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Abstract. Larger-scale traveling ionospheric disturbances1 Introduction

(LSTIDs) were studied using the total electron content (TEC)

data observed from global GPS network in the regions ofLarge-scale traveling ionospheric disturbances (LSTIDs) are
North America, Europe, and East Asia during the magneticthe response of the ionosphere to atmospheric gravity waves
storm of 7~10 November 2004. 4 LSTID events were de- (AGWs), launched by high latitudes sources such as Joule
tected in North America, 4 in Europe, and 3 in East Asia. heating, Lorentz forces, or intense particle precipitations
The parameters of the 11 LSTID events, such as the prop&HunSUCker, 1982) The gravity waves interact with the iono-
gation azimuth (the angle with respect to north, taking clock-sphere and thus cause equatorward propagating LSTIDs. The
wise as positive), horizontal phase velocity and damping ratd-STIDs have a horizontal scale of more than 1000 km and
were determined. Our results showed two new propagatiofPropagate equatorward at a velocity of 4a@00ms™* (e.g.
features of the LSTIDs. One was the latitudinal dependencédlunsucker, 1982; Hocke and Schlegel, 1996).

of the LSTIDs’ propagation azimuths. The LSTIDs tendedto ~ Since the investigation on LSTIDs provides important in-
deflect more to west from south as they propagated to loweformation about energy and momentum transportation from
latitudes, which indicated that the Coriolis force was one ofhigh latitudes to low latitudes in the ionosphere, the obser-
the main causes of the LSTIDs’ southwestward deviation.vation of LSTIDs in the auroral region and their propaga-
The other was the different mean horizontal phase velocition from high to low latitudes have been widely studied
ties of LSTIDs among different regions. The mean horizon-by many authors. Early studies were mainly based on the
tal phase velocity of LSTIDs was 42236 ms ! in North sparse distributional equipments, such as ionosondes, HF
America, 381=69ms!in Europe, and 52% 21msilin Doppler sounding, satellite beacons, and incoherent scatter
East Asia, respectively. The results also indicated that théadars. One of these early observations was operated by Ha-
amplitudes of LSTIDs decreased during their propagationikowicz (1991), who used data from a large network of 46
for every event, and the daytime damping rates were mordéonosonde stations operating throughout the Earth to observe
than 1 time larger than the nighttime ones due to differentthe global propagation of LSTIDs during great substorms of
ion drag between daytime and nighttime. The source regiond-3 March 1989. Rice et al. (1988) utilized the combined ob-
of the LSTIDs were ||ke|y to be located between geomag-Servaﬂon of incoherent scatter radars, ionosondes, HF radars

netic latitudes of 68N and 62 N in North America, and be- ~and optical measurements, to investigate the global propaga-
tween 65 N and 57 N in Europe, according to the variation tion of LSTIDs at midlatitudes. Both of the observations of

of magnetic H component observed in these two regions. Hajkowicz (1991) and Rice et al. (1988) showed a consecu-
tive fluctuation of F2-layer virtual height and corresponding
critical frequency from high to low latitudes, indicating the
presence of LSTIDs.

Keywords. lonosphere (lonospheric disturbances; lono-
spheric irregularities; Particle precipitation)
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Table 1. Locations and Codes of GPS receivers used in this paper.of LSTIDs during a strong magnetic storm of 25 Septem-

GPS receiver

Geographical location

Geomagnetic location

WSLR
NANO
CHWK
FTS1
KELS
CHzz
DDSN
CABL
PSTG
YBHB
TRND
POTB
OXMT
ANA1
GUAX
POTS
PTBB
JOZE
DRES
UZHL
OBE2
HFLK
ZIMM
NOVA
TORI
GENO
PENC
BUCU
ORID
NOT1
HLAR
CHUN
BJSH
JIXN
BJFS
TAIN
SHAO
XIAM

50.T N, 122.9 W
49.3 N, 124.2 W
49.2 N, 122.0 W
46.2N,123.9 W
46. N, 122.9 W
455 N, 124.0W
43.FP N, 123.2 W
42.8 N, 124.6 W
41.8N, 124.3 W
41. 7N, 122.7 W
41.° N, 124.2 W
38.2N, 121.9W
37.5°N, 122.84 W
34.0°N, 119.4 W
28.°N, 118.3 W
524N, 14.CE
52.3N,10.5 E
52.2N,21.C0E
51.0N,15.CE
48.6°N, 20.3 E
48.EN,11.3 E
47.3 N, 11.4E
46.9°N,7.5°E
45.4£N,8.6°E
45PN, 7. P E
44.4N,8.PE
47.8N,19.3 E
445N, 26.° E
41. N, 20.8 E
36.9N,15°E
49.3°N, 119.7E
43.8 N, 125.4E
40.3N, 116.2E
40.°N, 117.5 E
39.6N, 115.9 E
36.2°N, 117.PE
31.PN,121.2 E
244°N, 118.PE

55.2 N, 63.66 W
54.9 N, 65.84 W
54.6° N, 62.3 W
52.° N, 63.£4 W
52.1°N, 67.6 W
51.2 N, 63.3 W
49.1°N, 61.2 W
48.6° N, 63.£4 W
47PN, 62.5 W
47.8 N, 59.8 W
47.C° N, 62.° W
43.5 N, 58.9 W
42.P N, 59.2 W
39.8 N, 55.° W
34.8 N, 52.8 W
52.0N, 99.C E
52.6' N, 95.8 E
47.FP N, 96.8 E
50.5 N, 99.5 E
47.2 N, 103.4E
48.4N,94.6 E
47.6 N, 94.4 E
47.9 N, 90.4 E
46.3 N, 90.9 E
46.2N,89.9 E
45.3 N, 90.8 E
46.6'N, 102.P E
39.3N,99.9E
35.3N,94.7PE
30.4N,89.E
38.4N, 188.8 E
33.2N,192.0E
29.4N, 186.2 E
29.2N, 187.4E
28.6'N, 185.9 E
253N, 187.PE
20.3 N, 190.9 E
13.% N, 188.2 E

ber 1998. They found that the LSTIDs curled to the west in
longitude where the local time was around afternoon. Ding
et al. (2008) used a 3-year period (26a@305) data ob-
served by more than 600 GPS receivers in North America
to study the characteristics of LSTIDs. They found that the
occurrence of LSTIDs was dependent on local time. Saito
et al. (2001) used a cluster of all-sky CCD cameras and a
GPS network operated by the GEONET to clarify the char-
acteristics of nighttime TID in FRONT campaign carried
out in May 1998 and August 1999 in Japan. They found
that the propagation direction of TID was restricted to the
southwest and the TID structure intensified as it traveled to
low latitudes. Shiokawa et al. (2002) investigated a promi-
nent LSTID in Japan on 15 September 1999 using both 630-
nm airglow images and GPS data from the GPS Earth ob-
servation network (GEONET), they found that the LSTID
moved equatorward over Japan with a velocity of about
400~450mst. Tsugawa et al. (2004) statistically studied
the LSTIDs in Japan from April 1999 to December 2002 us-
ing GPS TEC data from GEONET, they found that the oc-
currence rate of the disturbed-time LSTIDs was positively
correlated with Kp value, and the amplitude damping and
growth of the LSTIDs were mainly caused by the upward
and downward propagating AGW through ion-drag effect,
respectively.

The papers cited above had revealed various features of the
regional LSTIDs structures and propagation characteristics.
Analysis of the global propagation features of LSTIDs has
not frequently been seen in recent years. Hajkowicz (1990)
used the data from ionosonde stations operating throughout
the Earth at the time of disturbance to investigate the conju-
gate effects of LSTIDs in Japan and Australia. They found
that the storm-induced height rises were only pronounced
in the night time sectors. Tsugawa et al. (2003) derived
the damping rates of LSTIDs between different latitudes in
several local time sectors during the geomagnetic storm on
22 September 1999. They indicated that the damping of
LSTIDs was mainly caused by the ion-drag effect. Tsugawa
et al. (2006) used the GPS TEC data from GPS networks in
Japan and Australia to study the geomagnetic conjugacy of

Since 1990s, the development of the global positioningLSTIDs; they found that the almost simultaneous LSTIDs
system (GPS) and the creation (on its basis) of the networln both hemispheres were not connected electromagnetically
IGS (International GNSS Service), which included more through the geomagnetic field, and the asymmetry of LSTID
than 1000 GPS receivers (since 2004) all around the worldin two hemispheres might be caused by asymmetry of the en-
opened a new era in the remote exploration of the ionosphereergy input in the auroral zone. Some specific characteristics
With its advantages of simultaneous global coverage, highof LSTIDs such as the variations of the LSTIDs’ propagation
resolution in time, continuous measurements and data availazimuths with latitudes and the difference of the LSTIDs’
ability, we can monitor the LSTIDs continuously in a wide horizontal phase velocities between different regions have
range. Many LSTIDs have been observed in the regions witot received enough attention.

dense distribution of GPS receivers, including North Amer-

The aim of this paper is to investigate some detailed

ica (Afraimovich et al., 2000; Ding et al., 2007, 2008) and information of LSTIDs identified in the sectors of North

Japan (Saito et al., 2001; Shiokawa et al., 2002; Tsugaw#®merica, Europe, and East Asia during the magnetic storm
et al., 2004). Afraimovich et al. (2000) used the GPS ar-of 7~10 November 2004. The results revealed several
rays in North America to investigate the form and dynamicsnew characteristics of the LSTIDs, such as the latitudinal
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Fig. 1. Geodetic locations of geomagnetic observatories (triangle) and locations of the GPS receivers (asterisk) used in this paper. The code
name for each geomagnetic observatory was marked on the map, and the names of some GPS receivers were also marked on the map.

dependence of the LSTIDs’ propagation azimuths and thdongitudes of all the 38 GPS sites and their codes used in this
different mean horizontal phase velocities of LSTIDs amongpaper are listed in Table 1, and the geodetic locations of these
different sectors. GPS receivers are plotted as asterisks in Fig. 1.

2.2 Multichannel maximum-entropy method
2 Data and method
We applied the multichannel maximum-entropy method to
2.1 Data and selection of GPS stations the GPS arrays chosen above to calculate the parameters of
LSTIDs. First, we calculated the original slant TEC time se-
The GPS TEC data used in this study were provided by theies along the receiver-satellite lines of sight from the data
Scripps Orbit and Permanent Array Center (SOPAC) andof dual-frequency carrier phase and pseudo-range measure-
IGS. We got the data observed from dual-frequency GPS rements of GPS receivers. Then we converted the slant TEC
ceivers, which were more than 1000 all around the world intime series into vertical TEC (VTEC) time series by equa-
2004. Each GPS receiver generated RINEX files recordingion
carrier phase delays and group delays. We retrieved the orig-
inal slant TEC time series from the RINEX files and removed VTEC = (STEC+ B}) sinele (1)
the outliers and wild points.

We chose the longitudinally extended chain stations inwhere “ele” was the satellite elevation angle, STEC was
North America, Europe, and East Asia to observe north-the real measurement of slant TEC, VTEC was the verti-
south motion of LSTIDs. In order to get more informa- cal TEC time series, an@} was the instrumental receiver
tion of the LSTIDs during 710 November 2004, we chose and satellite biases. We used the data with satellite elevation
the GPS arrays in these three sectors and applied the mularger than 30 to minimize the errors caused by converting
tichannel maximum-entropy method to get the propagationslant TEC into vertical TEC and the multipath effectg?
parameters of LSTIDs, including horizontal phase velocity was the main error source of the ionospheric TEC deriving
and propagation azimuth. We selected 3 sets of GPS arfrom GPS observation and could reach up to several TECU
rays longitudinally located at different geomagnetic latitudes(1 TECU = 13® electrons m?) or even larger than the real
of 55. N, 51.2 N, and 47.7N in North America, and of slant TEC (Sardn and Zarraoa, 1997; Zhang et al., 2010),
52.6N, 47.6 N, and 45.3N in Europe, respectively. We and the effect of this biases must be removed to get the ab-
found only 1 set of GPS array located at geomagnetic latitudesolute measurements of TEC. Here, we eliminatedthky
of 28.6° N in East Asia. Each of these GPS arrays consisteccombining the vertical TEC time series (VTEC) with the JPL
of three GPS receivers, and the horizontal distance amon&IM data which was interpolated in both space and time.
these receivers of each array was less than the half of the hor- Second, we got the background trend of vertical TEC
izontal wavelength of the LSTID to avoid phase integer cycle (TECy) by smoothing the vertical TEC time series (VTEC)
ambiguity. The geographical and geomagnetic latitudes anavith the chosen sliding window of 120 min (Ding et al.,

www.ann-geophys.net/30/683/2012/ Ann. Geophys., 30, 6884, 2012
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2004). It was necessary to notice that medium-scale TIDwas the local time when the satellite elevation angle “ele”
(MSTID), which had wavelengths of several hundred kilo- reached the maximum and dawvas the latitude of the iono-
meters, often overlapped the LSTID structure and made disspheric pierce point at time gT

tortion of LSTID wavefront (Tsugawa et al., 2007). The pos-  Third, we obtained the deviation of vertical TEC time
sible occurrence of MSTIDs may distort the TID series andseries by subtracting the VTiGrom the VTEC and ap-
consequently cause errors during the estimation of LSTIDplied this filtering method to the densely distributed GPS re-
parameters (Tsugawa et al., 2003, 2004). The period oteivers of North America to get the two-dimensional TEC
MSTIDs in winter was less than 30 min (Kotake et al., 2007), perturbation maps with the spatial resolution of °0léti-

in order to reduce the errors due to MSTIDs overlapping thetudex 0.5 longitude and temporal resolution of 150 s. Then,
LSTID, we smoothed the VTEC with a selected time win- we checked the TEC variation maps to see if there were reg-
dow of 30 min and removed the background trend of verticalularly moving band-like structures representing the existence
TEC (TEG). Thus we derived the time series of the devia- of LSTIDs.

tion of TEC (DTEC) in the period range 30-120 min corre-

sponding to the LSTID periods. In the end, by adopting the .

three-channel maximum entropy method (Strand, 1977), we  Statistical results

derived the main frequency and phase differences betweeg
DTEC time series observed at three GPS stations (a GPS ar-

ray) to determine the propagation parameters. Galileo trans,:igure 2 plotted the temporal variations of SYM-H (a), AU
formation was applied to eliminate the error caused by the; 4 AL (b) indices during 10 November 2004. During
Doppler shift in the DTEC time series due to the movementsyyis period, two major magnetic storms occurred. The first
of GPS satellites (Wan et al., 1997). o storm began its main phase at about 20:00 UT on the 7th,
Two criteria were required during the identification of a {an the SYM-H index reached its first minimum-e873 nT
LSTID event. (1) The maximum amplitudes of wave-like o annroximately 06:00 UT on the 8th. During the recovery
variation in DTEC time series should exceed 0.5 TECU. Th'sphase of the first storm. a second storm occurred between

criterion was based on the previous researches, Tsugawa %ughly 21:00 UT on the 9th and 23:00 UT on the 10th. with
al. (2006) defined the LSTIDs as the TEC enhancements o value of SYM-H reached a second minimum-&00 n’T
larger than 0.5TECU; Ding et al. (2008) found the am- oy, the 10th. During this period, several intense auroral sub-
plitudes of TEC variation caused by LSTIDs were mostly ;qrms happened as shown by the enhancements of AU and

around 1.1 TECU. (2) The temporal variation of wave pe- o\ indices on panel (b), where the peak value of AL values
riod, azimuth, and horizontal phase velocity obtained fromexceeding 4000 nT.

multichannel maximum-entropy method should not change During this period, 11 LSTID events were identified,

too much. The second criterion was set to ensure that W& hich propagated at global scale and can be observed by

observed a steady wave field and that the parameters thu§ps network at the sectors of North America, Europe, and
obtained were reliable. East Asia.

1 Geomagnetic condition

2.3 Generation of two-dimensional TEC perturbation 3.2 LSTID events on 7 November
maps
_ ) o Two LSTID events were observed almost simultaneously
For the sectors with the GPS receivers distributed m“Chbetween 20:0822:30UT. In North America, it was at
denser than East Asia, such as North America, we COM+3.00-14:30 LT (21:00-22:30 UT), and in Europe, it was
bined the multichannel maximum-entropy method and theat 21:00-22:25 LT (20:00-21:25 UT). Figure 3a, e plotted
TEC mapping method, the later one can visually iIIustratethe temporal dependence of the deviation of TEC (DTEC)
the two dimension distribution of the LSTIDs’ wavefronts. observed at certain GPS stations between 081@300 LT
The method of creating two-dimensional TEC perturba- (16:00~24:00 UT) along the meridian of 126V in North
tion maps wgs.introduced in detail by Ding et al. (2007) America and between 17:6@3:00LT (16:06-22:00 UT)
which was similar to that of Tsugawa et al. (2003) and 5,nq the meridian of 2CE in Europe, respectively. Strong
N'COHS e_t al. (2004). First, we thalned the vertlcal TI_EC oscillation in DTEC series was observed in North Amer-
time series (VTEC) from the original slant TEC time series ., during this time (Fig. 3a), the oscillation traveled to the
by Eq. (1). . distance of~2000km. Almost at the same time period, a
Second, we expanded the background trends of vertica] g1ip event was identified in Europe as shown in Fig. 3e.
TEC (VTEG) as The dissipation of the amplitudes of the LSTIDs during their
VTEC, = Co + Cy(lat— latg) + Co(LT — LTo) ) propagation from high to low latitudes were different be-
tween these two sectors when comparing the damping rates
here lat and LT were the geographical latitude and local time of these two LSTIDs. The damping rate hereafter was de-
respectivelyCo, C1, andC, were the fitting coefficients. lgf  fined as the exponential decreased rate of the ratio of the

Ann. Geophys., 30, 683694, 2012 www.ann-geophys.net/30/683/2012/
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Fig. 2. The variations of the SYM-Ha), AU and AL (b) indices on 710 November 2004.

perturbation component of TEC (DTEC) to the vertical back- In North America, we observed a LSTID propagating to
ground component (TE (Tsugawa et al., 2003). The am- the distance of more than 1200 km with the maximum am-
plitude attenuated rate was 0.011/100 km in Europe in theplitude of ~2 TECU at 18:06-19:30 LT (02:06-03:30 UT),
evening, while it was 0.031/100 km in North America around as shown in Fig. 3b. At 04:31206:00 LT (03:12-05:00 UT)
noon time. we observed a LSTID in Europe with the maximum am-
The occurred time of the maximum AU index corre- Plitude of ~1 TECp, it propagated. to the distance of more
sponded with the time when the LSTID events were observedan 1500km (Fig. 3f). In Asia we also observed a
in both North America and Europe, this was good evidence-ST!D propagating to the distance of more than 1500 km
that the occurrence of LSTIDs was highly correlated with the@t 18:08~19:36 LT (10:06~11:36 UT), its maximum ampli-
enhancements of auroral electrojets during magnetic stormgude was about 2TECU, as shown in Fig. 3i. The damp-
It was noteworthy that we did not find any LSTID event in "9 rates of the LSTIDs in North America, Europe and East
Asia on this day; this may be because most of the GPS staAsia were 0.014/100 km, 0.013/100km, and 0.028/100 km,

tions in East Asia are located in low latitude regions. respectively. . . o _
Depending on the intensively distributed GPS sites

in North America, we got the time sequence of two-
dimensional maps of TEC perturbations over North Amer-
ica on ~10 November 2004 during the passage of LSTIDs.
On 8 November 2004, a series of auroral substorms happene8ipatial resolution for the TEC maps wasOl&titudex 0.5
during 01:06-12:00 UT that were indicated by the enormous longitude and temporal resolution was 150s. In this paper,
drop of the AL index with its minimum reaching3000nT  the maps during the period between 02:00 and 04:00 UT on
around 04:00 UT (Fig. 2b). The intensive occurrences of theB November 2004 were shown to see the movement of the
auroral substorms during this time made it difficult to iden- phase fronts of LSTID (Fig. 4ae). As shown in Fig. 4a, a
tify LSTID events from the complex variation of TEC. How- positive TEC perturbation bands first occurred in the north-
ever, we still observed one LSTID event between 02:00 andvest of United States at around°39 at 02:00 UT, and a
03:30 UT in North America (Fig. 3b) and one LSTID event strong negative band appeared at the same time at latitude
between 03:12 and 05:00 UT in Europe (Fig. 3f), as well asof 40° N. A phase front can be clearly seen, which was the
one LSTID event between 10:00 and 11:36 UT in East Asiaborder between the positive and the negative region. Around
(Fig. 3i), respectively. 02:30UT the positive band at 501 moved to the latitude

3.3 LSTID events on 8 November

www.ann-geophys.net/30/683/2012/ Ann. Geophys., 30, 6884, 2012
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Fig. 3. The time dependence of the deviations of TEC (DTEC) in North Amédgaga(d) and in Europde)~(h) on 7~10 November 2004

and in East Asidi)~(k) on 8~10 November 2004 for TEC data from GPS receivers along longitude of about\L8)~(d), 20° E (e)~(h)

and 120 E (i)~(k), respectively. The names of the GPS receivers were marked in each of the picture. The phase fronts of the LSTIDs were
marked with dash lines.

of ~40° N, and the negative band at48 moved to the lat- of North America propagating to the distance of almost
itude of 30 N; meanwhile a negative appeared at the lati- 2000 km; with the maximum amplitude of 2 TECU. We
tude of ~50° N. Then these bands continuously moved to also found a LSTID at high and middle latitudes of Eu-
lower latitude between 03:603:30UT (Fig. 4e-d). The  rope at 15:06-17:00LT (14:06-16:00 UT) and a LSTID at
phase fronts passed over the United States with the duratiomiddle and low latitudes of East Asia at 20:023:00 LT
of about one and a half hours. The perturbation structure¢12:00~15:00 UT) as shown in Fig. 3g and 3], respec-
gradually disappeared in the maps after 04:00 UT (Fig. 4e). tively. The maximum amplitudes in Europe and Asia were
1.5TECU and 2 TECU, respectively. The damping rate of
the LSTIDs in North America, Europe, and East Asia were
0.016/100 km, 0.03/100 km, and 0.018/100 km, respectively.
Several substorms occurred during the recovery phase of the
first magnetic storm on 9 November. The strongest sub-3.5 LSTID events on 10 November
storm occurred at 12:00 UT with the value of AL dropping to
3000 nT, which far exceeded the drop of AL index of other On 10 November the AL index reached its minimum of al-
substorms during that day. Consequently, obvious LSTIDmost 4000 nT around 10:00 UT, accordingly we found one
events were observed after 12:00 UT, right after the expant.STID event in each sector around 10:00 UT as plotted in
sion phase of the strongest substorm. Fig. 3d, h, k. We observed the LSTID propagating to the
As shown in the Fig. 3c, a LSTID event was found distance of 2000 km with the maximum amplitude of about
at 04:20~06:00LT (12:20~14:00UT) at middle latitudes 2TECU at 02:06-04:00LT (10:06~12:00UT) in North

3.4 LSTID events on 9 November

Ann. Geophys., 30, 683694, 2012 www.ann-geophys.net/30/683/2012/
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Fig. 4. Time sequence of two-dimensional maps of TEC perturbations over North America during the period of@RGIOUT on
8 November 2004.

America (Fig. 3d). In Europe, the LSTID propagated to the the LSTIDs at high latitudes was temporally well-correlated
distance of 1500 km at 12:6A.4:00 LT (11:00~13:00UT);  with the occurrence of auroral substorms. But LSTIDs were
its maximum amplitude was about 0.75 TECU (Fig. 3h). In seldom observed during the time when several strong sub-
East Asia, the LSTID propagated to the distance of aboustorms occurred successively. For example, on 10 Novem-
1600 km (Fig. 3k) at 18:0020:00LT (10:00-12:00 UT), ber, we found only one LSTID event at each of the three
and its maximum amplitude was 2 TECU. The damping ratessectors as illustrated in Fig. 3d, h, k, though numbers of sub-
of the LSTIDs in North America, Europe, and East Asia storms occurred during that day. This may be because iono-
were 0.025/100km, 0.021/100km, and 0.019/100 km, re-spheric storms occurring during dense substorms tremen-
spectively. dously changed the background ionosphere. Consequently,
The time intervals of the LSTID events observed in thesethe traces of LSTIDs in TEC series were lost due to strong
three sectors were characterized by the largest value of theariation of the background TEC. Interactions among the
AL, which again confirmed that the generation of the LSTIDs LSTIDs stimulated by different substorms may be another
was closely associated with the auroral activities. cause, making it hard to distinguish the phase variation of
one LSTID from another in TEC series.

4 Discussions 4.1 Propagation directions of LSTIDs

We have used the GPS TEC data to study the propagatioBy applying the multichannel maximum-entropy method to
characteristics of the large-scale traveling ionospheric disthe deviations of the TEC series at the GPS arrays mentioned
turbances (LSTIDs) over North America, Europe, and Eastin Sect. 2.1, we got the variations of the propagation azimuths
Asia during the magnetic storm on~20 November 2004. of the LSTIDs between geomagnetic latitude of 35N3and

11 LSTIDs were identified, 4 in North America, 4 in Eu- 47.7 Nin North America, and between geomagnetic latitude
rope, and 3 in East Asia, respectively. The occurrence ofbf 52.6 N and 45.3 N in Europe, respectively.
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Fig. 5. Propagation parameters of LSTIDs on 9 November 2004. The horizontal phase velocity of LSTID was represented by the length of
the red arrow, and the propagation azimuth of LSTID was indicated by arrow’s direction. The dots showed the chosen locations of 7arrays,
and eastward (westward) declination of the geomagnetic field was presented by the green (brown) contour line.

The results showed that the azimuths of LSTIDs dependegber, the LSTIDs detected in North America had a tendency to
on latitudes both in North America and Europe. The azimuthsouthwest, which was in consistent with the statistical study
of each LSTID was larger at middle geomagnetic latitudeof Ding et al. (2008). This implied that the southwestward
than it was at high geomagnetic latitude, as shown in Table 2LSTIDs in North America would not be mainly affected by
The directions of red arrows in Fig. 5 showed the azimuths ofthe declination of the geomagnetic field.

LSTIDs derived from 3 GPS arrays longitudinally distributed  Figure 5 also showed that the westward deviations from
at different geomagnetic latitudes in both North America andsouth of the LSTIDs increased as the LSTIDs propagated
Europe on 9 November, respectively. The azimuth of LSTIDfrom high to middle geomagnetic latitudes both in North
detected in East Asia was also plotted in Fig. 5. As canAmerica and Europe. This implies that the Corilolis force
be seen from Fig. 5, the azimuths of LSTIDs deviated morewould be one of the main factors of controlling the propa-
from south to west as the LSTIDs propagated from high togation azimuths of LSTIDs during their propagation. The
middle geomagnetic latitudes in both North America and Eu-|_STIDs at high geomagnetic latitudes such as, the GPS ar-
rope. Since we only got 1 GPS array in East Asia, we cannotay at geomagnetic latitude of 558 in North America and

tell the propagation azimuth variations of the LSTIDs in this the GPS array at geomagnetic latitude of 3N@n Europe,
sector, but we still got the averaged westward deviation ofwere near the auroral oval (source region), and were affected
about 20 from south at geomagnetic latitude of 281, by the Coriolis force for a short time, so the southwest-

Many previous papers have reported the azimuthal direcward deviations at these arrays were more likely to be related
tions of the LSTIDs’ propagation were not always equato_With the generation mechanisms such as the moving source
rial but have a clockwise deviation 6f20° from south (e.g.  (Hocke and Schlegel, 1996). However, it was obvious that
Afraimovich et al., 2004, 2005; Afraimovich and Voeykov, the increased southwestward deviations of the LSTIDs dur-
2004; Leonovich et al., 2004; Tsugawa et al., 2004; Dinging their propagation from high to middle geomagnetic lati-
et al., 2008). Tsugawa et al. (2004) statistically studied thetudes were independent of the generation mechanisms which
LSTIDs in Japan and found the average of the directions ofwvere more likely to be caused by the Coriolis force.
the observed LSTIDs wast3l9 east from south, which was
thought to be affected by the westward declination of the ge4.2 Horizontal phase velocities of LSTIDs
omagnetic field in Japan, since the plasma motion is coupled
to the geomagnetic field line. The declination of the geomag-The different lengths of the red arrows plotted in Fig. 5 in-
netic field is about-6° westward from north in Japan, while dicated the different horizontal phase velocities of LSTIDs
in North America, the range of the declination of the geo- between different sectors on 9 November 2004. By using
magnetic field varied from 20on the west coast te 23° on the multichannel maximum-entropy method, we got the hori-
the east coast, which was much larger than that in Japan, aontal phase velocity of LSTIDs in these three sectors during
shown in Fig. 5. However, according to the results of this pa-7~10 November 2004, as shown in Table 2. Statistically, the
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Table 2. Summary of the horizontal phase velocities and propagation azimuths of the 11 LSTIDs events detected from 7 chosen GPS arrays
in the three given sectors during the magnetic storm-eh@November 2004.

Sector Event Date LT Geomagnetic latitudes  Phase velocity ~ Azimuth
of GPS arrays (msh) ©)
1 7th  13:00-14:30 55.3N 452 185
51.3 N 407 187
47PN 426 192
North 2 8th  18:06-19:30 55.3N 326 180
America 51.3N 428 184
47.P N 460 189
3 9th  04:20-06:00 55.3N 420 180
51.3 N 434 193
47.P N 457 210
4 10th  02:00-04:00 55.3N 392 191
51.3 N 448 200
47PN 416 207
5 7th  21:00-22:25 52.6N 307 183
47.6N 425 191
453 N 419 194
6 8th  04:12-06:00 52.6N 327 190
Europe 47.8N 460 197
453 N 471 201
7 9th  15:00-17:00 52.6N 440 180
47.6N 421 196
453 N 387 208
8 10th  12:00-14:00 52.6N 309 181
47.6N 304 188
453 N 311 193
9 8th  18:00-19:36 28.6N 551 198
East Asia 10 9th  20:0023:00 28.6N 508 210
11 10th  18:06-20:00 28.6N 524 200

mean horizontal phase velocities of LSTIDs observed in Eu-agated southward with horizontal phase velocities between
rope (38169 ms1) and North America (42236ms1) 600 and 850 mst in the latitudes between 48l and 25 N.
were obviously slower than those observed in East AsiaDing et al. (2007) investigated the LSTIDs during the mag-
(527+ 21 ms1), which would be mainly caused by latitude netic super storm of 2930 October 2003 by global GPS
differences between these sectors. According to Mayr esystem. They found two LSTIDs over North America in
al. (1990) low-speed LSTIDs suffered more energy attenu-the range of 5ON~30° N with horizontal phase velocity
ation as a result of ion drag, molecular viscosity, and thermabf 270~500ms. These findings also indicated that the
diffusivity during their propagation, preventing them from LSTIDs discovered at low latitudes in Japan propagated
arriving at lower latitudes. Hence low-speed LSTIDs were faster than the LSTIDs did at high latitudes in North Amer-
more frequently observed in Europe and North America, adca, which was in reasonable agreement with our results.
the geomagnetic latitude of East Asia was lower than that of

Europe and North America. 4.3 Damping of LSTIDs

Shiokawa et al. (2003) detected a LSTID that moved equa\We have checked the damping rate of LSTIDs and presented
torward with a horizontal phase velocity 6600 m st dur- the results in different sectors and at different local times in
ing the major magnetic storm of 31 March 2001 in Japan,Table 3.
with the ground-based stations located in the latitude range As can be seen in Table 3, both in North America and
of 45.# N~21.2 N. Hayashi et al. (2010) used the Super Europe, the daytime damping rates were larger than the
Dual Aural Radar Network (SuperDARN) Hokkaido radar nighttime ones. The average damping rate in daytime was
combined with the TEC data from the GPS Earth Observa-more than 2 times larger than the counterpart at nighttime in
tion Network (GEONET) to study the LSTIDs on 15 De- Europe, and in North America the daytime average damp-
cember 2006 in Japan, and found two LSTIDs events proping rate was about 1.7 times larger than the nighttime one.
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Fig. 6. Time dependence of the magnetic H component during 2628000 UT on 7 November in North Ameri¢a) and 01:00-04:00 UT
on 8 November in Européb) at the geomagnetic observatories, respectively. The code name of each geomagnetic observatory was marked
nearby.

Table 3. The damping rates of the LSTIDs detected in the three cording to these studies, the attenuation of the LSTIDs was

sectors on #10 November 2004. caused by several factors, such as ion drag, molecular vis-
cosity, thermal conductivity, electric field, and neutral wind.
Sector Date LT Damping rate (18 km) Tsugawa et al. (2003) suggested that the damping of the
7th  13:00~14:30 0.031 LSTIDs was caused mainly by the ion drag effect which was
North 8th  18:08-19:30 0.014 proportional to the ion collision frequency. This may explain
America  9th  04:26:06:00 0.016 why the daytime damping rates were larger than the night-
10th  02:06-04:00 0.025 time ones. Since the ion drag was proportional to the colli-
7th  21:00-22:25 0011 sion fre_quency betvyeen ions aqd the neutrals, j[he particu!arly
Europe 8th  04:1206:00 0.013 §tro.ng ion dr.ag during the d_ayt|me due to the increased ion-
oth  15:00~17:00 0.030 ization density of the F region may cause the enhancement
10th  12:06-14:00 0.021 of the ion drag and lead to the strong attenuation of LSTIDs
in daytime.
8th  18:00~19:36 0.028
East Asia 9th  20:0823:00 0.018
10th  18:00-20:00 0.019 4.4 Source regions of LSTIDs

Previous researchers (e.g. Hunsucker, 1982; Hajkowicz,
) ) ] ] 1991) revealed that the possible source regions of LSTIDs
However, the LSTIDs detected in East Asia during this mag-yere most likely to be located around the auroral region.
netic st'orm tlme'were .aII at nighttime, so we did not take this y,nsucker (1982) pointed out that the enhancement of west-
sector into consideration. ward electric current excited atmospheric gravity waves
Previous ionospheric studies (e.g. Klostermeyer, 1969; Liu(AGWSs) and LSTIDs through the enhancement of Lorentz
and Yeh, 1969; Hines and Hooke, 1970; Yeh et al., 1975;force and Joule heating. Hajkowicz (1991) reported that a
Hajkowicz, 1991; Tsugawa et al., 2003, 2004) have showrhigh degree of correlation existed between the auroral elec-
that the relative amplitude of LSTIDs rapidly decreased astrojet and the LSTIDs with the highest correlation coefficient
the LSTIDs propagated from high to middle latitudes. Ac- reaching 0.9. Therefore, we could use the magnetic field data
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to investigate the possible source regions of the LSITDs dur-
ing this storm time.

We used the magnetic field data from 10 geomagnetic ob-
servatories in North America and 9 in Europe to investigate
the possible source regions of the LSTIDs in these two sec-
tors. Source regions of the LSITDs in East Asia were not
investigated because of the sparse distributions of geomag-
netic observatories in this sector. The locations and codes
of all the 19 geomagnetic observatories were plotted as tri-
angles in Fig. 1. We got the time dependence of the mag-
netic H component at those 19 geomagnetic observatories
between 7 and 10 November 2004. In this paper, we only
showed the two of these time series. Figure 6 presented
the time dependence of the magnetic H component during
20:00~23:00 UT on 7 November in North America (Fig. 6a)
and 01:06-04:00 UT on 8 November in Europe (Fig. 6b),
respectively.

As shown in Fig. 6a, after the onset of the storm at
20:00UT on 7 November, the magnetic field H component
started decreasing at 20:36 UT at IQA (MLAT: 72M). The
LSTID with the horizontal velocity of 42236 ms ! was
observed 24 min after the decrease of H component at IQA.
The north edge of the region where the LSTID was observed
was around geomagnetic latitude’®§, so the source region
of this LSTID may be located within 650 km to the north
of 56° N. Similarly, in Europe, from Fig. 6b we roughly es-

693

locities of the LSTIDs observed at low geomagnetic lat-
itudes (52721 ms! in East Asia) were higher than
those observed at high geomagnetic latitudes 422
36mstin North America and 38 69ms? in Eu-
rope). Due to the fact that slow velocity TIDs dissi-
pated more quickly than the high velocity ones did dur-
ing their propagation, so high velocity LSTIDs were
more frequently to be detected at lower geomagnetic lat-
itudes.

The damping rate of the LSTIDs was also different
in terms of local time. The damping rate of daytime
LSTIDs was larger than the nighttime one. Our results
showed that the variation of damping rate was mainly
caused by the variation of ion drag, which was higher in
the daytime than at nighttime.

. The possible source regions of the LSTIDs detected in

North America and Europe during this magnetic storm
was roughly estimated by analyzing the H component of
the magnetic field at 19 geomagnetic observatories. The
source regions of the LSTIDs in North America were
likely to be located between geomagnetic latitudes of
68N and 62 N, and in Europe the possible range of
the source regions was between geomagnetic latitudes
of 65° N and 57 N.
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