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[1] A method is developed that makes it possible to estimate the relative amplitude dI/T
of the variations of the total electron content (TEC) corresponding to the mean (MS) and
intermediate (IS) scales of ionospheric irregularities (from 300 to 30 km). This method is
based on the evaluation of TEC variations from the data of the global GPS network. The
results of the analysis of the diurnal and latitudinal dependencies of dI/I and distribution
probability P(dI/I) for 52 days with different level of geomagnetic activity are presented.
The statistical estimates were obtained from the analysis of 10° samples of 2-hour-long
TEC series. To obtain statistically significant results, we have chosen three latitudinal
zones provided on the Web by the maximum number of GPS sites: high-latitudinal zone of
the Northern America (50-80°N, 200-300°E; 59 stations), midlatitude zone of the Northern
America (20-50°N, 200-300°E; 817 stations), and the equatorial zone (20°S—20°N, 0-360°E;
76 stations). It was found that on the average the relative amplitude of the TEC variations
varies within the range 0-10% proportionally to the value of the K'p geomagnetic index. This
dependence is best pronounced at high latitudes (the proportionality coefficient k = 0.37),
is weaker at middle latitudes (k = 0.2), and is the weakest at the equator (k < 0.1). In quiet
conditions the nighttime dI/I values significantly exceed the daytime value by a factor of
3-5 at low and high latitudes and by a factor of 2 at middle latitudes. At a high level of
magnetic field disturbances, the geomagnetic control of the amplitude of TEC variations
at high and middle latitudes is much more significant than the regular diurnal variations.
At the equator, on the average, the amplitude of both MS and IS variations in quiet and
disturbed periods almost does not differ. At high latitudes one can note insignificant
difference in the TEC variations amplitude both for MS and IS travelling ionospheric
disturbances (TID) (by not more than a factor of 2). At middle latitudes the difference
may reach an order of magnitude. This indicates that there is a cardinal depletion of the
slope of the power spectrum of TEC disturbances because of a decrease of the amplitude of
the small-scale parts of the spectrum. The amplitude of TEC variations almost does not
depend on solar activity index Fig.7. The obtained results do not always agree with the
known mechanisms of generation and propagation of ionospheric irregularities at various
latitudes and may be useful for development of the theory. INDEX TERMS: 2439 Ionosphere:
Tonospheric irregularities; 2427 Ionosphere: Ionosphere/atmosphere interactions; 6964 Radio Science: Radio wave

propagation; KEYWORDS: transionospheric propagation; GPS system; ionospheric behavior.
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1. Introduction

Hnstitute of Solar-Terrestrial Physics, Irkutsk, Russia [2] Study of ionospheric irregularities is one of the im-
portant problems of the geophysics and radiophysics. Iono-
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of centimeters used in radiocommunication, radiolocation,
and radioastronomy [Afraimovich and Karachentsev, 2003;
Afraimovich et al., 1992, 1994, 1999; Lawrence et al., 1964;
Spoelstra and Kelder, 1984].

(3] The middle-scale (MS) irregularities with a typical pe-
riod of 2060 min are manifested in the form of middle-
scale and large-scale (depending on the propagation ve-
locity) travelling ionospheric disturbances (TID) and are
an ionospheric response of acoustic gravity waves (AGW)
[Afraimovich et al., 2000; Hines, 1960; Hocke and Schlegel,
1996; Hunsucker, 1982; Oliver et al., 1997]. TID pro-
duce refractive distortions of transionospheric radio signals
[Afraimovich et al., 1992, 1994, 1999; Jacobson et al., 1995;
Lawrence et al., 1964; Spoelstra and Kelder, 1984].

[4] Intermediate-scale irregularities (IS) with a period of
2-10 min and dimensions of 10-30 km are usually associated
with the spread F [Bowman, 1990, 1991, 1992] and by size
are close to small-scale irregularities causing scintillations of
transionospheric signals [Yeh and Liu, 1982].

[5] The experimental study of the ionospheric irregular-
ities is based on the use of radiophysical methods of iono-
spheric sounding. Recently, considerable progress has been
achieved in the study of ionospheric irregularities using the
new technology of radio sounding by signals of the satellite
navigation system GPS [Davies and Hartmann, 1997]. This
technology allows us to obtain data on variations of the total
electron content (TEC) in the ionosphere with high spatial
and time resolution in various regions of the globe. Advance-
ments in the development of this technology enabled study
of characteristics of wide range of the ionospheric irregular-
ities as a function of local time, latitude, geomagnetic field
disturbances, and other geophysical factors.

[6] The goal of this paper is a complex study of spatial
and temporal characteristics of the absolute (dI) and relative
(dI/T) amplitudes of TEC variations in quiet and disturbed
geomagnetic conditions.

[7] Section 2 contains general information on the experi-
ment. Section 3 is dedicated to the description of the method
of data processing. The main results of the analysis of the
diurnal dependence and statistical characteristics of the am-
plitude of TEC variations as a function of the Kp and Fio.7
indices are described in sections 4 and 5. The problem on
the correspondence between TEC amplitude characteristics
and parameters of local irregularities of the electron density
is discussed in section 6. The obtained results are discussed
in section 7.

2. General Information on the Experiment
and Database

[8] To study the dependence of the absolute and relative
amplitude of TEC variations on various geophysical factors
for the period from 1999 to 2005, 12 quiet days (Kp < 3) and
40 disturbed days (Kp > 3) were chosen. The dates included
in this study, the corresponding maximum and minimum
values of Dst and Kp indices, and also the daily mean values
of the solar activity index Fio.7 are given in Table 1. The
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selected data cover mostly fall and spring equinox and a few
winter days.

[9] To obtain statistically significant results, we (in some
sense arbitrarily) chose three latitudinal zones with the max-
imum number of GPS stations presented in the Web. They
are high-latitude zone of North America (50-80°N, 200-
300°E; 59 stations), midlatitude zone of North America (20—
50°N, 200-300°E; 817 stations), and equatorial zone (20°S—
20°N, 0-360°E; 76 stations).

3. Method of Data Processing

[10] The standard GPS technology provides a means for
calculation of slant TEC I, along line of sight (LOS) between
GPS satellite and receiver based on phase measurements at
each of spaced two-frequency GPS receivers. Data of phase
measurements are contained in the RINEX files, available at
ftp://sopac.ucsd.edu/pub/.

[11] A method of the TEC calculating was specified and
validated in a series of publications [e.g., Afraimouvich, 2000].
We reproduce here only the final formula for phase measure-
ments:

_ 1
° 7 40.308 f2 — f3

[(L1iA1 — LaA2) + const + nl) (1)
where L1 A1 and L2 A2 are additional paths of the radio signal
caused by the phase delay in the ionosphere [m]; L1 and Lo
represent the number of phase rotations at the frequencies f1
and fo; A1 and A2 stand for the corresponding wavelengths
[m]; const is the unknown initial phase ambiguity [m]; and
nL are the errors in determining the phase path [m].

[12] Phase measurements in the GPS can be performed
with a high degree of accuracy corresponding to the error
of TEC determination of at least 10'® m~2 when averaged
on a 30-s time interval, with some uncertainty of the initial
value of TEC, however. Filtered out in the range of periods
30-60 min, the standard deviation of TEC series is not worse
than 0.2 x 10 m™2.

[13] To normalize the response amplitude, we have con-
verted “slant” TEC I to an equivalent “vertical” value [
[Klobuchar, 1986]:

I =1 cos [arcsin (ﬁ cos 98)} (2)
where R is the Earth’s radius, Amax = 300 km is the height
of the F2-layer maximum, and s is the elevations of the
LOS.

[14] Then we selected continuous TEC series I(t) with
a duration of about 2 hours from the obtained TEC data
so that we had 22 overlapping time intervals with a 1-hour
shift for the day. We used specified threshold of 30° for
elevations 6 to the GPS satellites. I(t) series for all GPS
sites in the region under consideration and for all visible
satellites were filtered in the timescale of 20-60 min and 2—
10 min using running average filtering. Standard deviation
o of TEC variations was calculated for each series. The o
values were averaged on all series; thus we got for each 2
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Table 1. Statistics of the Experiment
Year Day Date Dst Kp Fior Number
of Year min/max min/max of TEC Series
1999 283 10 Oct —84/18 2.7/5.7 160.3 18,600
2000 097 6 Apr —287/ -6 1.7/8.3 179.4 2936
098 7 Apr —288/ — 92 3.7/8.7 175.8 2833
190 8 Jul 2/14 0.3/2.3 216.2 20,252
196 14 Jul —21/26 3/6 212.1 4323
197 15 Jul —300/10 4/9 2199 3336
198 16 Jul —295/ — 111 3/8 227.6 4450
2001 090 31 Mar —358/30 6/9 247.9 4504
091 1 Apr —215/ — 63 3/6 248.6 4650
092 2 Apr —90/ — 24 3/4 342.5 18,172
093 3 Apr -30/ —6 1/3 218.4 22,182
094 4 Apr —17/26 2/5 205.6 16,360
103 13 Apr —66/ — 12 1/7.3 138.2 21,714
104 14 Apr —58/ — 15 2/4.3 138.8 20,916
275 2 Apr —88/ — 54 4/5 202.6 5002
276 3 Oct —-179/ —29 3/7 192.6 5133
277 4 Oct —101/ — 47 1.7/4.3 186.2 5669
278 5 Oct —43/ =2 1/3 179 17,581
279 6 Oct -19/ -8 0.3/3 176.1 23,110
291 18 Oct -1/13 0/1.7 224.06 21,389
2002 092 2 Apr —41/ -5 1.3/4.3 206.4 16,292
2003 301 28 Oct —48/ — 17 3/4 284.4 19,843
302 29 Oct —345/ — 41 3/9 291 18,368
303 30 Oct —401/ — 108 5/9 264 19,551
304 31 Oct —320/ — 72 4/8.3 245.4 18,890
305 1 Nov —31/14 2.7/5 217.7 18,094
306 2 Nov 0/24 3/4 256.7 17,530
307 3 Nov 0/38 2/3 163.9 21,321
308 4 Nov —48/51 2/7 303.6 21,180
324 20 Nov —429/30 1/9 168.1 17,538
325 21 Nov —-320/ — 75 2/6.7 173.3 19,446
353 19 Dec —7/6 0/0.7 120.6 26,432
354 20 Dec —31/31 0.3/4.7 125.7 29,344
355 21 Dec —-38/ — 10 3/4.3 128.5 17,424
356 22 Dec —28/ — 12 3/3.7 131.7 29,755
2004 311 6 Nov —5/2 0/0.7 125.3 28,590
312 7 Nov —128/51 0.7/8 135.1 28,912
313 8 Nov —373/ — 120 2.7/8.7 122 25,995
314 9 Nov —223/ —90 5/8.7 196.4 22,526
315 10 Nov —289/ — 119 4.3/8.7 103.5 26,750
316 11 Nov —115/ — 53 2.3/5 93.5 25,291
317 12 Nov —109/ — 45 3.3/4.7 94.7 26,079
318 13 Nov —75/ — 54 0.7/2.3 95 27,182
360 25 Dec —-32/ -8 1.3/4 90.06 25,418
361 26 Dec —27/—13 1.7/3 89.06 25,253
362 27 Dec —-33/—6 1/2.7 93.5 28,638
2005 017 17 Jan —81/—19 4/6.3 133.8 23,509
018 18 Jan —125/ — 41 5/7.7 125.6 22,157
019 19 Jan —96/ — 62 2.3/6.7 128.8 21,456
020 20 Jan —65/ — 41 2/4.7 118.8 23,986
087 28 Mar —11/1 0.3/1.7 78.4 25,242
SUM 961,104
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Figure 1. (d, h) Indices of geomagnetic activity Dst and
Kp; diurnal dependencies of (a, e) the averaged values of
TEC (I), (b, f) of relative (dI/I), and (c, g) of absolute
(dI) amplitude MS (thick lines) and IS (thin lines) TEC
variations during the magnetic storm on 31 March 2001 and
quiet day on 3 April 2001. Middle latitudes.

hours time interval the mean absolute values dI = [¥ 0;]/m,
where ¢ = 1,2,...,m; m is a total number of series. The
dI represents an absolute value of the amplitude of TEC
variations. The distribution of the number of series I,, over
days is shown in Table 1. The total number of analyzing
series is about 10°.

(15] The relative amplitude dI/Iy is determined by nor-
malization of the dI to the background [y value, where I is
the absolute vertical TEC obtained with 2-hour time resolu-
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tion from the global TEC maps in the IONEX format (the
so-called global ionospheric maps (GIM) [Mannucci et al.,
1998]). The spatial range of GIM is 0-360° in longitude and
90°S-90°N in latitude. The spatial resolution is restricted
by the dimensions of an elementary GIM cell (5° and 2.5° in
longitude and latitude, respectively). For the normalization,
the Iy values are used for the GIM cell closest to the GPS
station used for determination of the dI value.

[16] The series I, dl,,, and dI/I,, were averaged over
the chosen area to obtain the mean values of TEC (I), of
the absolute amplitude (dI) and of the relative amplitude
(dI/I) of TEC variations in the period ranges of MS and IS
ionospheric irregularities.

4. Diurnal Dependence of the Amplitude of
TEC Variations

[17] Now we consider in detail the diurnal dependencies of
the averaged values of TEC (I), of the relative (dI/I) and of
the absolute (dI) amplitudes of TEC variations for several
quiet and disturbed days. We start our analysis with the
conditions of the midlatitude ionosphere and then will note
the features of the high-latitude and equatorial ionosphere.

[18] To illustrate a typical diurnal dependence at middle
latitudes, we chose four days: moderately disturbed (quiet)
days on 3 April 2001 and 3 November 2003 and also the days
when strong magnetic storms were observed: 31 March 2001
and 30 October 2003 (Figures 1 and 2, right and left, respec-
tively). The geomagnetic activity indices Dst and Kp are
shown in Figures 1d, 2d, 1h, and 2h, respectively. The diur-
nal dependencies of the averaged TEC values (I) are shown
in Figures la, 2a, le, and 2e. The dependencies of the rel-
ative (dI/I) amplitude of the TEC variations are shown in
Figures 1b, 2b, 1f, and 2f. The same values for the abso-
lute (dI) amplitude of the TEC variations are shown in Fig-
ures lc, 2¢, 1g, and 2g. MS and IS ionospheric irregularities
are shown by thick and thin lines, respectively.

[19] Figures 1 and 2 show a smooth variation of (I) in quiet
period with the TEC maximum reaching in the daytime
(1200-1600 LT). This behavior corresponds to the regular
TEC behavior obtained for a quiet period by the measure-
ment of the turning angle of the polarization plane of the
VHF signals of geostationary satellites [Afraimovich et al.,
1999; Dawies, 1980] and also by the measurement of the dif-
ference in the phase and group delay of the GPS signals
at two coherently related frequencies [Kotake et al., 2006;
Mannucci et al., 1998]. The absolute amplitude (dI) for
MS and IS ionospheric irregularities varies within 0.1-0.7
TECU (TECU = 10*® m™2) and 0.01-0.03 TECU, respec-
tively, reaching maximum value also in the daytime.

[20] However, in disturbed conditions the character of (dI)
dependence changes considerably. The value of the absolute
amplitude (dI) increases by a factor of 3-4 (Figure 1) or even
by an order of magnitude (Figure 2), reaching 3 TECU. At
the same time the (dI) maximum shifts to the time mo-
ment corresponding to the maximum deviation of the Dst
and very high level Kp = 9. This effect is especially visual
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during the main phase of the strong magnetic storm on 30
October 2003. Nevertheless, the maximum values of (dI) are
observed mainly in the daytime.

[21] The diurnal behavior of the relative amplitude (dI/T)
differs cardinally from the corresponding dependence of (dI).
It is especially distinctly pronounced in quiet conditions: the
(dI/I) maximums for MS and IS ionospheric irregularities
are observed at night, not in the daytime.

[22] In disturbed conditions the changes in (dI/I) are gov-
erned not only by diurnal behavior but by the magnetic field
as well. The vertical line in Figure 2 shows the moment of
a sharp peak of (dI) on 30 October 2003, when the value
of (dI) reached 3 TECU. This example shows that the geo-
magnetic control of the amplitude of TEC variations at high
levels of the magnetic field disturbances appear to be more
important than the regular diurnal variations.

(23] At high latitudes (Figures 3 and 4) the diurnal de-
pendence of TEC and its variations in quiet and disturbed
conditions differ from the same at middle latitudes. First,
both have higher amplitudes. For example, the absolute and
relative amplitudes (dI) and (dI/I) during the main phase
of the magnetic storm on 30 October 2003 reach 16 TECU
and 50%, respectively.

[24] Moreover, at high latitudes one can note a slight dif-
ference in amplitudes (dI) and (dI/I) of TEC variations for
ionospheric irregularities of different scales (not more than
by a factor of 2). At middle latitudes this difference reaches
an order of magnitude. This fact indicates that there is a
cardinal decrease in the declination of the power spectrum
of TEC disturbances due to the increase in the amplitude
of the small-scale part of the spectrum [Afraimovich et al.,
2001].

[25] Even more distinction with middle latitudes is ob-
served at the equator (Figures 5 and 6). First, in disturbed
conditions the increase in the relative and absolute ampli-
tudes as compared to quiet conditions is weaker (not more
than by a factor of 1.5-2). The maximum value of the rel-
ative amplitude (dI/I) systematically is observed at night.
This regularity is not broken even during the main phase
of the magnetic storm independent of the local time during
which this phase occurs. This conclusion agrees completely
with the widely known morphology of ionospheric scintilla-
tions at equatorial latitudes based on numerous measure-
ments by different ionospheric sounding methods [Aarons,
1982; Yeh and Liu, 1982].

[26] For the quiet days the above noted latitudinal de-
pendencies are pronounced especially clearly at daily mean
values. Figure 7 shows the diurnal dependencies of the aver-
aged values of the absolute (dI) (Figures 7a-7c) and relative
(dI/I) (Figures 7d—7f) amplitudes of IS (thin lines) and MS
(thick lines) TEC variations for 12 quiet days (Kp < 3):
Figures 7a and 7d, 7b and Te, and 7c and 7f correspond to
high, middle, and equatorial latitudes, respectively. One can
see from Figure 7 that the maximum values of the relative
amplitude of the TEC variations almost do not depend on
latitude and are observed mainly at night.

[27] In quiet conditions the nighttime dI/I values signif-
icantly exceed the daytime value by a factor of 3-5 at low
and high latitudes and by a factor of 2 at middle latitudes.
At a high level of magnetic field disturbance, the geomag-
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Figure 2. (d, h) Indices of geomagnetic activity Dst and

Kp; diurnal dependencies of the averaged values (a, e) of
TEC (I), (b, f) of relative (dI/I), and (c, g) of absolute
(dI) amplitude MS (thick lines) and IS (thin lines) TEC
variations during the magnetic storm on 30 October 2003
and moderately disturbed quiet day on 3 November 2003.
Middle latitudes. The vertical line shows the moment of
sharp peak of the absolute amplitude of TEC variations.

netic control of the TEC variation amplitude is even more
significant than the regular diurnal variations.

5 of 14



GI1007 PEREVALOVA ET AL.:

50°-80°N, 200%-300°E
(High latitudes)

31 March 2001 3 April 2001

<[>, TECU </I> TECU

80 — 80
i (a) i (©)

60 - 60
40 40_ﬁ
20 - 20 -

0 LI I S By | 0 LI e |
<dl/l>,% <dl/l >, %

16 2.4

1 (b) P €y

12 N

i 1.6 7]
8 L@ﬁm@r -
1 08
4 - ]
i 0.4 —_‘LLLLLLIULI_‘_’,J"J
0 LI e A i 0 LI e B e |
<dl>, TECU <dl>, TECU
3 05 —

25 - ©) o4 ] (2)
% > __w

15 .
| 02 -

05 ] 01 —H‘W
0+ U e e L L L
Dst, nT Kp Dst,nT Kp o
0 L [V I

| (d 1 Dst (h)
100 4 —Kp -6 -100 - L6
-200 — I -200 — i

] |, ] Kp -3
'400 T | T | T | T | T | T 0 '400 T I T I T I T I T I T 0

0 4 8 12 16 20 24 LT 0 4 8 12 16 20 24 LT

255°E 255°E

Figure 3. Same as in Figure 1, but for high latitudes.

5. Distribution of the Probability of the
Relative Amplitude of TEC variations and
Dependence on the Kp and Fig.7

[28] Statistical characteristics of the relative amplitude of
TEC variations: first, probability distributions P({dI/I))
are required to study mechanisms of generation of iono-
spheric irregularities and to evaluate transionospheric radio
signal distortions.

[29] Figure 8 shows the normalized distributions P((dI/I))
of the relative amplitude TEC variations in quiet (thin line,
index 1) and disturbed (thick line, index 2) conditions. MS
and IS ionospheric irregularities are shown on the left and
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Figure 4. Same as in Figure 2, but for high latitudes.

on the right in Figure 8: Figures 8a and 8d, 8b and 8e, and
8c and 8f correspond to high and middle latitudes and to the
equatorial zone, respectively. The total amounts of 2-hour
averaged series over the entire area of the North America
were 288 and 936 for quiet and disturbed periods, respec-
tively. The approximation of the total normalized distribu-
tions P((dI/I}) for the same conditions is shown in Figure 9.
The most probable values of (dI/I) in quiet (X1) and dis-
turbed (X2) conditions are shown.

[30] One can see from Figures 8 and 9 that at high lati-
tudes in quiet periods the relative amplitude of MS distur-
bances does not exceed 4-5%, whereas in disturbed periods
it may reach 10-12%. Similar dependence is also observed
for IS variations of TEC with the only difference that the
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Figure 5. Same as in Figure 1, but for the equatorial zone.

general disturbance level is by a factor of 4-5 less than for
MS.

[31] At middle latitudes, (dI/I) dependence on the ge-
omagnetic disturbance level is similar to that at high lati-
tudes. However, on the whole, the amplitude of the MS and
IS disturbances decreases by a factor of 2—3 and 5, respec-
tively. At the equator, on the average, the amplitudes of MS
and IS variations in quiet and disturbed periods almost do
not differ.

[32] The difference in the dependence of the TEC relative
amplitude on the geomagnetic disturbance level at various
latitudes in the best way is illustrated in the regression de-
pendencies of the amplitude of TEC variations on the values
of the Kp index shown in Figure 10. Points show the val-
ues of (dI/I) averaged over 3-hour-long intervals, and the
thick line shows the approximating lines: MS TID are given
in Figures 10a—10c, IS TID in Figures 10d—10f; Figures 10a

TOTAL ELECTRON CONTENT

GI1007

+20°N, 0°-360°E

(Low latitudes)
30 October 2003 3 November 2003
<[> TECU <[I> TECU
100 — 100 —
i i C
80 — (@) 80 ©
60 | 60
40 40
20 20
[ o A A B L L (e L L B
<dl/I>,% <dl/I>, %
4 - Z
- & ] ®
3 3

ﬁ
;
:
;

0 L I e B A | 0 T T T T
<dl>, TECU <d[>, TECU
16 16 -
2] © ] ®
0.8 | 08 -
0.4 04 —_W_r,—-r"l-lw
11—~ L ] mor—
0 e 0
Dst,nT Kp Dst,nT Kp
0 9 0 9
-100 Kp éd) -100 4 Dst gh)
200 -200
2300 3 300 Kp 8
e
400 0 400 0

0 4 8 12 16 20 24 LT 0 4 8 12 16 20 24 LT

Figure 6. Same as in Figure 2, but for the equatorial zone.

and 10d, 10b and 10e, and 10c and 10f correspond to high,
middle, and equatorial latitudes, respectively.

[33] On the average, the relative amplitude of TEC vari-
ations is proportional to the value of the geomagnetic Kp
index. This dependence is most pronounced at high lati-
tudes (the proportionality coefficient k = 0.37), it is weaker
at middle latitudes (kK = 0.2) and weakest at the equator
(k <0.1).

[34] The regression dependencies of the amplitude of TEC
variations on the Fio.7 are presented in Figure 11. Points
show the values of (dI/I) averaged over 3-hour-long inter-
vals. The thick line is an approximating line: MS TID
are given in Figures 11a-11c and IS TID are given in Fig-
ures 11d—11f; Figures 11a and 11d, 11b and 11e, and 11c and
11f correspond to high, middle, and equatorial latitudes, re-
spectively. One can see that the amplitude of TEC variations
almost does not depend on solar activity.
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Figure 7. Total diurnal dependencies of the averaged values
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tudes of MS (thick lines) and IS (thin lines) TEC variations
for 12 quiet days (Kp < 3); (a and d) high latitudes; (b and
e) middle latitudes; and (c and f) equatorial latitudes.

6. Correspondence Between the
Amplitude Characteristics of TEC
Variations and Parameters of Local
Irregularities of Electron Density

[35] The estimate of the relative amplitude dN/N of a lo-
cal disturbance of the electron density is very important for
physics of ionospheric irregularities (and also for calculation
of statistical characteristics of transionospheric signals). The
transition from the amplitude characteristics of TEC varia-
tions to values of dN/N is far from being simple.

[36] First, the amplitude of TEC disturbance dI demon-
strates a strong aspect dependence because of the inte-
gral character of transionospheric sounding. The maximum
amplitude dI corresponds to wave disturbances with the
wave vector K perpendicular to the direction r of the LOS
[Afraimovich et al., 1992], i.e., when the condition is fulfilled,

cos(as — ) 3)

tanf = —
tan 0,

where a and 6 are the azimuth and the elevation angle of
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Figure 8. Total normalized distribution P({dI/I)) of the
relative amplitude of TEC variations for quiet (thin line)
and disturbed (thick line) conditions: (left) MS and (right)
IS; (a and d) high latitudes, (b and e) middle latitudes, and
(c and f) equatorial latitudes.

the wave vector K of TID, and «as and s are the azimuth
and the elevation angle of LOS.

[37] Aspect dependence of the amplitude of TEC distur-
bance is important in studying wave disturbances. Condi-
tion (3) limits the number of LOS for which reliable detecting
of ionospheric irregularities on the background of noises is
possible.

[38] Afraimovich et al., [1992] have shown that for the
Gaussian distribution of the electron density, the amplitude
of TEC disturbance M () is determined by the aspect angle
v between the K and r vectors and also by the ratio of
the disturbance wavelength A\ to the half thickness of the
ionization maximum A:

(4)

2A2 . 2
M(7) o exp (_ﬂ' A* cos w)

A2 cos2 6,

For the phase velocity od about 200 m s~* and the period of
about 1000 s, the wavelength A is comparable to the value
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of the half thickness A of the ionization maximum. At the
values of the elevation angle 65 equal to 30°, 45°, and 60°,
the width of “the directivity diagram” M () at the level of
0.5 is equal to 25°, 22°) and 15°, respectively. If A exceeds
the wavelength A by a factor of 2, the directivity diagram
becomes narrower in width by 14°, 10°, and 8°, respectively.

[39] The presence of magnetic field alters the picture of the
motion transfer from the neutral gas to the electron compo-
nent of the ionosphere. Since the magnetic field is not pulled
by the neutral gas, the field lines may be considered as still.
In this case, the approximation in which the motion of the
electron component occurs only along the field lines with
the velocity u cos, where v is the angle between the vec-
tor of the magnetic field and the vector u of the neutral gas
velocity, may be acceptable. Thus the amplitude of a distur-
bance of the electron density dN/N depends on the angular
relations v and v between three vectors.

[40] However, in our case, because of averaging of the re-
sults over directions to different satellites and also because
of large number of GPS stations over a vast territory where
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Figure 10. Regression dependencies of the amplitude of
TEC variations on Kp index. Points show the averaged
over 3-hour interval values of (dI/I); thick lines show ap-
proximating lines. (left) MS and (right) IS; (a and d) high
latitudes, (b and e) middle latitudes, and (c and f) equato-
rial latitudes.

the values of v and ¢ angles vary within a wide range, aspect
effects are pronounced not so strongly as for some variations
in TEC.

[41] Thus the relation between dN/N and dI/I may be
presented in the form

(dI/1) / (AN/N) = kmax (5)

where kmax is the maximum value of the transitional coeffi-
cient from dN/N to dI/I under optimum aspect conditions.

[42] We performed a modelling to evaluate the value of
kmax. The model of TEC measurements developed by Afrai-
movich and Perevalova [2004] makes it possible to calculate
spatial and time distribution of the local electron density N
in the ionosphere along the LOS and then using the coor-
dinates of the receiver and satellites to perform integrating
N along the LOS with the given time step. As a result,
time series of TEC similar to the input experimental data
are obtained.

[43] The model of N takes into account vertical profile,
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Figure 11. Regression dependencies of the amplitude of
TEC variations on Fig.7 index. Points show the averaged
over 3-hour interval values of (dI/I); thick lines show ap-
proximating lines. (left) MS and (right) IS; (a and d) high
latitudes, (b and e) middle latitudes, and (c and f) equato-
rial latitudes.

diurnal and seasonal variations of the electron density gov-
erned by the solar zenith angle, and also irregular distur-
bance of N of smaller amplitude and spatial scales in the
form of a superposition of propagating wave or isolated ir-
regularities. The GPS satellite motion can be modelled by
a few ways. A detailed description of the model was given
by Afraimovich and Perevalova [2004].

[44] In this paper, diurnal and seasonal variations of N
were neglected in the model calculations. A stationary iso-
lated irregularity in the form of a sphere with radius R4
was chosen as a disturbance. The electron density within
the irregularity smoothly decreases from the center to the
periphery:

Nd :AdX

(-’L‘ - ai'max)2 + (y - ymax)2 + (Z - Zmax)2
Rq

(6)

exp

where Ay is the amplitude of the disturbance in the per-
cent of the value Npax within the maximum of the F'2 layer
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(i.e., Ay = dN/N); x, y, z are the coordinates of the current
point in the topocentrical coordinates system (TCS) con-
nected to the GPS receiver; Tmax, Ymax, Zmax are the TCS
coordinates of the irregularity center (point M). It was taken
that the irregularity is located at a height of the F'2 layer
maximum (zmax = 300 km). The position of the irregularity
relative to the GPS receiver (i.e., the coordinate center of
TCS) was governed by the elevation angle 6 and azimuth «
of the radius vector of point M. Two cases were considered:
0 = 45° and § = 60°. In both cases, a = 45°. The radius
R4 of the irregularity consequently was chosen to be equal
30, 100, and 300 km. That corresponded to the irregularities
scales considered in the paper. The relative amplitude of the
disturbance dN/N in all cases was assumed to be equal to
10%.

[45] The visual motion of the GPS satellite within the in-
terval from 1200 to 1300 UT was given by the change in the
azimuth as(t) of LOS from 0 to 90°. The elevation angle
0s(t) remained constant. The calculations were performed
for two trajectories: s = 45° and s = 60°. The trajecto-
ries were chosen in such a way that at one of them the LOS
during the studied interval crossed the center of the electron
density irregularity.

[46] The modelling results are shown in Figure 12. Fig-
ures 12a and 12e show the behavior of ag(t). Figures 12b—
12d and 12f-12h show the results of the calculations of TEC
at 0 = 45° and 0s = 60°, respectively. The I45 and Isp
TEC dependencies for the trajectories with s = 45° and
fs = 60° are shown by thick and thin curves. LOS corre-
sponding to I45 intersects the IV irregularity center at the
moment when as = 45° (on the left). LOS corresponding to
Iso intersects the irregularity center at the moment as = 45°
(on the right).

[47] In the cases when LOS does not cross the irregular-
ity N (thin line in Figure 12b and thick line in Figure 12f),
TEC remains constant during the entire observational time.
It should have been expected at the constant elevation angle
0s and the absence of the diurnal variations of N. A well-
pronounced disturbance in the form of a single pulse in the
TEC variations is well seen for the trajectories where LOS
passes through the irregularity N. The width of the pulse is
proportional to the irregularity radius Ry. The TEC maxi-
mum in the pulse is observed in the moment when the angle
between LOS and radius vector of the center of the irregu-
larity is minimal. It corresponds to as = a = 45°. This
moment is shown in the Figure 12 by the dashed line.

[48] The absolute amplitude of a TEC disturbance dI de-
pends on several factors. First, it is proportional to Ry,
because the length of LOS interval laying within disturbed
values of N at other equal conditions increases with an in-
crease of the irregularity scale. Moreover, dI depends on
the mutual position of the irregularity N and LOS. One can
clearly see in Figures 12c, 12d, 12g, and 12h that the highest
values of dI are reached when LOS passes through the irreg-
ularity center. Both the disturbance amplitude dI and TEC
value I are also determined by the elevation angle of LOS
and the amplitude of the disturbance N in the irregularity.

[49] The calculated values of the relative amplitude dI/I
of TEC disturbance and of the coefficient knax are shown in
Table 2. Both parameters, as well as the values of dI and I,
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05 = 60°.

demonstrate considerable variability depending on the dis-
turbance parameters, electron density, and measurements
conditions.

[50] In the majority of cases, the value of kmax varies
within 0-0.3. In the most favorable conditions of the reg-

istration, when LOS crosses the center of the N spherical
irregularity, kmax = 0.5 — 0.6 (results 2 and 11 in Table 2).
In this case the radius of the irregularity R; = 100 km is
comparable to the half thickness of the F'2 layer. The latter
means that the TEC disturbance with the relative amplitude
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Table 2. Modelling Results

TOTAL ELECTRON CONTENT

GI1007

Result R4, km 0, deg 0s, deg dI, TECU I, TECU ar/I1, % k
1 30 45 45 0.499 21.5 2.3 0.2
2 100 45 45 1.210 21.6 5.6 0.6
3 300 45 45 0.796 22.7 3.5 0.4
4 30 45 60 0 18.074 0 0
5 100 45 60 0.271 18.1 1.5 0.2
6 300 45 60 0.391 19.1 2.1 0.2
7 30 60 45 0.036 21.5 0.2 0.02
8 100 60 45 0.391 21.6 1.8 0.2
9 300 60 45 0.428 22.8 1.9 0.2
10 30 60 60 0.460 18.074 2.6 0.3
11 100 60 60 0.967 18.3 5.3 0.5
12 300 60 60 0.264 19.5 1.4 0.1

dI/I = 5% can be caused by an electron density irregularity
localized in the maximum of the F'2 layer and having the rel-
ative amplitude dN/N not less than 10% and characteristic
scale comparable to the half thickness of the F'2 layer.

7. Discussion

[51] Our data agree with the results of measurements of
the absolute amplitude (dI) of TEC variations obtained at
transionospheric UHF sounding by signals of geostationary
satellite ETS 2 [Afraimovich et al., 1999] and also with the
data of the analysis of the variation of TEC spectra accord-
ing to the GPS data [Afraimovich and Karachentsev, 2003;
Afraimovich et al., 2001].

[52] Unexpectedly, the inverse dependence of the relative
amplitude of the TEC variations in quiet period was found:
the maximum values of (dI/I) are observed at night but not
in the daytime. The latter means that the mechanisms of
generation and propagation of AGW differ significantly in
the daytime and at night. This is in agreement with con-
clusions of other researchers, for instance, based on the data
of TEC measurements in Los Alamos (35.9°N, 106.3°W).
Jacobson et al. [1995] claimed that the seasonal variations
in MS TID occurrence rate and propagation directions are
different in the daytime and at night. They showed that the
daytime MS TID are formed mainly during the winter sol-
stice and propagate southward, whereas the nighttime MS
TID occur mainly during the summer solstice till the fall
equinox and propagate northwestward.

(53] Kelley and Miller [1997] noted that the difference be-
tween the direction of MS TID propagation in the daytime
and at night is responsible for the difference in MS TID gen-
eration. The amplitude of gravity waves grows at a deple-
tion of the neutral density [Hines, 1960]. Larger amplitude
of gravity waves is able to generate larger disturbances in
plasma density, i.e., in the MS TID activity. On the other
hand, the rate of the linear growth of a Perkins instability is
also inversely proportional to the neutral density [Perkins,
1973]. Most probably the Perkins instability is a source of

nighttime MS TID though the rate of the linear grow is very
small.

[54] Kotake et al. [2006] have found that MS TIDs activity
during daytime is different from that during nighttime with
respect to seasonal, solar activity, longitudinal, and latitudi-
nal dependencies. Daytime MS TIDs activity is high in win-
ter. On the other hand, seasonal variation of nighttime MS
TIDs activity is coupled with its longitudinal variation. In
the Japanese and Australian longitudinal sector, nighttime
MS TIDs are most active near the June solstice, whereas
in the European longitudinal sector it is most active near
the December solstice. Nighttime MS TIDs activity at the
Japanese and Australian longitudinal sector shows negative
correlation with solar activity, whereas solar activity depen-
dence is not seen in daytime MS TIDs activity. These results
suggest that mechanisms causing M'S TIDs could be different
between daytime and nighttime.

[55] Hernandez-Pagjares et al. [2006] have shown that the
MS TIDs, which occur at daytime in local winter and night-
time in local summer, are related to the solar terminator and
are modulated by the solar cycle.

[56] Then our conclusion regarding the difference mecha-
nisms of generation and propagation of AGW in the daytime
and at night agrees with data obtained by the Kelley and
Miller [1997], Kotake et al. [2006], and Hernandez-Pajares
et al. [2006].

[57] The delay by 2 hours of the sharp peak of (dI/I)
relative quick variations in the magnetic field during the 30
October 2003 storm can be explained in the following way.
Under the averaging, the main weight brings the midlatitude
zone of GPS stations. This zone is located at a distance of
about 2000 km from the southern boundary of the auro-
ral source of TID that occurred during geomagnetic distur-
bances. The TID generated at the appearance of this source
moves equatorward with velocity of about 300-400 m s~*
[Afraimovich et al., 2001; Hunsucker, 1982]. However, there
is a large evidence of other mechanisms besides TID which
could have the same observational features. For instance,
Foster and Rideout [2005] have shown that for the same
storm discussed in our paper (30 October 2003), TEC in-
crease is observed at postnoon local times and related to
subauroral electric fields.
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8. Conclusions

[58] We have developed the method of estimation of rela-
tive amplitude dI/I of TEC variations from the GPS data
and also the results of the analysis of the dI/I dependence
on local time and latitude.

[59] We have found that on average, the relative ampli-
tude of the TEC variations varies within the range from 0%
to 10% proportional to the value of the geomagnetic index
Kp. This dependence is most pronounced at high latitudes
(the proportionality coefficient k = 0.37), is weaker at mid-
dle latitudes (k = 0.2), and is the weakest at the equator
(k < 0.1). In quiet conditions the nighttime dI/I values
significantly exceed the daytime ones (by a factor of 3-5 at
low and high latitudes and by a factor of 2 at middle lati-
tudes). At high levels of the magnetic field disturbance, the
geomagnetic control of the amplitude of TEC variations is
more important than regular diurnal variations.

[60] At high latitudes one can note insignificant difference
of the amplitude of TEC variations for MS and IS iono-
spheric irregularities (not more than by a factor of 2; while
at middle latitudes this factor reaches 10). This manifests
a cardinal decrease of the power spectrum of TEC distur-
bances due to increase of the small-scale part of the spec-
trum.

[61] The analysis of the corresponding amplitude charac-
teristics of TEC variations and parameters of local irregu-
larities of the electron density showed that recalculation of
these characteristics is possible only in the scope of some
model of irregularity. In any case the relative amplitude of
local electron density disturbances is higher than the ampli-
tude of TEC variations.

[62] The obtained results are not always in accordance
with the known mechanisms of generation and propagation
of ionospheric irregularity at various latitudes and can be
useful for development of the theory.
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