reproduce the seasonal cyacobi et al., 1997b) that are based on full wave field calcu-
cles of IGW amplitudes having a maximum in winter and lations performed by Singer (1975), using the mean electron
a minimum in summer in the upper troposphere and hav-density profiles. The relations givevalues 1-2 km smaller
ing maxima in winter and summer and minima at equinoxesthan’ at an altitude of 100 km, with the difference decreas-
in the mesosphere. The seasonal behavior at different alting at lower altitudes. Standard deviations of half-hourly
tudes appears to be produced by the seasonal variations ofean heights (essentially caused by the natural variability
the background wind and temperature, which influence theof individual reflection heights) are about 3 km below the al-
IGW generation and propagation. titude of 95 km and about 5km near 100 km. As is the case
In the present paper we applied the numerical model ofwith the drift measurements, particularly in summer, during
Gavrilov and Fukao (1999) to interpret a possible change indaylight hours only, few measurements can be performed due
the seasonal variations of short-period perturbations of ionoto the absorption of the sky wave.
spheric drift velocity at altitudes 85-110 km observed using Using the described procedures, Collm measurements give
the LF D1 method at Collm. A comparison of contributions a series of half-hourly values of zonal, and meridionaly,
from IGW hydrodynamic sources located both in the lower components of drift velocity during any day. In the present
and middle atmosphere is made. study we use only data for the frequency 177 kHz after the
year 1983, for which we also have half-hourly mean values
of the reflection heights. To estimate the intensity of short-
2 Measurements of IGW intensity at Collm period perturbations of the drift velocity, we use a simple
numerical filter for calculating the differences of the men-
The similar-fade method is used at Collm Observatorytioned successive half-hourly drift velocities and take only
(about 52 N, 15° E) for determination of horizontal drifts pairs with differences in their heights of less thian= 3 km,
of ionospheric plasma at altitudes 85-110 km with the low-to minimize possible apparent wind variations due to height
frequency (LF) D1 method. In this method the fading of a changes in the case of a vertical gradient of the mean wind.
radio signal propagates from a ground-based transmitter anGalculations show that a decrease in the lihitto 2, 1 and
is then reflected from the ionosphere and recorded at thre@ km gives practically the same values of the variantés
points located at the corners of a right-angled triangle, sepaandv'2 as we have fodz = 3km, but usingdz = 3km
rated by distances of the order of one wavelength or less.  allows us to increase the statistical reliability of the results.
At Collm Observatory the amplitude modulated carrier Calculating the differences of half-hourly values with the
waves from three commercial broadcasting stations workingprevious half-hourly averaging of the data is equivalent to
at frequencies of 177, 225 and 272kHz and located at disa numerical filter with the power transmission function de-
tances of 170, 460 and 400 km, respectively, are used. Thecribed by Gavrilov et al. (2000). The filter passes harmonics
receivers are placed on the ground at the corners of a rightwith periods atr ~ 0.7 — 3 h with a maximum at ~ 1h.
angled triangle with equal sides of 300 m along the zonal andT he filter transmission function is not dependent on whether
meridional directions. At Collm, an algorithmised form of the selected pairs of data are consecutive or randomly dis-
the similar-fade method is used, which is based on the estitributed in time and space. Therefore the filter transmission
mation of the time differences between corresponding fadingunction is especially suitable to be used for the interpreta-
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tion of LF D1 measurements with substantial height changes zkm Total r.m.s. Amplitude, m/s
during a day. 110f
For each pair of data involved into the analysis we cal-
culated the hourly mean height and drift velocity. The re-
sults are arranged in height layers of 10km in thickness,
with varying nominal centers. For each layer we calculated
the monthly mean values of zonady, and meridional o,
drift velocities, and the respective variances of short-period
perturbationsjz’2 and v'2. In addition, we calculated the

Zonal r.m.s. Amphtude, m/s

mean height for each layer, which can differ from its nominal 110— —
value, due to different real distributions of reflection heights
during the experiment.

To study average seasonal variations of the mean drift ve- 100 |
locity and its short-period variances, we averaged monthly
mean values mentioned above for each respective month over gp! ]
the interval from 1983 to 1999. The results for zonal, merid- s

ional and total standard deviations of short-period fluctua-
tions of drift velocity are shown in Fig. 1. One can see Me“d“’“al I.m.s. AmPl‘t“de’ m/s
that at lower altitudes near 85 km both zonal and meridional
standard deviations have the main maximum in summer and
a smaller maximum in winter. This is consistent with the 100}
character of seasonal variations of gravity wave activity in
the mesosphere, which was observed with the Japanese MU
radar and with MF radars (Tsuda et al., 1990; Gavrilov et al.,
1995; Nakamura et al., 1996).

At larger altitudes in Fig. 1 one can see a shift in the sum-
mer maximum of the zonal standard deviation towards the
spring months, and the formation of another maximum 'n Fig. 1. Standard deviations of ionospheric drift velocity perturba-
autumn at altitudes near and above 100 km. Seasonal varigpns with periods 0.7-3 h averaged for each respective month over
tions of the meridional standard deviation in Fig. 1 have max-years 1983-1999.
ima in spring and summer, with the increase in the summer
maximum at altitudes above 100 km. Comparison of plots
for zonal and meridional standard deviations in Fig. 1 revealandk are the amplitude, observed frequency and horizontal
the lack of the autumn maximum of the meridional compo- wave number, respectively. In a stationary and horizontally
nent, which is observed for the zonal one. The reasons fohomogeneous background atmosphere, the following equa-
differences in the seasonal variations of the zonal and meridtion describing the balance of the wave activity is valid for
ional components could be the differences in the season&ach wave harmonic (see Gavrilov and Fukao, 1999):

Months of Year

variations of the mean zonal and meridional winds in the 2
dFaz _ PO Na_ o oV
lower and middle atmosphere, as well as the differences m—az = 14 Vel, Fur= w2 (2

the wave generation at different altitudes. To study these
effects we performed numerical modeling of seasonal vari-where F,; is the vertical flux of the wave actionp is the
ations of gravity wave intensity, which will be described in background atmospheric density;andm are the intrinsic
the following section. frequency and vertical wave number, respectivaly;is the
rate of IGW dissipation due to turbulent and molecular vis-
cosity and heat conduction, radiative heat exchange and ion
3 Numerical model drag.

The parameteys in Eq. (2) describes the strength of non-
linear hydrodynamic sources in the atmosphere (see Gavrilov
nd Fukao, 1999). The main contribution to these sources
gives Lighthill-type IGW generation by mesoscale meteo-
rological motions (see Lighthill, 1952, 1978; Stein, 1967),
which form mesoscale turbulence in the atmosphere with
random distributions of hydrodynamic fields. Each random
u=Vel@—k0) (1) turbulent vortex is supposed to generate an IGW pulse with

temporal and spatial scales comparable with the scales of the
whereu is the wave perturbation velocity component along vortex. Therefore, at relatively long periods of time, these
the axisx directed along the horizontal wave vectdf; o turbulent hydrodynamic IGW sources may be considered as

3.1 Model description

The numerical model used in our study is described in deta|Ia
by Gavrilov and Fukao (1999). The model calculates the ver
tical distributions of parameters of IGW harmonics assuming
horizontal wave velocity variations in the form of
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2km Mean Temperature, K (4), one may solve Eq. (2) for a selection of IGW harmonics
1;0— 20 with an arbitrary set o#;, ¢;, ¢x and after that one may ob-
= tain the average variances produced by the ensemble of IGW

IOOT 330 harmonics generated by random sources. The strength of the

L i wave sources in Eg. (2) may depend@m andg. Assum-
80@ sio ing a separability of IGW spectra, Gavrilov and Fukao (1999)
i used the following formulae
= — 150 s(o,¢,¢,v0, N) = S(Vo, N)F5 (o) Fe(c)P () ;

Mean Zonal Wind, m/s 1
Fy(0) =

120

=N 1+ (o/00)*
i < _ 1
C ] F, = 5
100 C 0 «(©) 1+ (c/c)P + (c2/c)7 ©)
80 wherea, 8, y andoy, c1, c2 are constantsy is the Brunt-
XN 30 Vaisala frequency and is the mean wind speed. The func-
60 A\ (‘\ BRI 60 tions F, (o) andF.(c) decrease at large, small and large,

Mean Meridional Wind, m/s as might pe expected for turbulent flows (Monin and Yaglom,

—_— = ————— 1971). Lidar measurements (Gardner et al., 1995; Gard-

—— ner, 1996) gave some evidences of non-separability of atmo-
16 spheric perturbation spectra. But these measurements also
showed the inadequacy of all existing non-separable theories
(Gardner, 1996). Therefore, in the simple model presented
0 here we use Eg. (5), where the azimuthal functio) is
related to the azimutlyp, of the mean wind as follows:

. 1/2
Months of Year D(p) = [(Bl + codp — §00))1/2 + (B2 sin(g — ¢0))2]

. , /(1+ B1), (6)
Fig. 2. The background temperature and wind components for the
locations of the Collm Observatory. whereB; and B, are constants.
The main contribution to IGW nonlinear hydrodynamic

sources is given by nonlinear advective accelerations in-
randomly distributed inside the atmosphere. Gavrilov andyolved in the hydrodynamic equation (see Drobyazko and
Fukao (1999) supposed that each elementary wave sourderasilnikov, 1985). Observations of the advective accelera-
generates its own IGW with random frequeneyhorizontal  tions in the troposphere and stratosphere with the Japanese
phase speed; = o/k, and the azimuth of propagatian =~ MU radar (see Gavrilov and Fukao, 2001) show their strong
The wave harmonics from different sources produce a statisgependence on the mean wind velocity, We may also ex-
tical ensemble of IGWs. The average variance of horizontalpect a dependence obn N, which may influence the inten-

velocity made by this ensemble may be calculated as sity of turbulent and convective motions in the atmosphere.
1 Gavrilov and Fukao (1999) supposed the following form for
2 2 : .
vt=5 Z ViikP (@i, cj i) () S(Vo.N)inEq. (5):
h S(Vo. N) = SoVg /N¥ . ©)

whereP (o;, ¢, @) is the probability that the IGW harmon-

. whereSo, n andg are constants. They made numerical ex-
ics haveo € [oj, 0i11l, ¢ € [ci, ciy1l, ande € [@r, grral.

A ing that th d d IGWs wit eriments with the model and found seasonal variations of
ssuming that the random wave sources produce SWitllgw parameters at different altitudes in the middle atmo-

gmform d|st.r|l:_)ut|on'ofa, candg and.that these quanti- sphere to be comparable with the MU radar measurements
ties are stgtlstlcally mdepe_ndent, Gavrilov and Fukao (1999)atn ~ 15— 2. Although there is no reliable physical jus-
have obtained the expression tifications for the choice of described randomly distributed
gravity-wave sources, we have chosen to pursue this mod-
eling technique, since it corresponds to general suggestions
about the IGW spectrum in the atmosphere, and it is not com-
putationally intensive and is simpler to interpret than more
complex gravity wave models.

des
P(O'ivcj’ﬁﬂk):%i_é%y 4)
wheredo;, dcj, dei are bins andAo, Ac, Ag are the total
ranges ofs, ¢ andg, respectively. This supposition of sta-
tistical independence of andc does not contradict the exis-
tence of the IGW dispersion relation. The latter connegts 3.2 Background atmosphere

¢ and the vertical wave numbet, Therefore, two of above-

mentioned IGW parameters @ndc in our model) may be Equations (2)—(7) are solved here for a set of IGW harmon-
considered as statistically independent. Using Egs. (3) andts representing a statistical ensemble of waves propagating
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from random IGW sources. The background temperature and Zkm Total r.m.s. Amplitude, m/s
wind components for altitudes 60—125km are presented in 5, = e

Fig. 2. For altitudes between 30-85 and 110-125km they —
are taken from the MSISE-90 and HWM-93 models (Hedin,

1991; Hedin et al., 1996) for different months of the year for

the location of the Collm Observatory. At altitudes between

0-30km we used monthly mean temperatures and winds
taken from the NCAR reanalysis database, averaged over the
years 1980-1999. At altitudes between 85 and 110km the
mean winds were obtained from the Collm measurements si-
multaneously with the standard deviations of wind perturba-

tions described in Sect. 2 above. Note that these mean drift
velocities are not necessarily equal to the prevailing winds

at Collm published previously (e.g. Jacobi et al., 1997b),

because we did not make an extraction of tides here. But cal- 3|
culated in the manner used here, the mean velocities better
reflect the true background conditions corresponding to the #————7————F————1"—— 0
drift velocity measurements.

Equation (2) contains the rate of IGW dissipatia¥,, 120
due to turbulent and molecular viscosity and heat conduc-
tion, ion drag, and radiative heat exchange (see Gavrilov, 100
1990). These characteristics are calculated here as described
by Gavrilov and Fukao (1999). One of the main mechanisms 80
of IGW dissipation in the atmosphere is small-scale turbu-
lence due to wave breaking caused by dynamical and con- 60
vective instability (Lindzen, 1981). In our model above the
IGW breaking level of the coefficient of turbulent diffusion is

ial(;:.ulag-egdggsm? the se;?]l-t(;mplrlcatlhm?‘dtel l? yI G:;lvr.nov q?d Fig. 3. Calculated seasonal-altitude distributions of standard devia-
udin ( ). To smoo € growth of trbulent VISCOSILY ¢ of total (upper), zonal (middle) and meridional (bottom) wind

from zero at IO_W altitudes to the large Val‘lues CorreSpondir‘gspeed produced by the set of harmonics modeling IGW spectrum.
to IGW saturation above the wave breaking level, we use the

formula for the effective coefficient of turbulence produced
by the spectrum of irregular secondary harmonics given by . 3 1 .
Rozenfeld (1983), below the IGW breaking level. Other quenglesz 3 (11'50_ 3)§1X 10; raQS‘th honNzogtaI ?E)Gh;se
details of the calculation of turbulent and diffusion charac- >PS€% N ms =, and azimuths B '

teristics in our model are described by Gavrilov and Fukaowe use uniformly spaced grids for dn Inc,. a}ndgo coor-
(1999). dinates. The values of constants determining the spectral

distributions of the wave sources in Egs. (5)—(6) are basi-
cally the same as those used by Gavrilov and Fukao (1999),
namely:op = 1 x 10 %rads!, « = 5/6,¢c1 = 10mst,
B=1c, =4ms?l y =15 B; =05 B, = 0.1. Pa-

The set of Egs. (2)~(7) is solved for the background atmo-fa@metersy andy are chosen to provide IGW power spectral
slopes ofr —>/3 andm 2 at larges andm, corresponding to

sphere representing different months of the year at the lo- . . :
cation of the Collm observatory (see Fig. 2). The numeri- S°Me observations and theoretical studies (Van Zandt, 1982),

cal method used is described by Gavrilov (1990); the verti—takmg into account that the IGW power is proportionalth

2 . .
cal step of integration is 250m. The equations are solvecﬁrs in our model. Other parameters are ghosen to give the
for a set of 50x 50 x 12 IGW harmonics. where multi- 2€st fit of the calculated results to observations (see below).
pliers denote the numbers of wave harmonics with differ- Gavrilov and Fukao (1999) showed that the model may re-
ent frequenciesy horizontal phase Speed and azimuths, r@rOduce a realistic seasonal variation of the IGW intenSity in
spectively. Our model uses simplified dispersion and po-the troposphere and mesosphere at 2 in Eq. (7). Strong
larization relations suitable for low-frequency, short IGWs dependence of the intensity of wave sources on the mean
havingo? > N2 andc? « 4H2N2, where H is atmo- wind in the atmosphere is confirmed by recent MU radar
Spheric scale he|ght The assumption that the model prof"e@easurements of nonlinear advective accelerations (GaVrilOV
of background wind and temperature constant in time mayand Fukao, 2001). Therefé)re, in our calculations we use the
be valid only for IGWs with periods much smaller than peri- valuesn = 2, So =3 x 107°m~"s < andq = 2in Eq. (7).

ods of diurnal and semidiurnal atmospheric tides. Therefore, Figure 3 shows the calculated seasonal-altitude distri-
IGW parameters in our calculations cover the ranges of fre-butions of the standard deviations (called the mean wave

— ; — — 1
Zonal r.m.s. Amplitude, m/s

100

=)

Months of Year

4 Results of calculations
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z,km Mean Zonal Wind, m/s z,km Total r.m.s. Amplitude, m/s
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Fig. 4. Vertical-seasonal distributions of the mean zonal (top), Fig. 5. Same as Fig. 3, but for IGW sources located below altitude
meridional (middle) wind components and the strength of wave20km.
sources (bottom).

atmosphere. Figure 4 shows that the strength of the IGW

amplitudes below) produced by the set of harmonics for mod-sources in winter and summer is smaller in the troposphere
eling the IGW spectrum described above. The zonal am-over Collm than in the stratosphere and mesosphere. This is
plitude near altitude 80 km has the main maximum in sum-different from the approximate equality of tropospheric and
mer and a smaller maximum in winter. At altitudes near andstratospheric/mesospheric wave sources in winter presented
above 100 km one can see the maxima in winter, spring andby Gavrilov and Fukao (1999), due to a stronger tropospheric
autumn for the zonal amplitude in Fig. 3. The meridional am-winter jet stream over Japan. Therefore, one may expect
plitude has the main maximum in summer and a smaller maxiarger contribution of IGWs generated in the middle atmo-
imum in winter near 80 km altitude in Fig. 3. Near 100 km sphere at Collm.
we see the maxima of the meridional amplitude in winter, To study the relative contributions of different hydrody-
spring and summer, and almost no maximum in autumnnamic sources, we made calculated IGW amplitudes for
Such behavior broadly corresponds to the observed changesodel runs with non-zero wave sources specified below and
in seasonal variations of zonal and meridional standard deabove 20 km altitude separately. These results are shown in
viations of drift velocities over Collm, which are shown in Figs. 5 and 6, respectively. One can see that the wave sources
Fig. 1. The main differences are the larger winter values oflocated at different altitudes tend to produce different types
IGW amplitudes calculated by the model near 100 km alti- of IGW seasonal variations in the upper atmosphere.
tude compared to the observed ones (cf. Figs. 1 and 3). Both zonal and meridional IGWSs calculated for sources

In our model the seasonal variations of IGW amplitudes specified below 20 km have the maxima in spring and autumn
are caused by changes in the background atmospheric fieldsbove 90 km altitude in Fig. 5. At the same time, both IGW
and in the strength of IGW hydrodynamic sources s, which,components in the run with sources located above 20 km al-
according to Eq. (7), depends on the mean wind. Height-timditude have the maxima in winter and summer and minima at
cross sections of the mean wind components and the streng#équinoxes above 90 km altitude in Fig. 6. The total seasonal
of wave sources are shown in Fig. 4. One can see the maxvariations of IGW amplitudes for sources specified at all alti-
ima of IGW sources in the upper troposphere, stratospheregudes and shown in Fig. 3 are, therefore, essentially the result
mesosphere and lower thermosphere, which correspond tof adding the waves generated in the lower and middle atmo-
the main zonal jet streams existing at these regions of thephere. From Fig. 5 one can see that the equinox minima of
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z,km Total r.m.s. Amplitude, m/s

=

-

Zonal r.m.s. Amplitude, m/s

120
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120
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Fig. 6. Same as Fig. 3, but for IGW sources located above altituderig. 7. Calculated seasonal-altitude variations of turbulent viscosity
20km. (top), heating rate (middle) and zonal wave acceleration of zonal
flow (bottom) produced by the set of IGW harmonics.

amplitudes of IGWs generated above 20 km tend to reduce
the respective maxima made by tropospheric IGWs shown in
Fig. 5.

Zonal IGW amplitudes in Fig. 5 have larger equinox 100km in spring. The largest westward zonal accelerations
maxima than those for the meridional component. Hencegare near and above 100 km in winter and autumn in Fig. 7.
the equinox maxima still exist in seasonal variations of the
zonal IGW amplitude in Fig. 3, while the autumn maximum  In Figs. 8 and 9 the same parameters as in Fig. 7 are pre-
has completely disappeared for the meridional componentsented, but for IGW sources located at altitudes below and
Therefore, different seasonal variations of zonal and merid-above 20 km, respectively. From Fig. 8 one can see that the
ional IGW amplitudes in Fig. 3 could be explained by a com- summer maximum of turbulent viscosity and IGW heating
bined effect of IGWs generated at different levels in the at-rates near altitude 80 km and equinox maxima near and above
mosphere. 100 km are produced by IGWs propagated from the lower

Important characteristics for the energetics and dynamicgtmosphere. Waves generated above 20 km produce winter
of the middle and upper atmosphere are the turbulent viscosand summer maxima of turbulent viscosity near and above
ity produced by breaking IGWs, heating rates due to wavealtitude 100 km (see Fig. 9).
dissipation and acceleration of the mean flow by dissipating
waves. Our model provides the possibility to calculate these Zonal wind accelerations produced by lower sources
values, and their calculated seasonal variations are presentéBig. 8) are directed to the east in summer and to the west in
in Fig. 7. The main maxima of turbulent viscosity and IGW winter above 80 km altitude, thus opposite to the directions
heating rates are located near altitude 80 km in summer andf the main stratospheric/mesospheric jet. The directions of
near and above 100 km in winter and summer in Fig. 7. IGWthe accelerations produced by IGWs generated above 20 km
zonal accelerations are eastward near 80 km in summer and Fig. 9 have a more complicated structure. Total turbulent
above 110km at equinoxes, and are westward at other altiviscosities, IGW heating rates and wave accelerations pre-
tudes and seasons. The maximum eastward IGW acceleraented in Fig. 7 are the superpositions of those characteristics
tions are near altitude 80 km in summer and near and abovproduced by IGW sources located at all altitudes.
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Fig. 8. Same as Fig. 7, but for IGW sources located below altitudeFig. 9. Same as Fig. 7, but for IGW sources located above altitude
20km. 20 km.

5 Discussion In the early stages of using LF drifts for wind measure-
ments there has been a discussion as to whether the use of the
Two questions may arise when considering the LF D1 measimilar-fade analysis procedure is suitable. Certainly, indi-
surements of the dynamics of the middle atmosphere. Firstyidual drift measurements from the similar-fade method are
whether the measured ionospheric drifts reflect motions ofaffected by the deformation and anisotropy of the electron
the neutral atmosphere. Second, whether the similar-faddensity pattern, so that we use an averaging procedure (see
drift measurements used at Collm Observatory may showSprenger et al., 1974), assuming that there is no preferred de-
ionospheric motions that are not real, but rather motions offormation angle of the pattern. Therefore, the LF D1 method
the reflection point due to the deformation of the mean elec-certainly cannot be used, for example, in the vicinity of the
tron density pattern. magnetic equator. For middle latitudes, however, it has been
The first question has been extensively discussed in théhown several times, both from theoretical estimations and

literature, and was proved both by theoretical consideratiorfrom parallel calculations of winds using both similar fades
and by comparisons of the LF D1 drift velocities with winds @nd full correlation analysis (e.g. Sprenger et al., 1974), that
obtained with other types of radars. Dieminger (1952), Joneshe obtained wind parameters (half-hourly mean winds and
(1958), Sprenger (1958), Schminder (1964) showed that th€haotic velocity) are in good agreement. Moreover, com-
neutral forces in the lower E-region are the major contribu-Parisons of winds obtained with the Collm LF D1 measure-
tions to the electron dynamics in the lower ionosphere due tdgnents, medium frequency and meteor radars have been made
the relatively high collision frequencies. As has been pointedseveral times (e.g. Hoffmann etal., 1990), showing good cor-
out by Sprenger (1958), Only some very |arge individual drift relation of LF D1 half'hourly winds and those data derived
velocity values may have substantial contribution of electric from other systems.

forces. At Collm this is taken into account by rejecting indi-  In view of this discussion, an agreement between the cal-
vidual drift velocities larger than 100 m/s. From the analysisculated seasonal variations of IGW amplitudes and mea-
of rocket data Larsen (2000) showed the frequent presence cfured LF D1 drift velocity standard deviations may show
very strong wind velocities at heights above 95km. There-that the general statistical behaviour of drift velocity per-
fore, the estimations of drift velocity variances obtained from turbations might be explained in terms of neutral irregular
Collm data might be underestimated. winds produced by IGWs in the atmosphere up to altitudes of
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100-120 km. Previously, Gavrilov and Fukao (1999) showed(Lindzen, 1981; Matsuno, 1982; Holton, 1983; Gauvrilov,

a good agreement of seasonal variations of wave amplitude$990; Fritts and Lu, 1993).

calculated with the same numerical model of IGW spectrum,

with seasonal variations of irregular wind intensity measured ,

with the Japanese MU radar in the troposphere/stratosphef@ Conclusion

(altitudes 5-20 km) and mesosphere (60-85km). Compar: . . . . . .

Son ofmode esus and L DI measrements atighel 1% PO 5 rierety of st ero pruibatons o

altitudes 85-110 km made in the present investigation now_ . Y .
: . : : . altitude from the data of the regular LF D1 E-region obser-

gives complimentary evidence about dramatic changes in .. . ;

. . . . ., vations at Collm, Germany in 1983-1999. A simple half-
seasonal variations of IGW amplitudes with height, which

I . hourly-difference numerical filter is used to extract perturba-
may be caused by seasonal variations of background win o
ons with time scales of 0.7-3 h.

and temperature patterns in the atmosphere and correspond- L .
ing changes In the wave hydrodynamic sources. erturbations of the zonal velocty near altude 83k have
In the previous section we showed that our model gives thd €U . . y ) L
a main maximum in summer, a smaller maximum in winter,

ibili Icul nal variations of h importan - : . .
possibility to calculate seasonal variations of suc portant nd minimum values at the equinoxes. At higher altitudes

characteristics as turbulent viscosity, heating rates and acce he summer maximum is shifted towards soring months. and
erations of the mean wind produced by breaking IGWs. It pring '

is interesting to compare our calculations of these character® second maximum of perturbation amplitudes appears in
utumn at altitudes near and above 100km. The seasonal

istics with observations. Most recent estimates of seasonaghan es in the standard deviations of meridional velocit
variations of the turbulent viscosity and the turbulent energy 9 T . city
dissipati ) : show the maxima in spring and summer, and also some indi-

issipation rate (lUbken, 1997; Hall et al., 1998, 1999) are cations of an increase of the summer maximum at altitudes
available for latitudes higher than the latitude of Collm Ob- - 'her 100 km' u imu i
servatory used in our observations. Hall et al. (1999) showe(s1 9 '

good agreement o n siu rocket and radar measurementy, o P, TECRCR PR, T T SRENEE ST
giving a difference in seasonal variations of turbulent char- g y

acteristics at different heights. Below 80—85km the turbu-darOI deVIatlons_may be explalned by a superposition of I.GWS
lent energy dissipation rates have mainly an annual CyCIegenerated at different levels in the troposphere_and middle
With a maximum in winter and minimum in summer. Above atmosphere. IGWs generated in the stratospheric and meso-

altitudes 80-85km relatively low turbulence levels in the spheric jet stream may have substantial amplitudes at alti-

equinoxes lead to a semiannual variation of turbulent char—tUdes near a_nd' above .100 km, where they may modify .the
acteristics. seasonal variations, which are typical for IGWs propagating

Our calculations in Fig. 7 show the equinox minima of from the troposphere.
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