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Abstract. Using TEC measurements from the dense networking over the USA, Europe, and Japan. The author found
of GPS sites GEONET, we have obtained the first GPS-TEQwo main types of the observed TEC disturbance: large-scale
image of the space structure of medium-scale traveling wavéLS) 60-min variations with amplitude of about 0.5-1 TECU
packets (MS TWP) excited by the morning solar terminatorand medium-scale (MS) 15-min variations with amplitude of
(ST). We found that ST-generated wave packets have duraabout 0.05-0.1 TECU (TECU is 3®m~2). The first type of
tion of about 1-2 h and time shift of about 1.5-6 h after the disturbances was predicted in theoretical investigations and
morning ST appearance at an altitude of 300 km. The TWPregistered earlier using different methods of ionosphere ra-
wave front extends along the morning ST line with the an-dio sounding. The second type of the observed TEC dis-
gular shift of about 20 The time period and wave-length turbances is traveling wave packets (TWP) generated when
of ST-generated wave packets are about 10—20 min and 200the time derivative of TEC is at its maximum. These TWPs
300 km, respectively. The velocity of the TWP phase front have duration of about 1-2 h and time shift of about 1.5-2.5h
traveling is of about 300 m/s. The space image of MS TWPafter the ST appearance at an altitude of 100 km. These ST-
manifests itself in pronounced anisotropy and high coherencgenerated wave packets have been found for the first time.
over a long distance of about 2000 km. The relative amplitude of TEC wave packets is sufficiently
low (of about 0.2%). This may be the main reason why such
a phenomenon has been unknown to date.

To identify ST-generated wave packets it is insufficient
to register the TEC time dependence (Afraimovich, 2008).
Their spatial structure needs to be determined. But only a
dense network of stations can display wave packets. We

A lot of investigations have shown that ST motion can gener—employ data from th_e Japanese GPS _nfatwork GEONER
ate acoustic-gravity waves (AGW), turbulence and instabil—(e.lbout 1225 statlons. in all). At present it is t_he Ifirgest el
ities in the ionosphere plasma (Beer, 1978; Cot and Teitel-g'onal GPS network in the worldtp://terras.gsi.go.jp/data/

) ; ) i GPSproducts).
b ,1980; S kov, 1987; S k dG ly, 1995; . . . '
aum omsikov omsikovanc “>anguly The goal of this paper is to obtain the first GEONET GPS-

Hocke and Schlegel, 1996). It is worth noting that among_l_EC ) fth f ST 4 MS TWP
all sources of gravity waves, the moving ST has a special image of the space structure of ST-generate '
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1 Introduction

status, since it is a predictable phenomenon, whose charac- (7))
teristics are well known. If ST is considered to be a stable 9
and repetitive source of AGWSs, one can derive information2 Methods of GPS data analyses 8
on atmospheric conditions from a response of the medium to ) . . . C
this input. The data we usgd in thlslwo'rk are available in the standard 5
Afraimovich (2008) has recently obtained the first GPS RINEX format with samplmg intervals of 30 S The stano!ard c
TEC evidence for the wave structure excited by ST mov-CPS téchnology provides means for detecting wave distur- &
bances using phase measurements of the slant/J&ng ()

the line of sight (LOS) between a GPS site and a satellite. O

Correspondence tcE. L. Afraimovich Methods for calculating, using GPS phase measurements O
BY (afra@iszf.irk.ru) are described in detail in (Calais et al., 2003; Afraimovich 8

C
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To normalize the amplitude of TEC disturbances, we use
the transformation of slant TEC into the equivalent vertical
valuel (t) (Klobuchar, 1986):

I(t) =Is(t) x cos[arcsin(r—z cos@sﬂ (2)
7z + hmax
wherer, is the Earth’s radius;o9; is the LOS elevation to
the GPS satellitelmax=300 or 400 km is the assumed alti-
tude of the ionospheric F2 layer maximum. We neglect the
TEC data from low LOS elevation angles (less thaf)46
reduce errors due to conversion from slant to vertical TEC.
To smooth the phase measurement noise and to select TEC
variationsdl(t) in the range of periods (of about 15 min) cor-
responding to the MS TWP one (Afraimovich, 2008), we
firstly smooth the initial series with a time window of 2 min
and then remove the linear trend with a window of about
20 min. The filter pass band at an amplitude level of 0.5 ex-
tends from 3 to 30 min. Here the amplitude of diurnal and
. large-scale TEC variations with time periods more than 1 h
4.22:29 UT ' &S i damp significantly (Hocke and Schlegel, 1996). A similar
-0.15 procedure of GPS data treatment is usually used by many au-
. thors (Calais et al., 2003; Heki and Pink, 2005; Afraimovich
et al., 2004; Afraimovich, 2008, etc.).
] We use two known forms of the 2-D GPS-TEC image for
(©)] our presentation of the ST-generated MS TWP space struc-
— 77— ture. First we apply the diagram “dista}nce-timél’(t, D) _
125 130 135 140 145 150 used recently by different authors (Calais et al., 2003; Heki
Longitude, °E and Pink, 2005). This diagram is calculated in the polar co-
ordinate system (Fig. 1a). PoimdsandS; mark the relative
Fig. 1. Geometry of GPS measurements during morning ST mo-coordinate centre and the subionospheric point position for
tion over Japan on 13 June 2008. PoibiendS; mark the relative  LOS between the GPS site with a numband the selected
coordinate centre and the subionospheric point position for LOS besatellite PRN, respectivelyd; is the distance between points
tween the GPS site with a numbesind the selected satellite PRN, 0 andS; along the great circle are; is the azimuth of di-
respectively,D; is the distance between poir@sandS; along the  rection D;, counted off from the northward in a clockwise
glre(it ‘;r)cllcira;;Nzl'g'asrﬁ’da‘;irdz'sztg%“ltﬁz)o:(;:‘ezé'_lgi‘#(TbE).Cfgfl“esdirection. Here we select the geographic latitude and longi-
i ' : : ’ tude for pointsO (48° N and 148 E) outside the GEONET

22:29 UT(c); solid curves mark the morning ST line at the altitude . . .
of H=300 km on 18:25 UT (a), 18:27 UT (b), 18:29 UT (c), respec- GPS sites field. In this case the most probable value and
root-mean-square deviation afare 236 and 23, respec-

tively. Rectangle on the panel (b) marks boundaries of region, in’’ - ) . I
which velocity and direction of TWP propagation was defined. The tively. Thus as a first approximation we can consider the
arrows in Fig. 1c schematically show the wave vector of the Twpentire set of GEONET GPS sites to be space-fixed along
(green) and the normal to ST line (dark blue). the most probable direction of 23&n the narrow azimuth
sector of about 250ver a distance exceeding 2500 km from
the relative coordinate centfe This location of the relative
et al., 2004). We reproduce here only the final formula for coordinate center was chosen to make more adequate corre-
phase measurements: spondence between distance to each GPS site and its actual
location. Also such a location of poifitprovides more rep-
f12f22 resentative demonstration of ST effect on the ionosphere by
40.308(f2 — f2) “distance-time” diagram, because of nearer azimuth values
of ST movement direction and direction at GPS site.
whereL1A1 and Ly Ao are additional paths of the radio sig- We determine the coordinates () and y;(r) of the
nal caused by the phase delay in the ionospheremnd  subionospheric poin®; at an altitudeh,,,, in the topocen-
L2 are numbers of phase rotations at the frequengieand  tric coordinate system with the center in the GPS-site as
f2; A1 andAz stand for the corresponding wavelengths, (m); )
“const” is the unknown initial phase ambiguity, (m); and ~ *i (1) = ‘tmaxSIn(a; (£))ctg (6; (1))
is the error in determining the phase pait) ( Vi (1) = hmaxCoe; (1)) ctg (6; (1)) 3)

Latitude, °N

Latitude, °N

40 TR I=256m/s
N w=221° -
TWP
J=350 m/s
Wy =250°

Latitude, °N
1

18:29 UT
T

I;(t)= [(Lir1—LaA2)+constnL] (1)

Ann. Geophys., 27, 1521525 2009 www.ann-geophys.net/27/1521/2009/



E. L. Afraimovich et al.: First GPS-TEC imaging of the space structure of MS wave packets

di I o2tECU 13 J;gNel%OOS (a)
0400
0390 \v/
/\ /\\-//\\-/_/
0370 \/
N\ ya\
N S
0320 "
T T T T T 1
22 22.4\'/ \/22.8 \/23,2

V=370 m/s 01

£ 1600
~ 1200 SHo
A =
800 = B-0.05
400
: -0.1
0 I : T T T T 1
22 222 224 22.6 22.8 23 232
Time, UT

152

0.15
0.12
0.09
0.06
0.03

Latitude, deg.
dl, TECU

-0.03
-0.06
-0.09
-0.12

dT, hours

Fig. 3. Filtered TEC seriesll(t) for PRN10 and for all GPS sites
S; in dependence on the latitugeand the morning terminator local

timedT.

Fig. 2. TEC wave packets on 13 June 2008, for GPS sites located3 Results

along directionD over Japan for selected satellite number PRN10.

(a) TEC seriedlI(t) filtered in the range of 2—20 min, for selected As the first example let's consider geomagnetic quiet day

GPS sites 0320, 0370, 0390 and 04(), the 2-D-dependence of
filtered TEC seriedl(t, D;) for all GPS sitesS; (total amount is
1081 sites)the horizontal line®g320andDgs0g mark the distance
D from the relative coordinate centddo GPS/GEONET sites with
numbers 0320 and 0400.

«a; is the azimuth; and; is the LOS elevation (Afraimovich

on 13 June 2008 (th&, index varied from 1.0 to 1.7,
http://www.ukssdc.ac.uk/wdccl/wdoenu.htm). Figure 2b
presents the 2-D-dependence of TEC sallés D;), filtered

in the range of 2—20 min, for all GEONET sit& (total
amount is 1081 sites) and the satellite PRN10. The am-
plitude ofdl is of about 0.1 TECU (scale fadl is plotted

on panelb at the right). TEC seriedl(t); for the selected

et al., 2004). Then we recalculate the topocentric coordinateSPS/GEONET sites 0320, 0370, 0390 and 0400 are shown

x; () andy; (¢) into corresponding values of the latituglend
longitudea of the subionospheric poilg;, calculate the dis-
tanceD; and then plot the 2-D-diagram “distance-tin(t,

on panel (a). On panel (b), the horizontal linegzzo and
Do4oo mark the distancel from the relative coordinate cen-
tre 0 to GPS/GEONET sites with numbers 0320 and 0400.

D) for the selected satellite number PRN. Our approximationOne can see that TWP travels Bg320-Doago distance with-

is acceptable only for large values@f Then for the mini-
mum§é; value of about 45andhma=300 km, the maximum
deviation of the subionospheric poigt from GPS site does
not exceed 300 km.

out a change of shape, but with the time shift (the moment of
tmin is marked by thick dots on panel a). Hence TWP trav-
els at apparent propagation velocityg~370 m/s southwest
from the pointO overD=1800 km. The velocity is defined

In order to study space properties and dynamics of TWPthrough the inclination of the line that approximates the de-
packets in detail we also employ another form of the 2-D- pendence dyin on the distanc® (the black line on panel b).

space distribution of the values of filtered TEC sernits
(A, ¢) on the latitudep and longitudex for each 30-s TEC

The hypothesis on the connection between the TWP
generation and the solar terminator (Afraimovich, 2008)

counts. Thus we build up the dynamic image of disturbancegan pe tested in the terminator local time (TLT) system:
traveling over Japan in AVl format. The said space-time pré-qT=Togs—Tsr, WhereTogs is the observation time at the
sentation method of ionosphere disturbances for dense USfjiven point; Tsr is the arrival time of ST at the altitude of

GPS networks was used in Tsugawa et al. (2007).

www.ann-geophys.net/27/1521/2009/

H over this point. In other words, we first transform the lati-
tude and longitude of this point to an arrival time of $&t
over this point and then we define the differendidebetween
the observation time at the given point and the arrival time of
ST over this point. A distinctive feature of this approach is
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in excluding certain coordinates of measurement points andhe ST line with the angular shift of about20This agrees
considering data on each point in the solar terminator localwith the 2-D-distribution of TEC seriedl (dT, ¢), Fig. 3.
time only. Figure 3 presents the 2-D-dependence of TECHowever, the TWP velocityy exceeds that of the ST-line
seriesdl (dT, ¢) for all GEONET sitesS; (total amount is  traveling (256 m/s).

1081 sites) at TLT for H=300 km and geographic latitude

¢ for the selected satellite number PRN10. This dependence .

has been obtained through the transformation of the time 4 Conclusion

(UT) into TLT dT (h) from the initial TEC seriegll(t, D) . ) i .
(Fig. 2b). The TWP 2-D-structure is observed to compriseWe have thus obtained the first GEONET GPS-TEC image

strong anisotropic waves with the transverse wave-length of) f the space structure of MS wave packets excited by the so-
9 b o . . 9 ar terminator and lent support to the validity of the discovery
about 250km and the longitudinal dimension of the phase

font exceeding 1500kn. The time delay of TWP ap- 2 o0 e BV T Y B o v
pearance varies from 2.5h at°30to 6 h at 45 N. P

It should be noted that the apparent propagation Velocitysource of ionospheric wave disturbances (Somsikov, 1987).

. X s L We found that ST-generated wave packets have duration of
defined by the diagram “distance-timdl(t,D) corresponds . . .
. 2 X . ... about 1-2 h and time shift of about 1.5-6 h after the morning
to the velocity projection at the line of primary GPS site dis- :
- . . ST appearance at an altitude of 300 km. The TWP wave front
tribution (the mean value is 236see Sect. 2). To determine : . .
. ; S extends along the ST line with the angular shift of abotit 20
proper values of the propagation velocityand directiony : .
L The time period and wave-length of ST-generated wave pack-
of the TWP wave front travel, it is necessary to make 2-D . .
. . ets are about 10—20 min and 100-300 km, respectively. The
picture of TEC disturbance. velocity of the TWP phase front traveling is of about 300 m/s
Figure 1 presents 2-D-space distributions of the filtered Y P 9 :

TEC valuesd! (, ¢) for 22:25 UT (a), for 22:27 UT (b): for The space image of MS TWP manifests itself in pronounced

22:29 UT (c), respectively. Data of each GPS site is repre-gglgg er(;py and high coherence over a long distance of about

sented in the points with coordinates of subionosphere points . .

. . The obtained results do not completely agree with the
for LOS between this site and PRN10. Solid curves markknown mechanisms of the ionosphere irregularity generation
the ST line at the altitude 0i=300km for 18:25UT (a), ! . bhe gulanty g

i ) ) N and propagation (Somsikov, 1987; Somsikov and Ganguly,
18:27UT (b), 18:29 UT (c), respectively. The preliminary .

. : > 1995) and can stimulate the development of the theory. The
analysis showed that the MS TWP space image manifests : A
. ; ; . guestion on the source of the observed TEC oscillation is
itself in pronounced anisotropy and high coherence over a

long distance of about 2000 km. The TWP wave front travelssf[III un clear. ltis k_nown that TIDs can pro pagate without
. significant attenuation and changes in their shape or loss of
predominantly south-westward.

The dynamic image analysis df (A, ¢, t) with a time their coherence no farther than 3-5 wave-lengths; MS TIDs

interval of 30 s gives a precise estimation of the propagationCan propagate no farther than 1000km (Francis, 1974). The

velocity V and azimuthy of normal line to the TWP wave second problem is the time delay of wave packet appearance
o after the ST passage. The delay may be determined by the
front. We employ a method of determining above param- ; : .
o . . correlation between the time damping of MS AGW and the
eters (SADM-GPS) taking into account the relative mot|ond namics of TEC arowina under different aeophvsical con
of subionosphere points (Afraimovich et al., 2004). Vari- y 9 9 geophy

ous combinations of 3-sites GPS arrays in the region 832 ditions.

38 N, 132-140 E (green rectangle in Fig. 1b) for the time Ou_r results are important for iohospheric irregglarity
interval of 22:00-22:50 UT totaled 191. We select GPS ar-PPYSICS development and the transionosphere radio wave
rays with the base line from 50km to 60km. As deduced propagation modeling. Spatial-temporal features and mod-

from our data, the TWP horizontal propagation velogity eling of MS TWP are the aims of our future investigations.
varies from 250 to 450 m/s, with the most probable value of ocknowledgementsThe authors thank E. Calais, J. M. Forbes and
350m/s. The analysis of the distribution of the TWP travel- 3. p. Huba for their interest to this work. We acknowledge the
ing azimuthy shows a clearly pronounced south-westward GEONET scientific group for providing GPS data used in this study.
direction of TWP displacement of 25@r.m.s. is 18). Since  Our work was supported by the SB RAS and FEB RAS collabo-
the precise azimuth value is close to the preferred direc+ation project N 3.24, the RFBR-GFEN grant N 06-05-39026 and
tion azimuth of GPS/GEONET location, the precise veloc- RFBR grant 07-05-00127, and INTAS Ref. Nr 06-1000013-8823.
ity value is close tov=370m/s found from the “distance- .Topica.I Editor M Pinpock thanks two anonymous referees for
time” diagram. The mean value of the oscillation time pe- their help in evaluating this paper.
riod (~16 min) corresponds to that of the TWP wave-length
of about 300 km.

The arrows in Fig. 1¢ schematically show the wave vector
of the TWP (green) and the normal to the morning ST line Afraimovich, E. L., Astafieva, E. ., and Voyeikov, S. V.: Isolated
(dark blue). Itis seen that the TWP wave front extends along ionospheric disturbances as deduced from global GPS network,
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