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Abstract. In this paper, we present further observational ev-1 Introduction
idence for the transpolar propagation of large-scale travel-

ing ionospheric disturbances (LSTIDs) from their nightside
source region to the dayside reported by Cai et al. (2011)
Slant total electron content (STEC) observed by longitudi-
nally aligned GPS receiver chains in North American and
European sectors was analyzed to demonstrate presences

LSTIDs at both nightside and dayside mid-latitude. Signa-mOSpheriC gravity waves (AGW) since the landmark paper

tgres ?;Trlgc\:/veretinfgr:_ed fro_TE@ssi di_ffe:jer;ce in time se- of Hines (1960). In general, TIDs with periods of 1 h, wave-
res o perturbations ( ) derived from measure- ngths of about 1000 km, and horizontal speeds greater than

ments of ground-based GPS receivers, which are separat oms? are referred to as large-scale ones (Hunsucker
by hundreds of kilometers longitudinally. Periods of the day- 982). Davis (1971) provided strong support for the con—’
time and nighttime io_nospheriq disturbances were es_timate ention that large-scale TIDs (LSTIDs) originate during po-

to be around 128min, being in gpod agreement with thatlar substorms. LSTIDs are usually expected to have been
of the transpolar AGW (atmospheric gravity V\_/ave_-). recorde.dlaunched at auroral or subauroral latitudes during substorm
by EISCAT (European Incoherent Scatter Scientific ASSOCI'conditions, as a result of Joule heating and Lorentz forces.

ation)/ESR (EISCAT Svalbard Radar) radars. On the day- It was demonstrated that LSTIDs were capable of propa-

side, the LSTID moved equatorward with an average phas%Jating for thousands of kilometers without significant attenu-

'~ 1 i
spefzhd Ofd440 md§ f' th Nprrt]r:t_AminSc_zraersector, hor\]/velver, ation (Francis, 1975). The simultaneous presence of TIDs at
southward speed ot the nightlime was much s Ower’high, mid- and low latitudes, and in both Northern and South-

being around 160 nTS. We suggest that the observed day- ern Hemispheres, propagating from both auroral regions to-

:ir';ne and nighttime mid—latt)itt_lde lLSTt”?jS are Iikt;ly to Ta\(ehward the geographic Equator, was detected during magneti-
€ same source region, being located somewhere at nig E'ally disturbed periods (Valladares et al., 2009). Richmond

tl_rge F#: roral latitude. Ha\tllng_ beﬁn Iaunclhed ontthe n'é]ht' 978) argued that, according to classical gravity-wave the-
slde, the waves propagate simultaneously equatorward an ry, gravity waves with a point source would result in an

poleward. The equatorward-moving waves are recorded b¥sotropically propagating disturbance. Recently, storm time

GPS receiver chain in North American sector. The POIeV,Vard'LSTIDs propagating equatorward of the auroral region have
moving waves, however, cross the polar cap from nightside t een detected extensively (e.g. Williams et al., 1993, and ref-

Id?:si?e agd g:esr(':ir%ggﬁdeg conse(cj:u(t}i\lgesly at hi_gh anr(]d mi erence therein, Shiokawa et al., 2007; Ding et al., 2008; Val-
atitudes by radars an receiver chainsy, yoes et al., 2009).

respectively. With the help of a fully coupled thermosphere—
Keywords. lonosphere (lonosphere—atmosphere interacionosphere—plasmasphere model, Balthazor and Moffett
tions; Mid-latitude ionosphere; Wave propagation) (1999) investigated the morphology of large-scale TIDs

Properties of the traveling ionospheric disturbances (TIDs)
have been investigated extensively recently by means of ob-
servations and numerical simulation (as reviewed by Hocke
and Schlegel, 1996, and references therein). It is now widely
é’rc}cepted that TIDs are the ionospheric manifestations of at-
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propagating poleward from auroral sources and claimed thapaper, in order to precisely keep the phase information of
poleward-propagation of large-scale traveling atmospheridonospheric perturbations, the STEC curves corresponding to
disturbances could be self-consistently driven by enhanceeach satellite pass and for each GPS receiver were detrended
ments in auroral heating. TIDs propagating simultaneouslyby means of zero-phase digital filtering (Butterworth type). A
both northward and southward from a source have ever beefour-order low-pass Butterworth filter was designed to allow
inferred from ionosonde data (Morgan, 1983). Bowman andvariations with periods longer than 3 h to pass through, since
Mortimer (2010) suggested that LSTIDs have the ability to Hocke (1996) suggested that time scales with pes@db—
encircle the Earth, which implies that transpolar propagation3 h could be associated with tidal modes. The satellite and re-
of LSTID would be expected. ceiver instrumental biaseBs and By, are quite stable during
With ground-based EISCAT (European Incoherent Scat-a satellite pass (Heamdez-Pajares et al., 1997). Thus, these
ter Scientific Association)/ESR (EISCAT Svalbard Radar) instrumental biases are not included in the resulted TECP
radar observations, Cai et al. (2011) reported a case studftime series of STEC perturbations), which only contains the
of the characteristics of AGW/TID within the dayside polar disturbances of STEC along the propagation path.
cap. The authors suggested that the disturbance had propa-In order to eliminate disturbances introduced by multi-
gated across the northern polar cap from the nighttime auropath propagation of the carrier signal, only the STEC series
ral source during substorm conditions. However, they did notwith elevation higher than 40were included in our study.
provide any observational evidence to support their hypotheit has been suggested that higher values of the elevation an-
sis. If the AGW/TID were actually launched on the nightside gle correspond to more reliable TID structures and dynamics
auroral latitude, measurable signatures of the equatorwardAfraimovich et al., 2000). The horizontal observation range
propagating wave might be expected equatorward of theof the ground-based GPS receiver will be narrowed if higher
source region at nightside. This paper contributes further supelevation cutoff is used. Higher elevation cutoffg0°) was
port for the hypothesis of Cai et al. (2011), focusing on prop-chosen for studies in the region with a relatively denser dis-
agations of the induced LSTID from the same source on bothribution of GPS receivers (e.g. Saito et al., 1998; Tsugawa et
nightside and dayside mid-latitude. Dataset and method emal., 2003). For most GPS receivers mentioned in the follow-
ployed in present paper are introduced in Sect. 2. In Sect. 3ng sections, the elevation cutoff adopted in our study gener-
observations of LSTIDs on both nightside and dayside areally leaves an original STEC time series of about 4 h, which
summarized, as well as geomagnetic conditions. Comparis long enough to contain at least one cycle of ionospheric
isons and brief discussion are presented in Sect. 4. Summaigisturbance of a typical LSTID (Ding et al., 2008).
is following in Sect. 5. The presence of a LSTID is identified by means of com-
paring time series of STEC perturbations derived from mea-
surements observed by a ground-based receiver chain during
a GPS satellite pass. Perturbations of the slant TEC series,
our ori d . {ather than those of the derived vertical TEC, were analyzed
primary dataset consists of slant total electron conten . : Do .
. . in order to avoid errors introduced by converting into vertical
(STEC) values measured by GPS receivers that routinely op- . :
erate in North American and European sectors. The Inter—T EC. Since LSTIDs were obsgrved predominately propagat.-
national GNSS Service (IGS) provides GPS RINEX files ing equatorward from high latitudes (e.g. Hunsucker, 1982;

which are available on the web site lttp://sopac.ucsd.edu Srholﬁﬁﬂzg;"é F%gorzcgilcgr ecthzli.r’]szgg?/)é g]e:ahrlscﬁizzgtzsch
The STEC observed by a GPS receiver-satellite pair ca

be derived from carrier phase advance and group delayshat they are longitudinally aligned as much as possible. If

recorded in the RINEX files. Resolution of the STEC time & LSTID field Were passing by, perlodlq quctua_nons with
series is 30s. phase progression along the GPS receiver chain would be

Assume that the STEC series observed by a GPS receive[e.-)(pecteol in time series of the .TECP' The_propagatlon proper-
. : . . X ies of the LSTID, such as period and horizontal phase speed,
satellite pair consists of three parts: STE@hich represents

the background trends of STEC; STEGvhich reflects the can be e§t|mated from the TECP temporal \{arlatlons ant_j the
) . . phase differences between the GPS receivers accordingly.
TEC perturbations caused by TIDs; and the satellite and rez_ .~ " .
o : This is different than the method adopted by many authors
ceiver instrumental biaseB8s and B;. We have . o : o
in recent publications (e.g. Saito et al., 1998; Nicolls et al.,
STEC=STEG + STEG, + Bs+ Br. 2004, Ding et al., 2008, Valladares et al., 2009), who identi-
fied the LSTID and evaluated its properties from a series of
The background trend STpQan be estimated with vari- two-dimensional TECP maps. Although Saito et al. (1998)
ous algorithms. Running average has been used by a nunwarned that the phase differences of the TECP might be bi-
ber of authors, with a time widow ranging from 1 h to sev- ased by spatial variations, we claim that our method is reli-
eral hours (e.g. Nicolls et al., 2004; Shiokawa et al., 2002).able for TID signatures identification, provided that enough
Ding et al. (2008) and Valladares et al. (2009) calculated theproper ground-based GPS stations are available. In present

unperturbed TEC values by means of fitting method. In this

2 Data and method
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Fig. 1. A'?J/AL indices from WDC (World Data C_Zenter) for Ge- Fig. 2. Time series of the slant TEC perturbations (TECP) derived
omagnetism, Kyoto (top panel), and polar cap index from WDC .

; . . rom measurements observed by the GPS satellite PRN 30 and a
for Geomagnetism, Copenhagen (bottom panel), during the |nterva1 - : . .
00:00-12:00 UT on 13 February 2001 ground-based GPS receiver chain, which are close to being lon-

' ) y ' gitudinally aligned around Z7E (LT ~UT + 1.8 h) (the left-hand

panel). These slant TECP series have been offset by 3 TECU to
. L avoid overlapping. The right-hand panel shows the spatial varia-
study, each GPS recewer chgln IS composeq of 12 or MOrgons of the ionospheric pierce points (at 350 km) for all the GPS
ground-based stations, covering at leastihJatitude. satellite-receiver pairs.

3 Observations Table 1. Geographic locations of the two ground-based GPS re-
ceiver chains on the dayside.

3.1 Geomagnetic activity
Site  Geographical latitude Site ~ Geographical latitude

The Kp index varied betweert4and 3 during 13 Febru-  code and longitude code  and longitude

ary 2001, suggesting moderate geomagnetic activity. The 69.54 N, 18.94 E K0 67.74N, 21.06 E
AU/AL and polar cap indices during the time interval of i, 772N, 2097E soda 67.28N, 26.39 E
interest are shown in Fig. 1. It can be noted that AL in- \jlo 6455 N, 16.56 E vaas 62.81N, 21.7PE
dex exhibited three negative peaks around 02:20, 06:00 andvis0 57.48 N, 18.3PE joen  62.23N, 30.10 E

09:20 UT respectively, indicating temporal enhancements in hely 53.99N, 7.8% E mets  60.05N, 24.40 E
the strength of the westward electrojet. The polar cap in- wsrt  52.73N, 6.60° E lama 53.71N,20.67 E
dex varied somewhat during the interval, with its magnitude kosg 51.99N,5.8TE bogo 52.29N,21.02 E
being generally lower than 4 except for an enhancement to Wroc  50.93N,17.06 E  joze 51.9IN,21.03E
p = 5.7 near 06:00 UT. eusk 50.49N, 6.76 E glsv  50.18N, 30.5C E

klop 50.03N,8.73E uzhl  48.44N,22.30E
3.2 Observations of LSTID on the dayside gope 49.72N,1479E  bucu 44.27N,26.13E

wtzr  48.95 N, 12.88 E ista 40.92 N, 29.02 E
wien 48.03N, 16.37E

tmn  47.33N, 14.34 E

grab  46.88N, 1549 E

ajac  41.74N,8.76€ E

The left-hand panel of Fig. 2 shows time series of TECP
derived from the STEC observed by a GPS receiver chain
and the GPS satellite PRN 30 from 10:00 to 14:00UT on
13 February 2001. In order to avoid overlapping, the TECP
series have been offset by 3TEC units (TECU). The four-
character station codes of these GPS stations are also listed

in the panel. The GPS receiver chain consists of 12 ground- In the left-hand panel of Fig. 2, clear periodic fluctua-
based stations approximately longitudinally aligned aroundtions can be noted in the time series of TECP observed at all
27 E (LT~ UT + 1.8 h), among which the average latitudi- ground-based GPS stations. The temporal variations of these
nal distance is several hundred kilometers. The geographi@dECP observed by the GPS receiver chain exhibit a high
locations of these GPS receivers are listed in the right-handevel of coherence during the plotted interval, from the auro-
side of Table 1. ral latitude (67.4N) down to mid-latitude region (40°N).

www.ann-geophys.net/30/1709/2012/ Ann. Geophys., 30, 17087, 2012
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, Dayside Slant TECP _ PRN 30 L, Fep132001 PRN30 Pajares et al. (2006), based on a database of near one solar
o oy N‘w’ﬂ /a cycle and four local networks in the Northern and Southern
3 -f\;\‘i/ aﬂm Hemispheres. According to their results, Hamdez-Pajares
o /;%\_}// i | and co-authors concluded that the movement of the IPPs can
12_W5°}/\// _____ ’-\”O have some but not significant influence on the estimation
5] g //‘,\ "/ sl ] of the velocity and frequency of a TID. At an altitude of
518 ///’,.\ \Jﬁ - 350km, a typical value of the ionospheric piece point ve-
O o1 |_wstt L . .
T/ \\Y/ locity is about 60-70 m3!, which is an order smaller thgn
& /7 N\ the estimated equatorward phase speed of the LSTID in our
E ol NN/ case. Hence, it seems that the spatial variations of the iono-
2 gope///a:\ / spheric electron density have relatively little contribution to
:Z L SN phase differences of the observed TID.
w2 W/ /—\ The passage of the large-scale TID on the dayside has also
45 5/ \\j been detected by other GPS satellite-receiver pairs. Figure 3
8/ e o . \_/ shows the TECP series observed by another longitudinally

8 9 10 1" 12 13 14

30 aligned GPS receiver chain around®E (LT ~ UT + 1h).
The geographical latitude and longitude of these GPS sta-

Fig. 3. The same as Fig. 2 but for the ground-based GPS receiveFion,S are listed on Fhe Ieﬁ-hand side of Table 1. The time
chain around 18E (LT ~ UT + 1 h). The displayed slant TECP se- S€ries of the TECP in the figure have been offset by 3TECU

ries have been offset by 3 TECU in the left-hand panel to avoid over-t0 avoid overlapping of these curves. In the left-hand panel,
lapping. similar periodic variations are clear in the series of slant TEC
perturbations at most GPS stations. The distortion in wave-
form of the TECP series at GPS station “trom” was possi-
The coherence suggests a clear linkage between the distuble due to contamination from other auroral activity. Spectral
bances of the integrated electron density detected at variouanalysis of these TECP series suggests a similar propagation
stations in a rather broad latitudinal range26°). Phase dif-  property to what we inferred from measurements shown in
ferences can be figured out by comparing the peak-to-peakig. 2.
variations of the TECP fluctuations. The latitudinal displace- The zonal distance between the two meridional ground-
ments of the ionospheric pierce points (IPPs) of the satellitebased GPS receiver chains is more than 1000 km. Time vari-
receiver paths produce a time lag of several minutes betweeations of TECP series displayed in Figs. 2 and 3 are sim-
the neighboring stations, implying a clear picture of an equa-lar and are roughly in phase with each other. We attribute
torward phase progression of the ionospheric disturbanceghis phenomenon to the passage of a large-scale TID. As the
Spectral analysis of these TECP series suggests a central peSTID is propagating southward (equatorward) from high
riod of 128 min for the TID. The apparent phase velocity latitude, the ionospheric compressions and rarefactions are
between the GPS receiver stations was evaluated by mearsgen sequentially in the variability of the integrated electron
of maximum entropy cross-spectral analysis method reportediensity over the area of 674N latitude and 16—27E lon-
by Ma et al. (1998). The equatorward phase speed of the TIyitude.
has been estimated to be 440 sThis value was obtained
by averaging the phase velocities between the neighborin®.3 Observations of LSTID on the nightside
stations in Fig. 2. The propagation characteristics suggest the
presence of a large-scale TID (Hunsucker, 1982). The presence of the LSTID on the nightside was also in-
Geographical latitudes and longitudes of the IPPs for theferred from comparison of the TECP time series observed
GPS satellite-receiver paths are sketched in the right-handt various longitudinally aligned stations. Two meridional
panel of Fig. 2. The IPPs have been calculated with the asGPS receiver chains were chosen in the Northern America
sumption that average peak height of the ionosph&gic  sector. Geographic locations of these ground-based GPS re-
layer is at 350 km. Because of the movement of the GP&eivers are listed in Table 2. The left-hand side of Table 2
satellite, the horizontal location of the IPPs varied somewhatcontains a group of GPS receivers located arountW5
During the plotted interval in Fig. 2, these IPPs generally (LT = UT — 5h), whilst the right-hand side consists of 18 re-
have a latitudinal range of 224and a longitudinal range ceivers around 95V (LT ~ UT — 6.3 h). The zonal distance
of ~10°. This is the main reason why Saito et al. (1998) between the two GPS receiver chains is more than 2000 km,
warned that temporal and/or spatial variations of the iono-and the latitudinal distance between GPS stations in each
spheric plasma might contribute to the phase differences bechain is~100 km. Satellite passes during the local nighttime
tween the TECP series observed at neighboring GPS stationkave been chosen for analyzing in this section.
Recently, effects on GPS measurements caused by medium- The left-hand panel of Fig. 4 depicts time series of
scale TIDs have been investigated in detail by Hedez- the slant TEC perturbations detected at 18 separated GPS

Ann. Geophys., 30, 1709:717, 2012 www.ann-geophys.net/30/1709/2012/
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Fig. 4. Time series of slant TEC perturbations (TECP) derived from Fig. 5. The same as Fig. 4 but for the ground-based GPS receiver
the paths of the GPS satellite (PRN 21) to various ground-base@hain around 75W (LT =UT —5h). The displayed slant TECP
receivers, which are close to being longitudinally aligned aroundSeries have been offset by 3TECU in the left-hand panel to avoid
95° W (LT ~UT — 6.3 h) (the left-hand panel). These slant TECP overlapping.

have been offset by 2 TECU to avoid overlapping. The right-hand

panel shows latitude time variations of the ionospheric pierce points o
for all the GPS satellite-receiver paths. itudinal range of 2—%and longitudinal range of7°. Clear

periodic fluctuations of the TECP series can be noted from
station “bill” (~46° N) down to “dqua” ¢-34° N). Magni-
“tude of the TECP was1 TECU. Overall, phase progression

of the detected ionospheric disturbances was equatorward,
which was implied by comparing of the TECP fluctuations

Table 2. Geographic locations of the two ground-based GPS re
ceiver chains on the nightside.

f(lntge isg ?;igﬂf;élamwe csolgee Snedo%rr?gi::cdaél latitude at neighboring GPS stations. Spectral analysis of these TECP
series suggested a central period of 130 min for the nighttime
algo  45.76N,78.0PW  bill 4578 N,108.0W ionospheric disturbances, being comparable to what was ob-
chbl ~45468N,84.47W  clkl — 44.74N,97.96 W served at the dayside. Equatorward phase speed of the night-
cags  45.39N, 7S8T W stpl 44.11N, 91.90 W time TID was about 160 nTs, rather slower than what was
pnbl 44.26N, 68.77 W blrw 43.0# N, 90.53 W . . ’
brul  43.70N,6995W  nign  42.02N,97.80 W observed in the daytime. _ o
youl 43.04N,7897W  slai 41.7PN, 93.70 W Figure 5 gives another example of the ionospheric dis-
sycn  42.92N,76.09W  fbyn  39.89 N, 97.3PW turbances with an equatorward-propagating component on
por4 42.88N,70.7PW  Ithm  39.3%N, 94.17W the nightside around 7% (LT =UT —5h). An offset of
npri.  41.3ZN,71.33W  kanl  38.94N,95.40W 3TECU was applied on these TECP series in the left panel.
morl 40.60N,72.78W  hbrk  38.12N,97.29W The temporal increase of TECP observed at latitudes of
shkl ~ 40.28N,74.0PW  hvk  37.4PN,99.1PW 45° N (at stations of “algo”, “chbl” and “cags”) around
redl  39.37N,75.57W  cnwm  37.34N,92.70 W 06:00 UT must correspond to nighttime geomagnetic activity
hnpt  38.40N, 76.13 W mair 36.66 N, 89.36 W - .
duck 36.00N.75.75W pigt 36.19 N. 90.18 W |nd|c§ted by th_e sudden er)hancement of the pollar cap index
stle 35.92 N, 89.86 W (in Fig. 1), which was derived from geomagnetic data ob-
cvms  35.36N, 89.64 W tained at Thule {70° W). Phase difference was significant
prco  34.80N, 97.52 W between the TECP fluctuations series detected by the two
dgua  33.93N, 94.29 W meridional GPS receiver chains (Figs. 4 and 5), implying that

the wavefront of the nighttime LSTID was not longitudinally
extended any more at mid-latitudes, but rotated somewhat

stations, which are approximately longitudinally aligned during its equatorward propagation from high latitudes.

around 98 W (LT ~ UT — 6.3 h). An offset of 2 TECU was

applied on these TECP series. The corresponding latitudinal Discussion

and longitudinal traces of the IPPs are displayed in the right-

hand panel. During the plotted time interval, ionospheric Presence of LSTID in dayside polar region, fron80°
piece points of the satellite-receiver path generally have a latmagnetic latitude to the dayside auroral latitude, has been

www.ann-geophys.net/30/1709/2012/ Ann. Geophys., 30, 17087, 2012
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. . . . . . Fig. 7. Tim ri f slant TE rturbations (TECP ring th
Fig. 6. Fractional electron density fluctuations (in percent) derived '9 Ime series of slant TEC perturbations (TECP) during the

from observations of the field-aligned dish of ESR radar at Svalbardr(;e:;esre;;:t?3 II(ijtaeytc(JltzlweFetr)(r)lLJJ?]g-bZ;soeltj) rdeiré\i/\%jr féﬁg}ﬂ?iﬁ?ﬁ? d(:: g;ge
(78 N Lat) and of the mainland UHF radar at Tromsg (6N6 g Y

Lat). The blank periods of 12:30-14:00 UT in the top panel and (the left column) and on the nightside (the right column). The dis-

of 06:00-10:10 UT in the bottom panel are due to unfortunate datrflaYEd slant TI.ECP series have been offset by 3TECU in order to
gap avoid overlapping.

the wave-like structures in ionospheric disturbances detected

in our case must be driven by some physical processes.
recorded by EISCAT/ESR radars around magnetic local noon The top panels of Fig. 8 show spectral analysis results of
(06:00-12:00 UT) on the same day. Signatures of LSTID inTECP series derived at dayside and nightside, respectively.
electron density probed by EISCAT/ESR radars were de+or comparison, results for electron density around F2-peak
scribed in detail by Cai et al. (2011) and will be only briefly detected by radars at Svalbard and Tromsg are also displayed
summarized here, as shown in Fig. 6. Fractional electron denin the bottom panels. Only 4-h periods of radar observations
sity fluctuations (in percent), relative to background level, as(07:00-11:00 UT for ESR radar and10:00-14:00 UT for
a function of altitude and time are displayed. The blank peri-EISCAT mainland UHF (ultra-high frequency) radar) were
ods from 12:30-14:00 UT in the top panel and from 06:00—input for spectral analysis in order to be comparable with
10:10 UT in the bottom panel are due to unfortunate data gapthe results of GPS measurements. It can be seen that there
Clear periodic signatures, as well as inclined wavefronts ofis a predominated peak in frequency spectrum, correspond-
the ionization fluctuations, are noted in both panels. By careing to a central period of 128 min, for perturbations of both
fully checking on disturbances of electron temperature, ionGPS measurements and radar observations, suggesting some
temperature and ion velocity, Cai and coauthors were cone€lose connection between them. By careful comparison of
vinced that AGWs are responsible for the observed TID,the power spectral density in the top and bottom panels, one
propagating sunward with an average speed of 190'ms may also find out that power spectral density of TECP series
The period of equatorward-propagating LSTID observed bydecays much more slowly than that of electron density per-
EISCAT/ESR radar is estimated to be around 120 min. turbations detected by radars. This implies that TECP series

Figure 7 shows TECP series detected at the dayside andlso contain non-neglected variations with periods around the

nightside, but for a reference day (12 February 2001). Eleccentral period. It sounds reasonable since the TECP series are
trojet activity was quiet in the morning on 12 February 2001, derived from integrated electron density along the path of a
as indicated by the AL/AU indices (not shown here). The satellite-receiver pair and the satellites are moving. By com-
TECP series in Fig. 7 were derived by using the same methogaring the waves seen by radars (Fig. 6) and these detected by
described in Sect. 2. The left column shows results from theGPS receiver chains at the dayside (Figs. 2 and 3), it seems
same ground-based GPS receiver chain and the same satékely that the presence of LSTID at dayside mid-latitudes is
lite displayed in Fig. 2, whilst the right column is the same the consequence of the AGW detected in polar region as it
as Fig. 5. It is clear that the coherent wave-like ionosphericcontinues propagating equatorward.
disturbances from high latitude to mid-latitude are missing During this period, the oblique ESR 32 m dish was direct-
at both dayside (the left column) and nightside (the right col-ing toward the geomagnetic pole at low elevation°(3®e-
umn) in the morning of the reference day. This implies thatriodic positive/negative electron density perturbations (not
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Fig. 8. Power spectral density (PSD) estimated with Burg method of representative TECP series at the dayside and nightside derived from
GPS measurements (top panels) and those of EISCAT/ESR radar observations (bottom panels). See text for details.

shown here) were first detected at higher latitude8@ for nighttime sunward-moving waves poleward of the source.
magnetic latitude), propagating gradually to lower latitudes.The LSTID detected at daytime mid-latitude, however, could
Since LSTIDs usually have their sources at auroral regiorbe regarded as an indication for presence of the poleward-
in bands narrow in latitude and extended in longitude (Ha-moving branch, which crossed the polar cap from nightside
jkowicz, 1991), Cai et al. (2011) suggested that the observedo the dayside and continuously propagated to daytime mid-
AGWI/TID had been launched on the nightside during sub-latitudes. The other branch of the disturbance at nightside,
storm activity conditions, and propagated poleward from thepropagating southwards, was likely to have been recorded by
source region. The poleward-moving waves crossed the polaGPS receivers in Northern America sector. Periods of them
cap from nightside to dayside and then were detected conare in accordance with what the transpolar AGW inferred
secutively in the polar region (by the ESR first over the polarfrom EISCAT/ESR observations. We suggest that presence
cap and then in the cusp, and by the mainland UHF radar irof the southward-propagating LSTID on the nightside pro-
the auroral oval) and at mid-latitude region (by ground-basedvides strong evidence for the location of the AGW source.
GPS receiver chains). However, Cai et al. (2011) did not pro-The source region is expected to be in shape of a band
vide any observational evidence to support their hypothesis.extended in longitude since mainly pole- and equatorward
According to theoretical study of Richmond (1978), lon- propagation of the LSTIDs were observed.

gitudinally extended waves are expected to propagate merid- Due to limitation in duration of the observations, we could
ionally at both sides of the LSTID source region. If the notidentify reliable information about the appearance time of
source of the transpolar propagating AGW was actually lo-the LSTIDs. However, we could examine whether the time
cated somewhere at nighttime auroral latitudes, it would bewhen the LSTIDs were observed is in accordance with the
followed by induced ionospheric disturbances detectable apropagating time from the expected source region to the loca-
both sides, pole- and equatorward. Due to limitation in avail-tion of the LSTIDs. One should remember that the AL index
able measurements, we failed to provide direct observationgxhibited a clear signature of enhancement in west auroral
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