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Abstract. The energetic events on the sun, solar wind andl Introduction
subsequent effects on the Earth’s geomagnetic field and up-
per atmosphere (ionosphere) comprise space weather. Modrhe solar disturbances affecting the Earth’'s magnetic field,
ern navigation systems that use radio-wave signals, reflecttause geomagnetic storms. Geomagnetic storms occur in
ing from or propagating through the ionosphere as a meansonjunction with ionospheric storms. A geomagnetic storm
of determining range or distance, are vulnerable to a varietyusually consists of a small increase in the Earth’s magnetic
of effects that can degrade the performance of the navigafield, called initial phase, followed by a large decrease, called
tional systems. In particular, the Global Positioning Systemthe main phase, which lasts for a day or two and then starts
(GPS) that uses a constellation of earth orbiting satellites ar¢he recovery phase which normally takes a little longer than
affected due to the space weather phenomena. the main phase. During a geomagnetic storm, the Earth’s
Studies made during two successive geomagnetic stormmsagnetic field may change by about 100 to 300 nT in a to-
that occurred during the period from 8 to 12 November 2004 tal of about 30000 nT of the Earth. The geomagnetic storm
have clearly revealed the adverse affects on the GPS rangesaused by a solar flare usually starts off with a sudden in-
delay as inferred from the Total Electron Content (TEC) mea-crease of the Earth’s magnetic field at the initial phase, and is
surements made from a chain of seven dual frequency GP8alled a sudden commencement (SC) storm. A storm caused
receivers installed in the Indian sector. Significant increasedy High Speed Solar Wind Stream (HSSWS), starts off grad-
in TEC at the Equatorial lonization anomaly crest region areually as HSSWS overtakes the Earth and this is described as
observed, resulting in increased range delay during the pegradual commencement storm (GC).
riods of the storm activity. Further, the storm time rapid Modern navigational systems that use radio-wave signals
changes occurring in TEC resulted in a number of phase slipgeflecting from or propagating through the ionosphere as a
in the GPS signal compared to those on quiet days. Thesgeans of determining range, or distance, are vulnerable to a
phase slips often result in the loss of lock of the GPS re-variety of effects that can degrade the performance. In partic-
ceivers, similar to those that occur during stroagiQ dB) L-  ular, the Global Positioning System (GPS), that uses a con-
band scintillation events, adversely affecting the GPS basedtellation of earth-orbiting satellites, are affected by space
navigation. weather phenomena. Thus, the GPS receiver uses radio sig-

Keywords. Interplanetary physics (Interplanetary magnetic nals from known positions of several orbiting satellites (con-

fields) — lonosphere (Equatorial ionosphere; lonospheric dist@ined in the ephemeris) to determine the range from each
turbances) satellite, and from these ranges (pseudo-ranges) the actual

position of the receiver is determined. The radio signals used
in this process must pass through the ionosphere, which in-
troduces a propagation delay that depends on the ionospheric
(TEC) and on the satellite elevation angle above the horizon.
Changes in the electron density, due to space weather ac-
tivity, can change the speed at which the radio waves travel,
introducing a propagation delay in the GPS signal. These de-
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regions, causing errors in the determination of the range.
The rapid changes in electron density resulting from space o = o 2 o =2 o =2 o 2 o 12 o
weather disturbances may cause cycle slip in carrier phase AR N i TR T
tracking. Very rapid variations (less than about 155s) in the
signal’s strength and phase are known as “ionospheric scinrig. 2. Variation of TEC from a set of identified stations along
tillations”. Scintillations can be particularly troublesome for the meridian of 77E from the Indian sector, also the variation of
receivers that are making carrier-phase measurements aregjuatorial electrojet strength along wiih, index is given for the
may result in inaccurate or no position information; code- storm period of November 2004. The Red and Blue symbols indi-
only receivers are less susceptible to these effects. cate phase _slips of th_e GPS receive_r resulting in I_oss of lock, the
The single frequency GPS receiver applications rely on the?ccompanying phase index)(and S4 index, respectively.
Klobuchar model (Klobuchar, 1987) to correct the measure-
ments for the ionospheric error. The Klobuchar model, the
official correction model broadcast by GPS satellites, pre-2 Solar geophysical effects associated with the geomag-
dicts the vertical TEC at a given time and location in or-  netic storms of 8 and 10 November 2004
der to correct the measurements for the ionospheric effect.
When space weather disturbances are active, the predicte@ year after the extreme events that took place on the surface
TEC can deviate largely from the true value of the TEC. of the sun during the Halloween Storms (October-November
When large discrepancies appear, the accuracy of the appl2003 storms), two similar successive storms were observed
cation can be strongly degraded. As reported earlier by Ramé November 2004. The geomagnetic storm occurred on 10
Rao et al. (2006), the GPS receiver loss of lock occurs whenNovember 2004 ranks 3rd biggest storm in the current so-
ever the L-band scintillation index exceeds 0.5 (10 dB powerlar cycle, 23, and its maximum , value was 206. Another
level) accompanied by the presence of bubbles/depletions iftrong geomagnetic storm has also occurred on 8 November
TEC. In this paper, we report that the loss of lock of GPS 2004 withA , index of 169 making it the 8th largest storm in
receiver signal may also occur whenever there is a fast ratéhis cycle. However, the maximum;, value on 8 Novem-
of change in the TEC fluctuations, particularly during the pe-ber 2004 was-383 nT, considerably stronger thar296 nT
riods of geomagnetic storm activity. measured on 10 November 2004. These two storms have pro-
duced adverse affects in the communication and navigation
systems such as GPS by introducing huge electron density
gradients and scintillations.
The geomagnetic storm, with maximubn, excursion of
—383nT, occurred at 11:30 IST on 8 November 2004 (Fig. 1)
and was preceded by three pulses of sudden commencements
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(SC) registered at 08:27, 16:21, and 23:57 IST on 7 Novem-igh-latitude electric fields to lower latitudes (Tsurutani et
ber 2004, respectively. This indicates that the correspondingl., 2004; Chi et al., 2005; Mannucci et al., 2005).
interplanetary disturbance was complicated and the preced- Furthermore, the occurrence of the SSC and the southward
ing eruptive events that occurred on the Sun (source: Heturning of IMF B, were observed during the local nighttime
liogram images of SOHO) during 4 and 5 November 2004 hours of 7 November 2004 (Fig. 1). The prompt penetra-
possibly contributed to this geomagnetic storm. The SC, oftion electric field of magnetospheric origin, characterized by
the geomagnetic storm which occurred on 9 November 2004outhward turning of IMRB,, produces a dawn-dusk electric
and started at 15:00 IST, is probably related to this event. Thédield which is eastward during the daysides and westward in
maximum excursion of this geomagnetic stormH896 nT  the nightsides in the equatorial ionosphere (Fejer et al., 1979;
and occurred at 14:00IST on 10 November 2004. Sastri et al., 1992). These prompt penetration fields produce
remarkable effects in the equatorial ionosphere agthéB
plasma drift is severely affected. Thus, such electric fields
will make the equatorial F-region plasma drift upwards in
3 Storm time variation of total electron content in the  the daytime and downwards in the nighttime. The normal
Indian sector zonal field in the equatorial F-region is eastward during the
daytime and is westward during the nighttime. The penetra-
In Fig. 2 the variation of the total electron content (TEC) tion electric fields associated with the southward turning of
from 6 to 11 November 2004 is presented, measured at sevethe IMF B, are, therefore, so directed as to enhance the ef-
different stations in the Indian sector (Figs. 2c to i) which fective electric fields and the associated drifts at the equator.
are set along a common meridian of"E&7and covering the Fejer et al. (1979) also emphasized that prompt penetration
equatorial to the anomaly crest regions and beyond. Thilectric fields reach the equatorial region only when IBLF
TEC data is derived from the dual frequency GPS receivelis stable and southward. In the present case, the BVF
measurements made under the Indian ISRO-GAGAN pro-~ariations during the daytime hours of 8 November are also
gramme. TheD;; and the equatorial electrojet (EEJ) for southward and stable and, hence, prompt penetration fields
the corresponding period are also presented in frames (anight have reached the equator. Zhao et al. (2005) recently
and (b) of Fig. 2. It may be seen from this figure that the reported that enhancement of the equatorial anomaly during
TEC is minimum (Fig. 2c) at the equatorial station, Trivan- the super storms of October—November 2003 is correlated
drum (8.47 N Geographic latitude) and increases gradually with southward turning of the interplanetary magnetic field
to the anomaly crest stations, Raipur (22.43 and Bhopal  IMF B,.
(23.28 N) (Fig. 2f and g) and decreases significantly (be- In Fig. 3, the contour diagrams of the variation of TEC at
yond the cresti.e., at Shimla (3109), Fig. 2i) as expected. the seven locations along the common meridian 6f&7s
It may also be seen from Fig. 2b that EEJ is significantly presented before and during the storm period, i.e., from 6th
disturbed during the storm periods, the effects of which areto 11 November 2004, to examine the nature of the varia-
clearly reflected both in the F-region altitudes and in the to-tion of the equatorial ionization anomaly (EIA). It may be
tal electron content. But at the equatorial station Trivandrumseen from this figure that the anomaly formation on the quiet
(Fig. 2c), there is a significant increase in TEC during theday i.e. 6 November, is fairly smooth and uniform over the
recovery phase of storm-1, i.e., 9 November, while there islatitudes from 15 to 23 N. Whereas on 7 November 2004,
a significant decrease in TEC during the storm-Il, i.e., 10where the sudden commencements of storm-I started, there is
November where there is a counter electrojet associated with slight deviation in the formation of the crest of anomaly and
the storm. Whereas at the anomaly crest regions Raipur ani$ confined to 18 to ZIN. And on the storm days of 8, 9, 10
Bhopal, a significantincrease in TEC is seen during the maxand 11 November 2004, which are highly disturbed days, the
imum excursion times oDy, of both storms | and Il (i.e., formation of the EIA is disturbed showing the formation of
on 8 and 10 November 2004) and decreases in TEC duringnore than one contour of anomaly crest, clearly indicating
the recovery phases of both the storms. Thus, it suggesthe effects associated with the disturbed conditions during
that the redistribution of ionization associated with the storm-the storm periods. Further, it may also be seen on 8, 9 and
induced effects differs from the equator to the anomaly crestLlO0 November 2004, the anomaly crest attains a maximum
regions owing to the dynamical changes of the ionospherevalue of 75 TEC units and its formation on the day of storm-
over the low latitude regions. Further, it may be noticed | moves to higher latitudes, i.e., 28 24 N. Thus, it may be
from Fig. 2, followed by the sudden commencement of theseanferred that the storm-induced changes (both increases and
storms (indicated by red dotted lines), that there are signif-decreases) in TEC are significant in the equatorial and low-
icant short-term fluctuations in the diurnal variation of the latitude sectors and depend on the strength and phase of the
TEC plots, suggesting that the shocks might have inducedtorm and the direction of the IMB,.
wave-like perturbations in TEC. These perturbations, with
time scales of about an hour that occur almost simultaneously
at all the latitudes, could be due to the prompt penetration of
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Fig. 3. TEC contour maps showing the formation of EIA crests, drawn as a function of latitude and time for the period from 6 to 11 November
2004 along with IMFB, and Dy; index.

4 Signal phase slips and loss of locks observed in GPS At equatorial and polar latitudes, the deep and rapid vari-
receivers during the geomagnetic storms of 8 and 10 ations in TEC are caused by strong scattering of satellite
November 2004 signals from intense small-scale irregularities of the iono-

spheric F2-layer (Aarons, 1982; Yeh and Liu, 1982; Basu et

As reported earlier by Rama Rao et al. (2006), the oc-a|., 1988; Klobuchar, 1997; Pi et al., 1997; Aarons and Lin,

currence of amplitude scintillations greater than 10dB (S 1999). This scattering results in deep amplitude fading of the

index~0.45) at the L-band frequency of 1.575 GHz, results trans-ionospheric signal leading to a phase slip at the GPS L-

in the loss of lock of the GPS receivers, causing severe degrayand frequencies (Skone and Jong, 2000). The slips of L1—

dation in the performance of the GPS navigation systems| 2 phase measurements are most likely to be caused by the

These scintillation effects are mostly confined to the night-high level of slips of L2 phase measurements at the auxiliary

time sectors with greater probability of occurrence during thefrequency. The lower signal/noise ratio at L2 is primarily due

post sunset to midnight hours. Itis also known, from severalyg the fact that the L2 power at the GPS satellite transmitter
experimental results (Aarons, 1991; Abdu et al., 1995, anthutput is 6 dB magnitude smaller compared to that at the fre-
the references therein), that the geomagnetic storm activityguency L1 using C/A code (Langley, 1998). However, the

in general, inhibits the occurrence of ESF/Scintillations dur-reason for the slips themselves can include several factors:
ing most of the magnetic storm periods. However, from thethe influence of additive interferences in the case of a low
recent studies (Basu et al., 2001a, b; 2005; Tulasiram et alsjgnal/noise ratio, the signal scattering from electron density

2008), it is established that, in the longitude sectors whergrregularities, and the inadequate response of GPS receivers

the main phase of the magnetic storm occurs during the locabf some types to fast changes in daytime TEC at the auxil-

sunset hours, there is a greater probability of the storm injary frequency, L2. The strong phase scintillations cause a

duced electric fields to contribute to the increase in the eastfrequency shift in the received signal resulting in loss of lock

ward electric fields enhancing the post sunset vertical driftsof the receiver.

at the equator, resulting in conditions conducive for the on-  The receiver’s loss-of-lock indicator, which is sampled

set of ESF/scintillations. In the present study, an attempt i§recorded) as lock-time in seconds, is used to determine the

made to see if there are any noticeable effects induced in thgreak in satellite signal tracking. The receiver takes some

GPS signals due to the magnetic storms of 8 and 10 Novemye_jnitialization or re-acquisition time (several seconds to a

ber 2004. few minutes) following the loss-of-lock, which is required to

restart the integer-cycle phase ambiguity resolution process
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Fig. 4. Phase slips«() observed in the GPS receivers during a quiet day, 6 November 2004, presented along with the corresponding S4 index,
TEC and lock time on different satellite passes at the six different locations situated along the common metigiemgitude.

or for the detrending highpass-filter to re-initialise lock of the sult in poor navigation accuracy. And, moreover, loss of sig-
carrier phase signal. Hence, in the SBAS systems if the renal lock at SBAS monitoring stations can degrade the broad-
ceiver loses lock or does not maintain lock time long enoughcast correction information.

(i.e. >240s) then the TEC data is discarded. A decrease in |, the present analysis, the input data are the values of TEC
the number of GPS signals locked by a user receiver can regetermined from the phase difference of frequencies L1 and

www.ann-geophys.net/27/2101/2009/ Ann. Geophys., 27, 21013-2009
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Fig. 5. Phase slips resulting in loss of locks during the geomagnetic storm period of 8 and 9 November 2004, presented along with the
corresponding S4 index, TEC and lock time on different satellite passes at different locations.

L2 at the GPS receiver, and hence the phase slips that affetly statistical analysis) is detected as a phase slip. There can
the TEC measurement are seen as sudden jumps in TEC afe numerous phase slips that are less than the selected thresh-
are also associated with the high phase scintillation indexold value of 5 TECU. Such slips that accompany TEC varia-
The difference of TEC for a time interval of 60 s (which is the tions of only a few TECU £5), are caused due to effects of
sampling rate of the GPS data used in the present study), exenospheric irregularities.

ceeds the specified threshold value of 5TECU/min (derived
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T e phase scintillationd) index of three different intensity levels
Ll v i (>10dB, >6dB, >3 dB) and Fig. 7c shows the phase slips
that are accompanied with reduced signal-to-noise ratio as in-
dicated by the amplitude scintillation (S4 index) at the three
A, different power levels. Some of these phase slips, resulting
N in the loss of lock of the GPS receiver that are detected from
2k the lock time of the receiver, are shown in Fig. 7d. It may
T also be seen from this figure that most of the slips are asso-
> Hoom ciated with phasen() index rather than with S4 index. These
b loss of locks are caused as a result of rapid phase fluctuations
in the received signal carrier exceeding the receiver’'s phase-
" ckevanss lock-loop (PLL) bandwidth, and in some cases resulting in
the decrease of the signal-to-noise ratio beyond the threshold
20 @ a0 f o gz o iz T value of the receiver, which may also vary from receiver to
ST receiver. However, from the communications and navigation
point of view, these loss of lock events are undesirable and
Fig. 7. Occurrence of phase slips as a function of latitude and localneed to be accounted for in an appropriate manner.
time (a) Dy, variation during 6-11 November 20@Q8) associated It may also be observed from Fig. 5 that at Bangalore
with phase indexd), () S4 index, andd) the resulting loss of lock  (12.95 N Geographic latitude, a near equatorial station) al-
events during the storm period, 6-11 November 2004. though the values of S4 index are very low(.1), loss
of lock events are detected, perhaps due to rapid phase
Phase slips are also observed during the quiet days such @isictuations present near the equator during the storm time
those shown in Fig. 4 for the typical day of 6 November 2004, (Afraimovich et al., 2002). Again, at Hyderabad (1744
which is a magnetically quiet day. In general, the phase slipsGeographic latitude) on the storm day, 8 November at
and loss of locks observed during the quiet days are quite18:00 IST, phase slips are also observed in all satellites tracks
less in number compared to those observed during storm timend resulted in loss of lock of the receiver simultaneously in
period as may be seen from the storm time data of Novembesix (PRNs 7, 9, 10, 17, 28 and 31) satellite passes out of eight
2004 presented in Figs. 5 and 6. passes recorded. In the remaining two passes (PRNs 4 and
In Fig. 4, a series of plots of the vertical TEC is presented24), there are phase slips but no loss of receiver locks de-
and the phase scintillation index Y and & index (A) as a  tected. Further, on 9 November 2004, during the recovery
function of local time along with their corresponding receiver phase of storm-1 of 8 November 2004, phase slips resulting
lock times and elevation angles’{AIn the series (A, A B, in loss of lock events are observed at all the 18 GPS sta-
B, C,C, D, D, E, E, F, F) of pairs of plots representing tions in India during the satellite pass with PRN 21. Thus,
the phases and TEC recorded from different satellite passei$ may be concluded that phase slips and loss of locks may
at different locations on a quiet day of 6 November 2004, italso occur even during day times and on quiet days. But
may be noticed that there are phase slips in TEC (indicatedhese phase slips and loss of locks increase significantly dur-
by blue lines, A to F), but no loss of lock events are observeding storm times.
on this day at any of the stations presented in the plots repre- Phase slips of the GPS signal can be caused by the scatter-
senting the lock time (red lines) presented in Fig. 4t0AF). ing from the geomagnetic field-aligned ionospheric E-layer
Whereas, when we look at similar plots presented in Figs. Ssmall-scale irregularities (smaller than or of the order of the
and 6, they correspond to the storm days of 8 and 9 Novemradius of the Fresnel zone), the amplitude of which increases
ber 2004, where similar phase slips are observed but resultedith increasing geomagnetic disturbance level (Foster and
in loss of locks of the GPS receivers as may be seen fronTetenbaum, 1991). Such a scattering can lead to strong signal
the lock time (red lines) in the satellite passes from differentfadings, and even to a particle screening of the GPS satellite-
locations presented in these figures. These figures clearly irnreceiver propagation path. The increase in density of fatal
dicate that the storm time induced phase slips could be duslips during geomagnetic disturbances on the dayside can
to sudden £5 TEC/min) spatial or temporal changes in the also be caused by limitations of the design and adjustment of
electron density distribution compared to that of the quiet daythe receivers used in the analysis, rather than the GPS signal
which may result in loss of lock of the receivers. scattering from ionospheric irregularities alone. An increase
In Fig. 7, where the phase [ and amplitude (S4) indexes in slip density can be caused, in this case, by an inadequate
are presented along with the loss of lock events as a functiomesponse of GPS receivers of some types to fast changes
of latitude and local time during the storm period, also showsin daytime TEC at the auxiliary frequency, L2. This effect
the occurrences of phase slips for the entire period 6 to 1Prevents the identification of slips caused by phase fluctua-
November 2004, when the 8 and 10 November storms havéions induced by the scattering from ion density irregularities
occurred. Figure 7b shows the phase slips and the associatédfraimovich et al., 2002).
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5 Summary of results Abdu, M. A, Batista, I. S., walker, G. O., Sobral, J. H. A., Trivedi,
N. B., and Depaula, E. R.: Equatorial ionospheric fields dur-

It is known that during the space weather events, like ge- ing magnetospheric disturbances; local time longitudinal depen-
omagnetic storms and severe scintillation conditions, the dences from recent EITS ciamaigns, J.Atmos. Solar-Terr. Phys.,
equatorial ionosphere becomes highly disturbed and the 57,1065-1083, 1995.
space-ased navigation becomes unreliable. Studies on tIFITEIEL - v SRR kLS BEE LS S
two overlapping geomagnetic storms, that occurred during 8 reception ng GPS signals, Ann. Geophys.. 45(1{’ 5571, 2002.
to 12 November 2004, have clearly revealed the adverse afl-3 : .

. asu, S., Basu, Su., Groves, K. M., MacKenzie, E., Keskinen, M. J.,
fects on the GPS range delay measuremgnts as inferred from and Rich, F. J.: Near-simultaneous plasma structuring in the mid-
the TEC measurements made from a chain of dual frequency |atitude and equatorial ionosphere during magnetic superstorms,
GPS receivers in the Indian sector. At the EIA crest regions  Geophys. Res. Lett., 32, L12S05, doi:10.1029/2004GL021678,
during the storm time of 9 and 10 November 2004, the TEC 2005.
values increased up to 90 TEC units as may be seen fromBasu, S., Basu, Su., Groves, K. M., Yeh, H. C., Su, S.-Y., Rich, F.
Fig. 2 which corresponds to a range delay of about 15 m. Fur- J., Sultan, P. J., and Keskinen, M. J.: Response of the equatorial
thermore, the EIA seen from the TEC measurements from a ionosphere in the South Atlantic region to the great geomagnetic
chain of seven Indian stations aligned on the common merid- Storm of July 15, 2000, Geophys. Res. Lett., 28, 3577-3580,
ian of 77 E, has shown a significant disturbed nature in the 2001b. _ _ _
formation of the crest of the equatorial ionization anomaly. 52t S&. Mackenzie, E., and Basu, Su.: lonospheric constraints

. . . on VHF/HUF communications links during solar maximum and
The number of phase slips detected in GPS receivers dur- minimum periods, Radio Sci., 23, 363-378, 1988,

ing the storm time has increased significantly compared tcbhi, P. J., Russell, C. T., Foster, J. C., Moldwin, M. B., Engebretson,
those on quiet days. Some of these phase slips occurring ;. 3. and Mann, I. R.: Density enhancement in plasmasphere-
during the storm time resulted in loss of locks of the GPS re-  jonosphere plasma during the 2003 Halloween Super storm: Ob-
ceivers owing to rapid phase fluctuations in the received sig- servations along the 330th magnetic meridian in North America,
nal due to rapid changes in TEC. These loss of lock events Geophys. Res. Lett., 32, L03S07, d0i:10.1029/2004GL021722,
are found to be maximum at the near equatorial region, Ban- 2005.

galore (Figs. 2d and 7d). Furthermore, during the recovenyejer, B. G., Gonzalez, C. A., Farley, D. T., and Kelly, M. C.: Equa-
phase of storm-I, at 02:34 IST of 9 November 2004, the phase torial electric_ fields during magneti(_:all_y disturbed conditions, 1,
slips are observed at all the 18 stations in India simultane- the effect of interplanetary magnetic field, J. Geophys. Res., 84,

A . 5797-5802, 1979.
ously, resulting in loss of lock of the receivers from the satel Foster, J. C. and Tetenbaum, D.: High resolution back scatter power

lite signal .Of PRN 21. Thus,_ the phase SI.IpS m.ay oceur ‘f’“ observations of 440 MHz E-region coherent echoes in Millstone-

all the stations in the equatorial and low-latitude ionospheric i 3 Geophys. Res., 96, 1251-1261, 1991.

regions due to the sudden ionospheric electron density fluck|opuchar, J. A-: lonospheric Time-Delay Algorithm for Single-

tuations during geomagnetic storm periods. Frequency GPS Users, IEEE Transactions on Aerospace and
' o Electronic Systems, vol. AES-23(3), 325-331, 1987.
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