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Abstract. We investigate an unusual class of medium-scalellDs that was aroused due to difficulties in determining an
traveling ionospheric disturbances of the nonwave type, isoadequate mechanism for IID generation in mid-latitudes, as
lated ionospheric disturbances (lIDs) that manifest them-well as by the fact that the IID have a marked effect on am-
selves in total electron content (TEC) variations in the form plitude and phase characteristics of transionospheric signals
of single aperiodic negative TEC disturbances of a durationfrom radio engineering communication and navigation sys-
of about 10 min (the total electron content spikes, TECS).tems (Titheridge, 1971; Karasawa, 1985; Bowman, 1989;
The data were obtained using the technology of global deAfraimovich et al., 1992) by causing serious malfunctions
tection of ionospheric disturbances using measurements adf these systems.

TEC variations from a global network of receivers of the A large number of publications (e.g. Karasawa, 1985;
GPS. For the first time, we present the TECS morphologyTitheridge, 1971), including a review by Bowman (1989)
for 170 days in 1998-2001. The total number of TEC serieswere devoted to the study along this line. 11Ds are detected
with a duration of each series of about 2.3h (2h 18m), ex-when recording amplitude and phase scintillations of tran-
ceeded 850000. It was found that TECS are observed in ngionospheric radio signals in the form of rarely occurring sin-
more than 1-2% of the total number of TEC series mainly ingle aperiodic negative impulses with a duration from a few to
the nighttime in the spring and autumn periods. The TECSseveral tens of seconds (Karasawa, 1985). To name this un-
amplitude exceeds the mean value of the “background” TECcommon type of scintillation Karasawa (1985) seems to be
variation amplitude by a factor of 5-10 as a minimum. TECSthe first to coin the term “spikes-type” (S-) scintillations.
represent a local phenomenon with a typical radius of spatial Karasawa et al. (1985) noticed from a long-term record-
correlation not larger than 500 km. The IID-induced TEC ing of the signal from the geostationary MARISAT satellite
variations are similar in their amplitude, form and duration at 1.5 GHz frequency which was synchronous with ampli-
to the TEC response to shock-acoustic waves (SAW) genertude S-scintillations, there occur similar-appearing changes
ated during rocket launchings and earthquakes. However, thg the rotation angle of the polarization plane that are propor-
IID propagation velocity is less than the SAW velocity (800- tional to a corresponding disturbance of total electron content
1000 m/s) and are most likely to correspond to the velocity(TEC). Anomalous fluctuations, recorded during 13 months
of background medium-scale acoustic-gravity waves, on thef observation, occur predominantly in the nighttime and last
order of 100-200 m/s. from 55s to 2min. The diurnal dependence of the S-type os-

Key words. lonosphere (ionospheric irregularities, instru- cillations shows two distinct peaks: 09:00-15:00 in the day-

ments and techniques) — Radio science (ionospheric propdime, and 20:00-01:00 at night. As far as the seasonal de-
gation) pendence is concerned, however, a maximum of the oscilla-

tion distribution corresponds to early summer (June). It is
customary to associate the occurrence of S-type oscillations
) with diffraction or interference from small-scale irregulari-
1 Introduction ties, “blobs” and “bubbles”, generated in the ionosphere.

Of the known ionospheric irregularities of a different class, Titheridge (1971) found that amplitude and phase

mid-latitude isolated ionospheric disturbances (lIDs) stand>-Scintillations are caused by refraction and diffraction ef-

out as a highly unusual type. There has been a consisteJ?CtS_ at th_e propagation of the transionospherip signal in a
interest over the past 40 years in the study of the origin c)fmedlum with 1IDs and presented the corresponding formulae

for estimating these effects as a function of the relationship
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the sounding geometry (the distance to the satellite and to thevhere L1A1 and LoA» are additional paths of the radio sig-
layer with 1IDs). nal caused by the phase delay in the ionosphere, (m);

However, in spite of the many years of experimental andand L represent the number of phase rotations at the fre-
theoretical investigations, there is as yet no clear understandjuenciesfi and f2; A1 and i, stand for the corresponding
ing not only of the physical nature of IIDs, but even of their wavelengths, (m);onstis the unknown initial phase ambigu-
morphology (the occurrence frequency as a function of geoity, (m); andn L are errors in determining the phase path, (m).
graphical position, time, level of geomagnetic and meteoro- Phase measurements in the GPS can be made with a high
logical activity, etc.). degree of accuracy corresponding to the error of TEC de-

To tackle these questions requires statistically significantermination of at least 6 m—2 when averaged on a 30-
sets of experimental data with good spatial and temporal ress time interval, with some uncertainty of the initial value
olution, in order to gain insight into not only morphological, of TEC, however (Hofmann-Wellenhof et al., 1992). This
but also dynamic IID characteristics: the direction of travel, makes it possible to detect ionization irregularities and wave
the propagation velocity, and the location of the possible disprocesses in the ionosphere over a wide range of amplitudes
turbance source. Another important requirement implies aup to 10~* of the diurnal TEC variation) and periods (from
continuity and global coverage of observations, since suct24 h to 5min). The unit of TECTECU, which is equal to
phenomena are relatively rare in time and random in space.10'® m=2, is commonly accepted in literature, and will be

Such an opportunity is for the first time provided by the use used in the following text.
of the international ground-based network of two-frequency Primary data include a series of “oblique” values of TEC
receivers of the GPS, consisting of no less than 1000 sites ag(¢), as well as the corresponding series of elevatiyiig
of the beginning of 2002 and posting its data on the Inter-and azimuthsy, (¢) of the Line-of-Sight (LOS) to the satel-
net, which opens up new avenues for a global, continuouslite, calculated using our developed program which converts
fully computerized monitoring of ionospheric disturbances the GPS system standard RINEX-files on the Internet (Gurt-
of a different class. ner, 1993).

The objective of this paper is to study the morphology A series of the values of elevatios(r) and azimuths
and spatial and temporal properties of 1IDs using data frome; () of the LOS to the satellite were used to determine
a global network of GPS receivers. Following Karasawa etthe coordinates of subionospheric points for the height
al. (1985), the term TECS (total electron content spikes) will Amax = 300 km of theF»-layer maximum, and to convert the
be used here to designate the IID-induced TEC disturbancesoblique” TEC I,(¢) to the corresponding value of the “verti-
The sample statistic of the occurrence frequency and moreal” TEC by employing the technique reported by Klobuchar
phology used in this study does refer to TECS recorded from(1986)

GPS data. Within the framework of certain model represen- R
tations, using these data it is possible to reconstruct ampli{ = I, x cos[arcsin(—Z cos@_v)} , (2)
tude and spatial characteristics of local electron density dis- R: + hmax

turbances, i.e. of 1IDs themselves. On this basis, the ternwhereRr, is the Earth’s radius. All results in this study were
[IDs will be used below interchangeably with the term TECS. obtained for elevationg, (¢) larger than 30.

Section 2 describes the method for detecting the TECS To eliminate variations of the regular ionosphere, as well
obtained in our study. Section 3 presents the TECS moras trends introduced by orbital motion of the satellite, we
phology. Section 4 is devoted to a detailed analysis of theobtained TEC variationd(¢) by filtering from the initial
spatial and temporal properties of 1IDs by considering thel (¢)-series over the range of periods of 2-20 min.
most pronounced manifestation of TECS on 5 October 2001 The technology of global detection of TEC disturbances
in California, USA. The discussion of results compared with of a natural and technogenic origin that was developed at the
findings reported by other authors is presented in Sect. 5. ISTP SB RAS (Afraimovich, 2000b) makes it possible to se-

Our comparison of 1ID characteristics with geomagnetic lect — in the automatic mode from an extensive amount of
field variations used data from near-lying magnetic varia-experimental material — TEC variations which can be classed
tion stations of the INTERMAGNET network (address: http: as TECS.

[lwww.intermagnet.org). TECS were selected by two criteria. TEC variations were
selected first, where the standard deviation (rms) exceeded
the prescribed levet. The statistic of TECS discussed in
this paper was obtained fer= 0.1TECU. Our selection of
the threshold value aof is based on the following considera-
The standard GPS technology provides a means for wave dist,i—ons' Afra}imovich gt al. (2001a) inves_tigated the spectra of
turbance detection based on phase measurements of TEC |gpospherlc TEC dlsturbances for quiet and disturbed geo-
each of the spaced two-frequency GPS receivers (Hofmannr—nagnetlc conditions using GPS data and showed that the rms
Wellenhof et al., 1992): of the_TEC var|at|0n_over th_e_ range of periods of_2—2_0 min
for quiet geomagnetic conditions is 0.0DBCU. It is this
1 f12f22 range that corresponds to the typical TECS periods. Dur-

~ 40308 f2— f2 ing geomagnetic disturbances, the TEC variation amplitude

2 Method of processing the data from the global net-
work: selection of TECS

[(L1r1 — L2A2) 4+ const+nL], (1)

o
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Fig. 1. An illustration of TECS selection{a) — an example of a typical “vertical” TEC(¢) series (containing no TECS) recorded on 11
February 2001 at station COCO (86E; 121° S); (b) — filteredd I (¢)-variations (from the initial (¢)-series). Panel&) and(e)— same but

for station BAKO (1068° E; 065° S), thel (¢)-series containing TECS. Shown in pan@$and(d) are the station names and GPS satellite
numbers (PRN). Panéé) shows the minimum value of the amplitudgin, the timeryin corresponding to this amplitude, and the time
durationAT is shown in(e) by the shaded triangle. Panéty and(f) (for PRNO5 and PRN30, respectively) present the filtered TECS for
spaced GPS stations on 5 October 2001.

can increase an order of magnitude compared to a magneter the daytime conditions generally exceeded the respective
ically quiet period and reach 0.0%CU. Thus, the value nighttime values no more than by a factor of 2—4. For that
0.1TECU permits filtering of the background TEC fluctua- reason, by selecting of the threshold vatue= 0.1, it was

tions. possible to eliminate the background TEC fluctuations for

both nighttime and daytime conditions.
The aforementioned estimates of the typical values of g 4

rms of d1(¢) variations were obtained by Afraimovich et  Figure 1 illustrates the TECS selection procedure. Fig-
al. (2001a) by a global averaging of the data from the GPSure 1a presents an example of weakly disturbed disturbances
network and represent daily mean values. In Afraimovich etof a “vertical” TECI (¢) recorded on 11 February 2001 at sta-
al. (2001a) it was pointed out that rms @f (¢) variations  tion COCO. Figure 1b presents the filter@tl(z)-variations.
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Fig. 2. Seasonal dependence of the density and maximum amplitude of TBIGSnumber of day9/ of observation versus time of the

year; (b) — number of TECSV; (c) — mean number of TECS per ddy = N/M. (d) — relative TECS density) obtained as the ratio

of the number of TECSV to the number of receiver-satellite Lines-of-Sight. Diamonds in panel (d) show the mean valugsaobfthe
maximum amplitude$§A min| for each season, and vertical lines show their rms. The dashed horizontal line shows the threshold in amplitude
(e = 0.1TECU).

Dashed horizontal lines show the prescribed thresholthe The timermin, corresponding to the value dfyi, of the fil-
rms of thed I (¢)-variations is 0.00TECU, that is, does not tered TEC variatio I (), is shown in Fig. 1e by the shaded
reach the prescribed threshotd= 0.1TECU. triangle. The value oAT is determined from the level of

Figures 1d and e plot the same dependencies as in Figs. a5 Ayin. The amplitude of this pulsd i, far exceeds the
and b, but for station BAKO. It is evident from Fig. 1d that specified threshold = 0.1TECU and is at least an order of
unusual (for background disturbances) TEC variations in themagnitude higher than the background TEC fluctuation in-
form of a single impulse of a duration on the order’\df’ = tensity for this range of periods (Afraimovich et al., 2001a).
10 min are clearly identified at the background of slow TEC Then for each filtered series we verified the fulfiiment of
variations. the “singleness” condition of the TEC overshoot. The condi-
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tion of uniqueness of the TECS impulse on the time interval
of 2.3h used in the analysis was satisfied if the maximum
value of|Amin| exceeded the rms value af (¢) at least by

a factor of 3 and the amplitude of a secondary minimum of
dI(¢) did not exceed 0.3 iy (see Fig. 1e). Furthermore, we
discarded the TEC impulses whose duratid?® exceeded
the specified value 30 min.

It should be noted that the above examples (Figs. 1b and e)
both refer to the same time interval and to the stations spaced
by a distance over 1300 km. This indicates the local charac-
ter of the phenomenon and is in agreement with the overall
statistic characterizing its spatial correlation (see Sect. 3).

For each of the events satisfying the above TECS selec-
tion criteria, a special file was used to store information about
the GPS station name and geographic latitude and longitude;
GPS satellite PRN number; amplitudgyin; time zmin cor-
responding to the minimum value of thgyin; and about the
TECS durationAT. The sample statistic, presented below,
was obtained by processing such files.

3 Morphology of TECS

The total number of the TEC series for 170 days in 1998—
2001, used in the analysis, corresponding to the observation
along a single receiver-satellite LOS, with a duration of each
series of about 2.3 h, exceeded 850000. The method out-
lined above was used to obtain a set of TECS totaling about
10000 cases, or making up about 1% of the total number
of the Lines-of-Sight. An analysis of the resulting statistic
revealed a number of dependencies of TECS parameters on
different factors.

First, we consider the seasonal dependence of the TECS’
occurrence frequency and amplitude (Fig. 2). Figure 2a plots
the number of days of observatidd versus season. As is
evident, autumn is represented best statistically. Figure 2b
shows the seasonal dependence of the number of TECS,
Figure 2c plots the number of TECS per day as a function of
seasonL = N/M. This dependence has maxima in spring
and in autumn.

The relative density of TECS), obtained as the ratio of
the number of TECS identifiedy, to the number of Lines-
of-Sight, is presented in Fig. 2d. Vertical lines in Fig. 2d
show the TECS standard deviations (rms). The most prob-
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value 0.3TECU, independently of the season.
Figure 3a presents the diurnal distribution of TECS,
P (tmin), for the timesimin. It is evident that the distribu-

of the timesy,, corresponding to the minimum amplitudey, of

the TECS;(b) — histogramP (d R) of the number of cases where
TECS within one 2.3h time interval were observed at any two
GPS stations, with the distand&k between them(c) — distribu-

tion ha_s maxima in the. nighttimg and in the mo.rning hOL.lrS,tion P(IAmin) of the maximum amplitudeA,ny| of TECS. The
approximately from 00:00 to 07:00, and from 23:00 to 24:00 yepical dashed line in panel (c) shows the threshold in amplitude

of local time LT.

€ = 0.1TECU. Panel (a) shows the numbat of the detected

Figure 3c presents the normalized probability distribu- TECS, and the total numberof Lines-of-Sight

tion P(]Amin|) of TECS occurrence with a given amplitude
|Amin|- It was found that the largest probable value of the
amplitude| Amin|, also shown in Fig. 3c, is about OTECU,
and the half-width of the distribution is 0.RECU. Thus,
the most probable value of the amplituideyin| of the TECS

identified here exceeds the mean value of the “background
TEC variation amplitude by a factor of 5-10 as a minimum
(Afraimovich et al., 2001a).



52 E. L. Afraimovich et al.: Isolated ionospheric disturbances

5 October 2001 GPS stations spaced by a distadée(Fig. 3b). It was found
08:00 - 10:00 UT that the localization of TECS in space is sharply defined. In

90% of the cases the distané® does not exceed 500 km.
42 7 . . The event of 5 October 2001 was used in the analysis of
40 S ’ d.  the TECS dynamic characteristics. On that day, between

‘3.-.-- . .,

ot . USA 08:00 and 18:00UT, a number of GPS stations located in

California, USA (220-260E; 28—-42 N) recorded a large

number of traveling ionospheric disturbances (TIDs) of the
TECS type. For the above-mentioned time interval and the
selected longitude range, the local time varied from 00:00 to
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30 v 10:00LT (for the longitude of 24CE corresponding to the
28 '10‘35'L95' R N center of the GPS station array used in the analysis). So that
234 237 240 243 246 249 252 255 258 the e'xperlmental conditions were characteristic for the night-
Longitude, E t|me_ |onosp_here. _
42 Figure 4 illustrates the geometry of the experiment on 5
20 £= 0,01 TECU b October 2001. Since sgv_eral (at Ie.ast four) GPS satellites are
1 observed at each receiving site simultaneously, the number
Z 38 7 of Lines-of-Sight far exceeds the number of stations, which
8 36 enhances considerably the possibilities of analysis. Panel (a)
g 34 presents the entire set of GPS stations and subionospheric
= 32 points that were used in the experiment for the time inter-
1 val from 08:00 to 10:00 UT; panels (b) and (c) — the same,
30 7 149 LOS but for the specified threshold = 0.01TECU (b), and
2 L s B A B B B O € = 0.1TECU (c). Except in a single case, TECS were
234 237 240 243 246 249 252 255 258 recorded along the LOS running over land. As is evident
Longitude, E from the figure, the increase in the recording threshold did
42 not change the number of events recorded.
40 4 C. Figure 5a—c presents the geomagnetic variations on 5 Oc-
1 tober 2001. At the lower time scale in Fig. 5, the local
Z“ 38 ] time LT is represented for the longitude of 248, Figure 5d
g 36 presents the distribution of the values of the GPS station lati-
§ 34 tudes and timayin. The letters A, B, C, and D in Fig. 5d label
3 32 the TECS “traces” that are presented in Fig. 6 on a smaller
30 time scale. Figure 5e — same as in Fig. 5d, but for the station
2 ] 149 LOS longitudes andnn. Figure 5f presents the distributidv(z)

LI L B B B of the number of TECS that were detected that day at all GPS

Longitude, E

Fig. 4. Geometry of the experiment on detection of TECS on 5 Oc-4 The characteristics of 1IDs as deduced from the 5 Oc-
tober 2001 in California, USA, from 08:00 to 10:00 UT. Heavy dots tober 2001 event over California, USA
show the GPS stations, and small dots show the location of subiono-

spheric points for receiver-satellite Lines-of-Sight. Pdagkhows 4.1 Determining the dynamic characteristics of 11Ds by the
the stations and subionospheric points for all Lines-of-Sight. Pan- SADM-GPS method

els (b) and(c) show the stations and subionospheric points where

the TEC variations revealed TECS with an amplitude exceedingThe methods of determining the form and dynamic character-

the specified threshold = 0.01TECU (b), ande = 0.ITECU  jgtics of TIDs that are used in this study are based on those re-

(c). Numbers in all panels show the total number of Lines-of-Sight ported in Afraimovich (1997) and Afraimovich et al. (1998

shown in the panel. 1999, 2000¢) '
The received phase of the transionospheric radio signal is

The availability of a large number of stations in some re- given by

gions on the globe, for instance, in California, USA, and o, — g 42 % 10771 /f + ¢o, @A)
West Europe, furnishes an opportunity to determine not only

the temporal, but also the spatial characteristics of TECS. Inwhere ¢ is the phase (rad) measured at the receiyers
order to estimate the radius of the spatial correlation of eventshe received frequency (Hz¥o — the initial phase (Spoel-
of this type, the number of cases was calculated where TECStra and Kelder, 1984). Then the phase differemcgsalong
within a single 2.3 h time interval were observed at any twothe axest (directed to the east) and(directed to the north)
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5 October 2001 1976; Afraimovich et al., 1992; Mercier and Jacobson, 1997)
Dst, nT i i i i
ob a. and is not analyzed at length in this study. The most impor-
20 4 tant conclusion of the cited references is the fact that, as for
.40 /\‘_/_/\W/\ the extensively exploited model of a “plane phase screen”,
H(f) T rorTTT T disturbance\ ! (x, y, t) ofTEC fgithfully copy the horizon-
200 4 b. tal part of the corresponding disturbana&v (x, y, z, ) of
04 local concentration, independently of the angular position of
200 1VICTORIA (48.52° N, 236.58° E) the source, and can be used in experiments on measuring the
L s B B L B B e L wave disturbances of TEC.
20 4H(®. T C. We determine the velocity and direction of motion of the
04 phase interference pattern (phase front) in terms of some
] models of this pattern, an adequate choice of which is of crit-
207 2-20 min ical importance. In the simplest form, space-time variations
| e L L B s e S T T in TEC variationsd! (¢, x, y) in the ionosphere that are pro-
40L7atituc1e, N A . B C . D . d. portional to the phase variation of the transionospheric radio
3g ] . gi L . ” J signal, at each given time can be represented in terms of
36 ‘& ]il ' 4 ;h ' . . the phase interference pattern that moves without a change
3‘2‘ ] e, ] 2 K in its shape (the non dispersive disturbances):
30 T T " T T T T T T 1
248Lpngitude, E. o ) e I, x,y)=F(@{ —x/uy _y/uy)v (4)
a4 | . 'Y H W . whereu, (r) andu,(¢) are the displacement velocities of in-
1 T { t" s I . 8‘. i . tersection of the phase front of the axeandy, respectively,
S I £ FHEAS :. andF is an arbitrary function.
236 +——1 11— — T A special case of Eq. (4) is the most often used model for
240 NV f. a solitary plane travelling wave of TEC disturbance
180
1%8 ] M I(t,x,y) = 8sin(Qt — Kyx — Kyy + o), (5)
o +——r—r——"r-+ = A UT. hour . .
0 2 4 6 8 10 12 14 16 18 20 22 24 ' wheres, K., K, Q — respectively, are the amplitude, the
T T T T T T T T T | Tohour - andy-projections of the wave vectdt, and the angular fre-
16 18 20 22 0 2 4 6 8 10 12 14 16

guency of the disturbancey is the initial disturbance phase;

Fig 5. G fic field i £ October 20011 K is the horizontal projection of full wave vectd;.
Ig. 5. Geomagnetic field),;-variations §) 5 October 1(1)- Figure 7a gives a schematic representation of the tran-
variations of the horizontal component of the geomagnetic field as

recorded at station Victoria (238 E: 4852 N) — (b). dH (1)- sionospheric sounding_ geomeFry (_see caption). It shou]d be
variations, filtered from the serig () in the range of periods of noticed, however, that in real snganops neither of these |Qe_al
2-20min —{c). (d) — the distribution of the values of the GPS sta- Models (Egs. 4 and 5) are realized in a pure form. This is
tion latitudes from timemin, corresponding to each of the TECS because the TIDs propagate in the atmosphere in the form
detected that day by all GPS stations of the California region thatof a dispersing wave packet with a finite value of the width
were used in the analysis (22@260° E; 28—42° E); (e)—same as  of the angular spectrum. But in the first approximation on a
in (d), but for the station longitudes angin; (f) — the distribution  short time interval of averaging, compared to a time period
N (1) of the number of TECS that were detected that day at all GPSyf filtered variations of TEC, the phase interference pattern
stations used in the analysis, with the rms abeve 0.1TECU. moves without a substantial change in its shape.

The letters A, B, C, and D in (d) label the TECS “traces” that are A Statistical, Angle-of-arrival and Doppler Method
presented in Fig. 6 on a smaller time scale. The triangle in panel (f)(SADM) was prbposed by Afraimovich (1997) for determin-

designates th&itan-4rocket launch time 21:21 UT from the space- ) . . .

launch complex “Vandenberg” (239 E; 348° N). ing the charactgrlstlcs of Fhe dynamics of the phz_:lse mtgr-
ference pattern in the horizontal plane by measuring varia-
tions of TEC derivatives with respect to the spatial coordi-

are proportional to the values of the horizontal componentdates/; (), I3(1), and to the timel/(s). This permits the

Gp = I andGy = ,; of TEC gradient; primes denote determmatlon_of the unambiguous onentathm@f) of the

derivatives with respect to a variable specified by the lowerave-vectork in the range 0-360and the horizontal veloc-

index. For convenience of presentation, we will be using val-Ity #(¢) at each specific instant of time

ues of phase as well as TEC. , ,

The correspondence of space-time phase characteristicsfx(t) - a/rctar({x(t)/ I,®) .

obtained through transionospheric soundings, with local*(!) = If/(t)/lf(t) = u(t)/sina(r) (6)

characteristics of disturbances in the ionosphere, was consio’fy(t) =LO/10) = ”gt)/ COS‘;(I) 2

ered in detail in a wide variety of publications (Bertel et al., ) = lux(®uy O]/ (uk @) + uy @) 2.
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Fig. 6. (a), (c), (e), (g} The distribution of the values of the GPS station latitudes from tife corresponding to each of the TECS
detected that day; the letters A, B, C and D label the TECS “traces” that are presented in Fig. 5 on a longer tiigig, gc€f), (h) — same
as in Fig. 8a, c, e, and g, but for the station longitudesrayl The right scales on pang(a) and(e) shows the relative linear coordinates

AX andAY in topocentric frame of reference.

However, direct use of the SADM algorithm that was de- ple model for an equivalent “thin phase screen” located in a
veloped for experiments with geostationary satellites is unachorizontal plane at the height of the main maximum of elec-
ceptable in GPS radio interferometry of TIDs, as this neglectdron densityimax (Afraimovich et al., 1998, 1999, 2000c).
the displacement of LOS on satellites with respect to TIDs inThis is quite acceptable because the wavelength of TIDs is
the ionosphere. To allow for this effect in view of the integral comparable to the height scale in the region of the main max-
character of TEC measurements at a transionospheric sounémum, which does make the main contribution to the phase
ing, in the first approximation, it is possible to invoke a sim- modulation caused by the displacement of TIDs. In other
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Fig. 7. (a)— schematic representation of the transionospheric sounding geometry. The gx@sdx are directed, respectively, zenithward,
northward (N) and eastward (E). P — point of intersection of LOS to the satellite with the maximum of the ionospheric F2-region; S —
subionospheric pointys — the azimuthal angle, counted off from the northward in a clockwise directiongardhe angle of elevation
between the direction along LOS and the terrestrial surface at the reception gitethe angle between the vectds andr. (b) — GPS-

array geometry; A, B, C — receiver points, at which two-frequency multichannel GPS-receivers are installed. Parallel lines correspond to
lines of equal TEC. The arrow indicates the vedtoin the directionx.

words, the imaginary detector is located at the p&irgf in- (Fig. 7a) vary as
tersection of the LOS to the satellite with an arbitrary plane ;
: . . X5 (#) = hmaxSin(a; (¢)) cot(By (1))
7
selected at a heiglitmax Of the electron density peak in the Vo(t) = himax COS(ts (1)) COLE, (1)) (7)

ionosphere. The subionospheric pairis a projection of the _ .
point P onto the terrestrial surface (Fig. 7a). and thex- andy-components of the displacement veloaity

Lo . wy (1) = (x5(1);
Afraimovich et al. (1998, 1999, 2000c) described the up- "' (. ))/" (8)

dating of the SADM algorithm for GPS-arrays (SADM-GPS) e

based on a simple model for the displacement of the phase in- The equations for the transition from the fixed coordinate

terference pattern that travels without a change in the shap&ystem(x Oy) to a moving coordinate syste’Sy’) via a

and on using current information about the angular coordi-Pparallel transfer of the coordinate axes are written as (Korn

nates of the LOS: the elevati@i(r) and the azimuth, (7). and Korn, 1968):

Since the distance between GPS array elements (tens of angd’ = x — y, ¢

a few hundred km) is much smaller than the distance to the y/ — y — wyt. ©)

GPS satellite (over 20 000 km), the array geometry ata height Since the transformation of coordinates is accomplished

hmax is similar to the geometry of th_e array at th_e ground without rotation, the direction of travel of the front line in a
level. Consequently, one can consider the motion of the,

. fay . :
imaginary detectors with respect to the ground-based GP§XeOI (xOy) and movingx'Sy”) coordinate systems remains

; ; S unchanged. The equation for the front lifi&e C = constin
stations in one plane. Clearly, such an approximation of thea moving coordinate systet’Sy’) may be represented as a
flat earth corresponds to large values of the elevation of the 9 Y Y y b

LOS to the satellite; this condition is satisfied in this paper. hormal equation for a straight line (Korn and Korn, 1968)
x'sina + y’ cosa — ut =0, (10)
We now introduce a fixed coordinate systén®y) tied to
ground-based stations, centered on the p6irfFig. 8). An
infinite plane frontT EC = const(Fig. 8, thick line) moves
in this coordinate system with the phase velodity The
coordinate systenix’Sy’), tied to the subionospheric point
S, moves with respect to the systém0y), with the velocity
w (Fig. 8). The coordinates; (r) andy,(¢) of the intersection
point P athmax in the chosen topocentric coordinate systemx sina + y cose — (1 4+ wy Sina + wy, cosa)t =0,  (11)

whereu is the velocity of travel of the front line in a direction
normal to the front lineT EC = cons), i.e. in the direction
of the wave vectoK in a moving coordinate syste(m’Sy’),
andur is the distance from the poistto the front line.

Substituting Eqg. (9) into Eq. (10) gives the equation for
front line in a fixed coordinate syste(mOy):
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y‘ In the case where the directions of the vect&rand w
‘ coincide, the resulting value &f, equals the sum

\ Vi =u+w. (14)
Uy

In this case, if the subionospheric point catches up with the
A front TEC = const the measured value of the velocity
((\ becomes less than the trig. If the subionospheric point
Q P 4 moves in the direction opposite to the frdREC = const
K the measured value afis larger than the true value &f,.
OO Let us take a brief look at the sequence of data handling
2 procedures. Out of a large number of GPS stations, three
\Dr points (A, B, C) are chosen in such a way that the distances
between them do not exceed about one-half the expected
u wavelengthA of the disturbance (see Fig. 7b). The point
a B is taken to be the center of a topocentric frame of refer-
S Ux ence. Such a configuration of the GPS receivers represents
Yy wA a GPS-array (or a GPS-interferometer) with a minimum of
a ‘ \/L the necessary number of elements. In regions with a dense
h network of GPS-points, we can obtain a broad range of GPS-
! arrays of a different configuration, which furnishes a means
O V\‘/X >X of testing the data obtained for reliability; in this paper we
have taken advantage of this possibility (Sect. 4.2).

The input data include a series of the vertical TEr),
Ig(1), Ic(¢). Linear transformations of the differences of the
values of the filtered TEC variationigIg —dIa) and(dIg —
dlIc) at the receiving points A, B and C are used to calculate
the components of the TEC gradidijtand; (Afraimovich
etal., 1998). The time derivative of TEC is determined by
differentiating/g (¢) at the point B.
from when we have the ultimate expression for the absolute The resulting series are used to calculate instantaneous
value of the velocity of the front lin&, in a fixed coordinate  values of the horizontal velocity;, () and the azimutl(r)

Fig. 8. The moving radio interferometer coordinate systarisy’)
and the fixed coordinate systémOy): u), andu), are the velocities
of intersection of the lind" EC = constof the axest” andy’ in a
moving coordinate systertx’Sy’) and wy, w, are thex- and y-
projections of the satellite displacement veloaity

system(xOy): of TID propagation. Next, the seridg, () anda(t) are put
. to a statistical treatment. This involves constructing distri-
Vi = u + wy SN + wy, COSa. (12)  putions of the horizontal velocity (V;,) and directionP ()

which are analyzed to test the hypothesis of the existence of
the preferred propagation direction. If such a direction does
exist, then the corresponding distributions are used to calcu-
late the mean value of the horizontal veloci¥},), as well as
the mean value of the azimutl) of TID propagation.
The TEC response amplitude experiences a strong “as-
OD = w, sina + wy cosa. (13) pect” dependence caused by the integral character of a tran-
sionospheric sounding (Afraimovich et al., 1992). As a first
Let us consider some special cases related to the appliapproximation, the transionospheric sounding method is re-
cation of Eq. (12). Assume that the velocity vector= sponsive only to TIDs with the wave vect&; perpendicular
(wx, wy) of the subionospheric point is perpendicular to to the directionr (y = 90°; see Fig. 7a). A corresponding
the wave vectoK. In other words, it is assumed that the condition for elevatio® and azimuthy of an arbitrary wave

subionospheric point drifts along the constant-phase linesyector K, normal to the directiom has the form
then the value of the velocitw must not influence the re-

Equation (12) can be obtained in a different way by taking
into consideration that the modulus of the phase velogity
equals the sum of the velocity modulugnd the projection

O D of the vectorw onto the direction of the wave vect&r
(see Fig. 8)

lationship between andV,. 6 = arctan— cojw; — o)/ tanéy). (15)
Let us check to see that this is the case in Eq. (12). As
an example, we specifg = 0. ThenK = (0, K) and We used Eg. (15) in determining the elevatiérof K,

w = (w,0). Substituting into Eq. (12) give¥, = u + from the known mean value of azimuthby Afraimovich
wsin0+ 0cos0= u. This means that for the case under et al. (1998).

consideration, the value of the velocitydoes not have any The phase velocity modulug can be defined as
influence on the value of the velocit; in a fixed coordinate

system. V =V, x cog0). (16)
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Table 1. Mean 11D parameters on 5 October 2001.

(A, (Vi) (v,
Trace M TECU m/s ((er)),© (), ° m/s C
A 660 0.26 171 0 22 153 8.2
B 280 0.28 184 5 27 160 7.6
C 376 0.36 158 5 24 139 10.2
D 280 0.34 73 0 20 59 6.7

Hence, at least the dynamic (two-dimensional) characterward direction of TECS displacement. The elevation of the
istics of TEC disturbances (TECS in the case under considerTECS wave vector, determined from the aspect condition
ation) may well be referred qualitatively to the corresponding (15), has mostly a small positive value (Figs. 9c and f, 10c
characteristicg N/N of local electron density disturbances and f). The horizontal component and the modulus of the
(lIDs). Reconstructing the quantitative characteristics of lo-phase velocity were found to b®, = 70 — 180m/s and
cal density disturbanceg N /N, in terms of the solution of VvV = 60— 160 m/s.
an inverse problem of transionospheric sounding is a highly Let us consider in greater detail the “traces” A, B, C, and
difficult, special problem, constituting the subject of our fur- D. Figures 6a—d suggest the conclusion that at each given

ther investigation. time fmin; there are only a few TECS with close values of
the coordinategv;, and there is a clearly pronounced grad-
4.2 Results of experiment ual displacement of the subionospheric point in the north-

ward meridional direction. On the other hand, the depen-

On the basis of using the transformations described indencies of the longitud&; of the TECS observed oy, ;
Sect. 4.1, for each of the GPS arrays chosen for the analysisuggest a spatial extent of the traveling irregularity in lon-
we obtained maximum values of the TECS amplitidigin|  gitude (Figs. 6e—h). Thus, the shape of the projection of the
and the average for the selected time interval values of thebserved irregularities (“traces” A, B, C, and D) onto the hor-
following IID parametersi«) and(0) — the azimuth and el-  jzontal plane show up as an ellipse.
evation of the wave vectdk;; (V;,) and(V) —the horizontal CoordinatesV; and E; can readily be recalculated to the
component and the phase velocity modulus. values of the relative linear coordinatasy; and AY; in a

For the PRNO5 and PRN30 satellites, Figs. 1c and f givetopocentric frame of reference (see right scales on Figs. 6a
an example of the filtered TECS for different spaced GPSand e). The values af X; have been calculated for the mean
stations. It is evident from the figure that the selected typ-value of latitudeN = 34.5°. Since the propagation direc-
ical TEC variations such as TECS are identical and shiftedtion « is close to 0, the ratioC of the axes of the ellipse
by a certain amount of delay, which makes it possible to cal-can be estimated from the ratid = ox /oy, Wheresyx and
culate the velocity and direction of the 1ID that causes thesy are the standard deviations of the corresponding series of
observed TEC variations. The panels show the values of théne TECS coordinateX; andY;, presented in Fig. 6. Corre-
IID velocity V,, and directiorw inferred using the above data sponding values of the rati@ are presented in Table 1. The
processing procedures. mean (for “traces” A, B, C and D) rati@ of the axes of the

Next, the series dfAmin|; (a); (0); (V) and(V) for differ- ellipse is 8.
ent sets of GPS arrays for the entire California region are put With a knowledge of the range of TECS displacement in
to a statistical treatment. This involves constructing distribu-latitude ;) and the time interval corresponding to this dis-
tions of the horizontal compone®(V},) and the phase ve- placement, it is easy to determine that the meridional pro-
locity modulusP (V); the azimuthP («) and elevationP (9) jection of the displacement velocifyy is close to 200 m/s,
of the wave vectoK;, presented in Figs. 9 and 10. which is in agreement with estimates obtained using the

Using different sets of GPS arrays we were able to obtainSADM-GPS method.
the average for the selected sets of GPS array values of am- We now estimate the horizontal sizes of the 1ID. With
plitude (A); velocity modulus({V)); horizontal projection the mean duration of 10 min and the travel velodify of
((V)) and direction{(«)) in the horizontal plane, as well as 160 m/s, we obtain the transverse size of the irregularity
the elevation angl&#)) of the displacement vectdy, in the equal to 100 km; the longitudinal size equal to 800 km.
vertical plane. Corresponding values of the IID parameters, Let us now obtain the mean estimate of the relative am-
and also numbers of the GPS arr#fyfor “traces” A, B, C, plitude of a local electron density disturbance typified by the
D are presented in Table 1. IID of 5 October 2001.

An analysis of the distribution of the azimuth®(«) A mean TECS absolute amplitude over California equals
(Figs. 9b and e, 10b and e) shows a clearly pronounced norttB.3 TECU (see Table 1). As the background value/gfwe
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Fig. 9. Distributions of the TECS parameters as determined by the SADM-GPS method, for the “trace” A (on the left; 660 arrays), and for
the “trace” B (on the right; 280 arraysa), (d) — modulusV (line 1) and horizontal compone#j, (line 2) of the TECS phase velocit{h),
(e)— azimuthe; (c), (f) — elevatiory of the TECS wave vectaK;.

used the absolute “vertical” TEC value &f(r) (see Fig. 11c) up 3%, that is quite significant for this disturbance pe-
obtained from IONEX-maps of the TEC (Mannucci, 1998). riod (AT = 10min) and exceeds the amplitude of typi-
These maps with two-hour temporal resolution were con-cal background TEC fluctuations by one order of magni-
structed using well-known methods and are placed on thdéude(Afraimovich et al., 2001a).

Internet site ftp://cddisa.gsfc.naa.gov/. ) o ) .
It is further assumed that the characteristic vertical size of

Atthe lower time scale in Fig. 11, the local time LT is rep- the IID is of the same order as the transverse horizontal size

resented for the longitude of 248. Comparison of Fig. 11C, .. (of about 100 km). The vertical extent of the part of the iono-
and d reveals that the greatest TECS occurrence probab|llt¥'phere that makes the main contribution to the TEC modula-

corresponds to the nighttime hours for which the *vertical” tion is no less than 500-1000 km. Hence, it follows that the

TEC valuelo(r) does not exceed TDECU. relative amplitude/ N /N of the local electron density distur-
Hence, the relative amplitude of TEC&I /Iy makes bance for IID reaches a considerably large value, 10—20%.
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Fig. 10. Same as in Fig. 9, but for the “trace” C (on the left; 376 arrays), and for the “trace” D (on the right; 280 arrays).

5 Discussion cause TEC variations of the TECS type. Thtan-4rocket
was launched from the “Vandenberg” spaceport (23E;

What is the nature of the ionospheric irregularities that are>*8 N) on 5 October at 21:21 UT (the launching time is

responsible for the occurrence of TECS, and do they differS10Wn by the filled triangle in Fig. 5f). However, most TECS
from the known published ionospheric disturbances? wePn that day were observed before the launching time.

shall try to unravel this situation using the sample statis- As far as seismic activity is concerned, we analyzed the
tic obtained in Sect. 3 and the 5 October 2001 event as adata covering not only the time interval of our interest,
example, because for this event it was possible not only tdut also for the period from 4 to 20 October 2001 (http:
record a large number of TECS, but also to obtain estimategwwwneic.cr.usgs.gov/neis/FM/previous/0107.html).  No
of the size, anisotropy and velocity of isolated ionosphericearthquakes with a magnitude larger than 3.5 were recorded
irregularities that are responsible for the occurrence of TECSn the region of our interest for the above time interval.

(Sect. 4). For 5 October 2001, the time interval of our interest, TEC
It is significant that, according to Internet data for the con- fluctuations similar to TECS detected over California were
cerned region of the USA and for the time interval of in- absent elsewhere on the globe. No solar flare-induced back-
terest of 5 October 2001, there were not observable meteground fluctuations of the TEC disturbance were also re-
orological phenomena (site http://www.solar.ifa.hawaii.edu/vealed. A similar, quiet, behavior over this time interval was
Tropical/), powerful explosions or rocket launchings able to also characteristic for the energetic particle flux. We do not
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present here the relevant data for reasons of space. They mi 5 October 2001
be found on the site http://www.sel.noaa.gov/ftpmenu/lists. 14 . . &
12 . oe® %fe 00

html. . . . 10 . '. .....0 Y fol:2

The geomagnetic situation on 5 October 2001 can be char X g . . + fiL.
acterized as a weakly disturbed one, which must lead to som = 6 . N O"s
increase in the level of TEC background fluctuations; how- ‘2‘ IR TITILTLT assesenes patdaday A foE
ever, this cannot cause any large-scale changes in electrc L e e e e e
densnylwhlch are characteristic fpr the geomagnetlcglly ,d'S' 0 2 4 6 8 10 12 14 16 18 20 22 24
turbed ionosphere. In the analysis of the geomagnetic situa
tion we used the data from the magnetic observatory Victoria. 20 b.
which, for the time interval 15:00-18:00 UT of our interest, 5
recorded a geomagnetic disturbance, implying a decrease ig - + h'E,
Ehe holr)i)zontal component of the magnetic field by 100nT ™~ ;;, _t4st bbby, s b0t A DR
Fig. 5b).

e . . . PointArguello, USA (34.6 N;239.4E
This disturbance was also accompanied by an increase i 50 —— ‘g‘ ERE ‘(\ EBEREE ‘)\ BERE

the H-component fluctuation amplitude in the range of 2—
20-min periods (Fig. 5¢). The variation range of the geo-
magneticD;,;-index for the selected time interval was also 3
relatively small (no more than 20 nT); however, the period I
from 08:00 to 15:00UT showed a clearly pronounced in- ?6 30
crease in variations of thB,,-index that coincided with the ~— *°
period when thed-component of the magnetic field was in- L L L L L L L L LA L B B
creasing (Fig. 5a). 240 —
Hence, the data from magnetic-variation stations do not 200 — d.
suggest the conclusion that the observed TECSs are asso(. 160 7
ated with magnetic field variations. zZ 128 =
5.1 The difference of TECS from the TEC response to 43 B
shock-acoustic waves generated due to rocket launch !
ings and earthquakes 0 2

L e
8 10 12 14 16 18 20 22 24
UT, hour

[T
4 6

First of all, it is important to remark that TECS variations are R RN RN
close in amplitude, form and duration to the TEC response 16 18 20 22 0 2 4 6 8 10 12 14 16
to shock-acoustic waves (SAW) generated during rocket LT, hour
launchings (Calais and Minster, 1996; Calais et al., 1998b; Li
et al., 1994; Afraimovich et al., 2000a, 2001b), earthquakesrig_ 11. (a)- Values of the critical frequencideF2 — heavy dots;
(Calais and Minster, 1995; Afraimovich et al., 2001c), and foE, — crossesfoE —shaded triangles, measured on 5 October 2001
explosions (Fitzgerald, 1997; Calais et al., 1998a). In thisationospheric station Point Arguello (239 8; 34.6 N); (b) — vari-
connection, TECS can mask TEC responses to technogeniations of virtual height¢’ E — shaded triangles, E5; — crosses(c)
effects and lead to spurious signals recorded in detection sys- variations of the absolute “vertical” TEC valug() for the site
tems for such ef‘fectS, based on ana|yzing Signa]s from thé\llth the coordinates 24(E; 35° N, obtained from IONEX-maps of
global GPS network. TEC; (d) — the same as Fig. 5f.
Afraimovich et al. (2000a; 2001b, c¢) found that in spite
of a difference in rockets and earthquakes characteristics, the
ionospheric TEC response for all such events had the char-
acter of anN-wave corresponding to the form of a shock
wave. The SAW period\T is 270-360 s, and the amplitude
exceeds the standard deviation of total electron content back-
ground fluctuations in this range of periods under quiet andparticular, the velocity of IIDs (150-200 m/s) is far less than
moderate geomagnetic conditions by factors of 2 to 5 as ahe SAW velocity (900-1200 m/s) and is most likely to cor-
minimum. The angle of elevatiof of the SAW wave vec- respond to the propagation velocity of medium-scale back-
tor varies from 30 to 60°, and the SAW phase velocity ground AGW (Kalikhman, 1980; Afraimovich et al., 1998,
(900-1200 m/s) approaches the sound velocity at heights 01999; Mercier and Jacobson, 1997; Hocke and Schlegel,
the ionospheric F-region maximum. 1996; Oliver et al., 1997). The SAW and IID responses
A spatial and temporal processing of data from GPS ar-can be distinguished using this attribute, as well as from the
rays can be used in selecting these phenomena, in order wifference of angular characteristics of the disturbance wave
estimate the propagation velocity of TEC disturbances. Invector (see Sect. 4).
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5.2 Can TECS be caused by the-layer ionospheric
irregularities that are responsible for S- and QP-
scintillations?

As has been pointed out in the Introduction, a large num-
ber of publications (e.g. Karasawa, 1985; Titheridge, 1971;
etc.), were devoted to the study the “spikes-type” (S-) scin-
tillations.

Bowman (1989) observed quasi-periodic (QP) oscillations
of the signal from an orbiting satellite at 150 MHz frequency.
The anticipated cause of the occurrence of such QP oscil-
lations is Fresnel diffraction from ionospheric irregularities.
Evidently, irregularities giving rise to QP oscillations reside
in the E; level containing a host of small regions (less than
200 m in size), with high electron density separated from one

another by a distance of several tens of kilometers. The oc- 4.

currence of QP oscillations is peaked in the nighttime hours.
The calculated velocities of irregularities afg structures
range from 50 to 100 m/s.

The cited authors point out that transionospheric signal
variations of this kind are observed mostly at night and are
most likely caused by the irregularities located in thg
layer. This brings up the question of whether the TECS

61

6 Conclusion

Main results of this study may be summarized as follows:

1. TECS constitute a rare event that occurs mainly in the
nighttime in the spring and autumn periods.

2. In the time region, TECS represent single negative ape-
riodic abrupt changes of TEC with a duration of about
10-20 min; the mean value of the TECS amplitude ex-
ceeds the mean value of the “background” TEC varia-
tion amplitude by a factor of 5-10 as a minimum.

3. TECS represent a local phenomenon with a typical ra-
dius of spatial correlation not larger than 500 km.

The TECS we recorded on 5 October 2001, were
caused by isolated ionospheric irregularities; the hor-
izontal sizes of the observed irregularities are 100 km
by 800 km. IIDs travel in a direction perpendicular to

their elongation (northward in the case under consid-
eration), with the mean velocity 160 m/s, which corre-
sponds to the velocity of medium-scale AGW (of about
100-200 m/s).

recorded by us are able to be caused by such ionospheric

irregularities. At this point it should be noted that TECS are We are aware that this study has revealed only the key av-
also observed mostly at night, and their velocities (on theeraged patterns of this phenomena, and we hope that it would
order of 100 km/s) are close to those obtained by Karasawgive impetus to a wide variety of more detailed investiga-
(1985), Titheridge (1971), and Bowman (1989). tions.

In order to verify the validity of this TECS model for the 5 _ _
October 2001 event we availed ourselves of the data (p|acedcknowledgement3Ne are indebted to N. T. Afanasyev for partic-

on the site http://spidr.ngdc.noaa.gov/spidr/) from the iono-Pating in discussions. We thank O. S. Lesyuta for his help in orga-
spheric station Point Arguello located in the center of theNizing the experiment. We are also grateful to V. G. Mikhalkovsky
region of our interest for his assistance in preparing the English version of the manuscript.
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