
Available online at www.sciencedirect.com
www.elsevier.com/locate/asr

Advances in Space Research 41 (2008) 1454–1458
Case studies of height structure of TID propagation characteristics
using cross-correlation analysis of incoherent scatter radar
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Abstract

The height structure of TID characteristics is studied on the base of the electron density profiles measured by two beams of the inco-
herent scatter radar and DPS-4 ionosonde. The height profiles of the TID propagation characteristics are obtained by means of cross-
correlation and spectrum analysis of the radar and ionosonde data. The noticeable height variability of the TID parameters is observed.
The variability is explained by interference of several TIDs. The obtained TID propagation characteristics are compared with known
results of the TID studies.
� 2007 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The phenomenon of atmospheric gravity waves (AGW)
and their ionospheric manifestation, travelling ionospheric
disturbances (TID), have been studied both experimentally
and theoretically since the 1960s. Recent theoretical studies
are developed in the directions of numerical simulation of
AGW generation and propagation (Ahmadov and Kunit-
syn, 2004) and interrelations between AGW and TID char-
acteristics (Kirchengast, 1996). Experimental progress is
associated with measurements of most complete set of
TID parameters.

For studying the both vertical and horizontal structure
of TIDs we have to measure height profiles of ionospheric
parameters at horizontally separated points. Such measure-
ments were made using multiple beams of EISCAT (Ma
et al., 1998) and MU radar (Oliver et al., 1988). Herewith
only Ma et al. (1998) have investigated the complete wave
propagation vector of TIDs as function of height. In this
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paper the case studies of TID propagation characteristics
using cross-correlation analysis of the incoherent scatter
radar (ISR) (Zherebtsov et al., 2002) and DPS-4 ionosonde
(Reinisch et al., 1997) data are presented. The both tools
are located near Irkutsk (52.5N, 104.3E, LT = UT + 7).
The ISR antenna system allows beam steering in the plane
passing through the major axis of the antenna. As a beam
lying out of this plane we used the ionosonde measure-
ments. The ISR and DPS-4 positions and the ground pro-
jections of two ISR beams are shown in Fig. 1.

The experimental data are the electron density profiles
measured by two ISR beams depicted in Fig. 1 and by
DPS-4 ionosonde. The distinctive property of the Irkutsk
ISR implies that the electron density profile is measured
by the Faraday rotation method (Shpynev, 2004) and
hence ISR has no need of calibration by ionosonde. All
DPS-4 ionograms have been manually scaled with the
interactive ionogram scaling technology described by Rei-
nisch et al. (2004). The electron density profiles were con-
structed from the ionogram traces using the Reinisch and
Huang (1983) method with the extrapolation above a peak
height (Reinisch and Huang, 2001).
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Fig. 1. Positions of ISR and DPS-4. Ground projection of two ISR beams
at heights of 200, 300 and 400 km.
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For the analysis we selected magnetically disturbed day
of September 11, 2005. The

P
Kp was 50+, Kp index was

not less than 6+ for 0–15 UT interval and reached its peak
of 8� on 6–9 UT interval.
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Fig. 2. Ne-TIDs within a period band of 1–4 h. September 11, 2005.
LT = UT + 7. Positive contours are solid lines and negative contours are
dashed. The contour step is 0.4 · 1011 m�3.
2. Analysis method

As mentioned above, the data are the electron density
(Ne) profiles measured by two beams of ISR and by
DPS-4 ionosonde. The Ne-TIDs were selected from Ne
diurnal variations by band-pass filtering with period band
of 1–4 hour. The selected Ne-TIDs are shown in Fig. 2.

We assume that Ne-TIDs have the form of planar wave:

DNeð~R; tÞ ¼ DN 0ðzÞAðt � sð~RÞÞ; ð1Þ

where DN0(z) is height profile of TID, A(t) is its temporal
form,

sð~RÞ ¼ ð~e �~RÞ=V ; ð2Þ

~R ¼ fRx;Ry ;Rzg is radius-vector of observation point,
~e ¼ fex; ey ; ezg is unit vector specifying the wave propaga-
tion direction, V is wave velocity. As a coordinate system
we chose Cartesian system with the origin in ISR location,
where the z-axis is upward, the x-axis is northward, y-axis
is eastward. In this system the~e vector has the coordinates
{coshcosw, cosh sinw, sinh}, where h is elevation angle
over the horizon with upward wave propagation direction
as a positive, w is azimuth angle with respect to north, tak-
ing clockwise as a positive.

The delay (or time difference) between the Ne-TIDs
observed at the points with radius-vectors ~R1 and ~R2 is

Dsð~R1;~R2Þ ¼ ð~q � ð~R1 �~R2ÞÞ; where ~q ¼~e=V : ð3Þ

Using the mutual delays between the Ne-TIDs observed by
two beams of ISR and DPS-4 at the same heights we obtain
the linear system of equations for determination of qx and
qy:

qxðx1 � x2Þ þ qyðy1 � y2Þ ¼ Ds12

qxðx2 � x3Þ þ qyðy2 � y3Þ ¼ Ds23

qxðx3 � x1Þ þ qyðy3 � y1Þ ¼ Ds31

8><
>:

ð4Þ

where (x1,y1), (x2, y2) and (x3,y3) are observing points
coordinates in xy-plain for two beams of ISR and DPS-
4, respectively. By solving this system we obtain the expres-
sions for qx and qy

qx ¼ Ds12ðDy23 � Dy31Þ þ Ds23ðDy31 � Dy12Þð
þDs31ðDy12 � Dy23ÞÞ=3S

qy ¼ � Ds12ðDx23 � Dx31Þ þ Ds23ðDx31 � Dx12Þð
þDs31ðDx12 � Dx23ÞÞ=3S

8>>>>>><
>>>>>>:

ð5Þ
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where Dxij = xi � xj, D yij = yi � yj, S = Dx12Dy23 � Dx23-

Dy12 is doubled area of the triangle having apexes (x1,
y1), (x2, y2) and (x3, y3). Using the delays Dsz between
the Ne-TIDs observed by DPS-4 at different heights we
can determinate qz:

qz ¼ Dsz=Dz: ð6Þ

From complete~q vector one can calculate the TID charac-
teristics V, h, w for different heights.

In particular case when Ne-TID has the form of mono-
chromatic planar wave we can determinate the complete
wave vector ~k� and associated characteristics V, h, w using
the equations analogous to Eqs. (5) and (6) for phase differ-
ence Du between harmonics observed at different points:

kx ¼ Du12ðDy23 � Dy31Þ þ Du23ðDy31 � Dy12Þð
þDu31ðDy12 � Dy23ÞÞ=3S

ky ¼ � Du12ðDx23 � Dx31Þ þ Du23ðDx31 � Dx12Þð
þDu31ðDx12 � Dx23ÞÞ=3S

kz ¼ Duz=Dz

8>>>>>><
>>>>>>:

ð7Þ

For the determination of the TID propagation charac-
teristics we used two methods. The first one (cross-correla-
tion method) involved the determination of the delays
between the TIDs observed at different points by the
cross-correlation analysis. Thereafter the TID characteris-
tics were calculated using Eqs. (5) and (6). The second
method (phase difference method) involved the TID spec-
trum analysis on the base of FFT, selection of dominant
harmonic and determination of the phase difference
between harmonics observed at different points. Thereafter
the TID characteristics were calculated using Eq. (7).
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3. Results and discussion

Fig. 3 shows the TID propagation azimuth as a function
of time and height. The values were calculated by cross-
correlation method with 1.5 h length of time series. One
can see that the azimuth as a whole varies considerably
with height and time. Only for 2–4 UT interval in 230–
370 km height range and for 10–12 UT interval in 280–
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Fig. 3. The results of azimuth calculation by cross-correlation method.
380 km height range the azimuth is approximately constant
with height.

In our opinion the azimuth variability is due to interfer-
ence of several TIDs. We attempted to separate the TIDs
using TID spectrum analysis. The contours of the power
spectral density calculated for two intervals are shown in
Fig. 4. The analysis exhibited the dominant harmonic with
period of 1.5 h for 2:30–5:30 UT interval and the dominant
harmonic with period of 2.8 h for 7:00–12:30 UT interval.
Using only the dominant harmonics we calculated height
profiles of the wave propagation characteristics by phase
difference method. These profiles are shown in Fig. 5
together with results obtained by cross-correlation method
with time series equal to spectrum analysis intervals.

It can be seen from Fig. 5a that both methods give close
results. It implies that the Ne-TID observed from 2:30 to
5:30 UT has a good approximation by one harmonic. It
can also be seen from Fig. 5a that the azimuth and velocity
magnitude vary slightly with height, whereas the elevation
changes strongly. It looks like an interference of two waves
with the same azimuths, frequencies and velocities but with
different elevations.

Fig. 5b shows that the results obtained by two methods
are not in a good agreement for the elevation and velocity
magnitude. It can be seen from Fig. 4 that there are two
harmonics with periods of 2.8 and 1.5 h in the spectrum
for 7:00–12:30 UT interval. The existence of 1.5 h har-
monic markedly affects the results of cross-correlation
method and appears only slightly in the results of phase
difference method because of spectrum separation of har-
monics. Nevertheless even for this method the azimuth
changes strongly with height, while elevation variability is
small enough. Most likely we observe an interference of
two waves with the close frequencies and elevations but
with different azimuths (e.g. an interference of waves from
different sources).
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Fig. 4. The contours of the power spectral density. (a) for 2:30–5:30 UT
interval, (b) for 7:00–2:30 UT interval.
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Fig. 5. The height profiles of the TID characteristics calculated by cross-
correlation (solid line) and phase difference (dashed) methods. (a) The
analysis interval is 2:30–5:30 UT. The dominant harmonic period is 1.5 h
(b) The analysis interval is 7:00–12:30 UT. The dominant harmonic period
is 2.8 h.
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In our opinion the height variability of characteristics
is due to interference of several TIDs. Therefore the TID
separation methods should be developed. In our studies
we used the method of temporal separation (cross-corre-
lation method) and the method of spectral separation the
base of FFT (phase difference method). Neither of two
methods provides the complete TID separation. Ma
et al. (1998) applied the maximum entropy cross-spectral
analysis for studying TID propagation characteristics.
However, according to their studies, the noticeable height
variability of wave vector components was observed,
which in our opinion is due to interference of several
TIDs.

We compared our measurements with known results of
the TID studies (Ma et al., 1998;Oliver et al., 1988; Hocke
and Schlegel, 1996; Williams et al., 1982). As estimations of
characteristics we took height average values. For the first
disturbance observed from 2:30 to 5:30 UT (9:30–
12:30 LT) the period T1 is 1.5 h, the phase velocity magni-
tude V1 is 45 ± 8 m/s, the elevation over the horizon h1 is
�45� ± 14� and the azimuth w1 is 201� ± 6� (± indicates
the height variability). For the second disturbance
observed from 7:00 to 12:30 UT (14:00–19:30 LT) the esti-
mations are: T2 = 2.8 h, V2 = 44 ± 14 m/s, h2 = �70� ±
10�, w2 = 210� ± 25�.

The obtained southward and downward propagation of
the phase front is the typical large scale TID feature
(Hocke and Schlegel, 1996). The phase velocity magnitude
values are closer to the results obtained by Ma et al. (1998)
(V = 50 m/s) and Williams et al. (1982) (V = 62 m/s) than
to those obtained by Oliver et al. (1988) (V = 80 m/s) and
reported in the Hocke and Schlegel (1996) review
(V = 96–113 m/s). Increasing absolute value of elevation
angle jhj with wave period is in agreement with Hines
(1960) dispersion equation for atmospheric gravity waves,
whereas the jhj values look underestimated compared to
those reported in the papers of Ma et al. (1998)
(jhj = 74�), Williams et al. (1982) (jhj = 74�), Oliver et al.
(1988) (jhj = 79�) and Hocke and Schlegel (1996)
(jhj = 72� ‚ 82�). One of reasons for underestimating jhj
can be the impact of TIDs interference upon the obtained
results.
4. Conclusion

For the first time the height structure of TID propa-
gation characteristics have been investigated on the base
of Ne height profiles measured by ISR and DPS-4 iono-
sonde using cross-correlation and phase difference
methods.

We compared our measurements with known results of
the TID studies. The obtained southward and downward
propagation of the phase front and increasing absolute
value of elevation angle with wave period are in agreement
with known TID features, whereas the elevation angle
magnitudes look underestimated compared to the results
of other researchers. This discrepancy can be caused by
the interference of several TIDs.

In our opinion the interference manifest itself in the
height variability of TID propagation characteristics. The
noticeable height variability of wave parameters was also
observed by Ma et al. (1998) and Lanchester et al.
(1993). If the interference of several TIDs is a typical phe-
nomenon for the ionosphere, then special methods of TID
separation methods should be developed.
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