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Abstract. An algorithm has been developed to derive the (f1=1575.42 MHz and f2=1227.60 MHz), and these can be
ionospheric total electron content (TEC) and to estimate theused to derive the ionospheric delays. The measured differ-
resulting instrumental biases in Global Positioning Systemential delays, however, contain not only the delay resulting
(GPS) data from measurements made with a single receivefrom the ionospheric TEC, but also the delay generated by
The algorithm assumes that the TEC is identical at any pointhe instrumental biases of the GPS satellites and receivers.
within a mesh and that the GPS instrumental biases do nofo obtain accurate estimates of the ionospheric TEC the dif-
vary within a day. We present some results obtained usinderential instrumental biases must be removed. Accurately
the algorithm and a study of the characteristics of the instru-determining these instrumental biases represents the main
mental biases during active geomagnetic periods. The desource of error in the estimation of TEC using GPS data.
viations of the TEC during an ionospheric storm (induced Many methods for estimating the ionospheric TEC have been
by a geomagnetic storm), compared to the quiet ionospheregyublished (e.g., Coco et al., 1991; Lanyi and Roth, 1988;
typically result in severe fluctuations in the derived GPS in-Liu and Gao, 2004; Ma and Maruyama, 2003; Otsuka et
strumental biases. Based on the analysis of three ionospherad., 2002; Saréin and Zarraoa, 1997). They all involve ap-
storm events, we conclude that different kinds of ionosphericproximations such as representing the whole ionosphere by
storms have differing influences on the measured biases od spherical layer of infinitesimal thickness, neglecting the
GPS satellites and receivers. We find that the duration of sehorizontal gradients in the electron density distribution, etc.
vere ionospheric storms is the critical factor that adverselySome studies test the accuracy of the models’ measurement
impacts the estimation of GPS instrumental biases. Largefthe TEC through comparison with direct ionospheric mea-
deviations in the TEC can produce inaccuracies in the estisurements using radar, satellite or accepted models to verify
mation of GPS instrumental biases for the satellites that pastheir approximations (Brunini et al., 2005; Ho et al., 1997,
over the receiver during that period. We also present a semDtsuka et al., 2002; Vladimer et al., 1997). Applications
gquantitative analysis of the duration of the influence of the of TEC measurements include ionospheric mapping (Wilson
storm. et al., 1995), detection of plasma irregularities (Mendillo et
Mig- @l 2000; Nishioka et al., 2008) and observations of natural
and man-made disturbed effects in the ionosphere, such as
flare (Zhang and Xiao, 2003, 2005), earthquake (Ducic et al.,
2003), and space shuttle flight (Calais and Minster, 1996).

Only a small number of GPS receivers have the facility
to determine differential instrumental biases through inter-

The Global Positioning System (GPS) is a useful tool for Nal calibration. For satellites, although pre-launch calibra-
measuring the ionospheric total electron content (TEC).t'On is undertaken, the values through internal calibration

Dual-frequency GPS receiver provides both carrier phaseSNOW Poor agreement with the later values estimated from
and pseudo-ranges measurements for two frequenciegbservatlons (Coco et al., 1991). Therefore, methods to esti-
mate instrumental biases are necessary to obtain accurate es-

timates of the ionospheric TEC from GPS data. Furthermore,
Correspondence td. H. Zhang nearly all of the methods used to estimate the TEC assume
BY (zhangdh@pku.edu.cn) smooth spatial and temporal variations in the ionospheric
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behaviour over the observation area during the time inter2 Algorithm for determination of GPS instrumental
val. In other words, the TEC is assumed as uniform over biases

small areas during certain time interval (Chang et al., 2001;

Coco et al., 1991; Lanyi and Roth, 1988; Liu and Gao, 2004;2.1 TEC extraction from GPS observation

Sardn and Zarraoa, 1997; Ma and Maruyama, 2003; Ot- . ) ) . .
The ionosphere is a dispersive medium and the electro-

suka et al., 2002; Wilson et al., 1995). This assumption is X - A
not always valid, especially in certain areas of great iono-Madnetic wave propagating through it suffers a range delay

spheric interest, such as the equatorial and auroral zones (dy¢10Se magnitude depends on the amount of TEC and the fre-
to latitude effects) and during geomagnetic storms, wherdluency of the wave. Concerning to the GPS L-band waves,
enhanced solar winds and/or interplanetary magnetic fieldn€ range defay (in meter) can be expressed as:

induce large and dramatic global disturbances in the iono- kSTEC

sphere and thermosphere. The disturbed ionosphere manft R = T2f2 @
fests as huge increases and/or depletions in the electron den-

sity when compared to normal levels — this is known as anwherek=80.62ems™2, f is the frequency of the wave (the
ionospheric storm. Over the past ten years numerous and exitis Hz). TheSTECis the integrated electron density along
tensive studies have focused on the morphology and mectihe line from GPS satellite to receiver and can be obtained
anisms of ionospheric storms based on the ionospheric TE@rom the pseudo-ranges or the carrier phase advances of two
derived from GPS data and have revealed some features dfifferent frequencies from the following equations

the global and local evolution of storms (Araujo-Pradere et

2
al., 2002a, b, 2004; Buonsanto, 1999; Goncharenko et alSTE® = M (P, — P1), (2)
2007; Liu et al., 2004; Prolss, 1995; Mendillo, 2006; Yizen- k(f2—f2)

gaw et al., 2005). In the meantime, the techniques to esti- )

mate the instrumental bias using GPS observation data havgTec — _ 2(f1/f2) (L2Az — L1A7) A3)
been developed and the problems concerning the precision k(f2— 12 ’

of the estimated bias and TEC results have been also stud- .

ied (Bishop et al., 1996; Coco et al., 1991; Lanyi and Roth,Wheréi1 anda; are the wavelengths (the units are nfj,
1988: Ma and Maruyama, 2003; Sardand Zarraoa, 1997). and P2 are the pseudo-ranges (the units are m)and L,
Despite this, little attention has been paid on the influence of'® the carrier phases arfd and f are the frequencies of

GPS instrumental biases themselves on TEC measuremenid® tWo GPS signals, respectively. The unit of B€EC
during geomagnetic active period. in above equations is 1 efm There is potential ambiguity

In this paper we investigate the influence of geomagnetidh the carrier phase advances measurement, and because of

storms on the estimation of GPS instrumental biases and defiS SdTEG is a relative value. However, the measurement of
velop a method for deriving the TEC and understanding the> | EC has higher precision tha8TEC’ by a factor of 100 or

potential effects of space weather by using the GPS datd'°"e (Wells et al., 1986). This potential ambiguity is simply
from three sites within China, PKUO (3998, 116.32 E) the offset between the pseudo-ranges measurements and the

BJFS (39.61N, 115.89 E) and GUAO (43.47N, 87.18 E). carrier phase measurements. To obtain a more accurate slant
These stations are all located at middle latitudes where th@ath TEC, these two measurement types can be combined by

ionosphere is thought to be free from the influences of thefl

itting STEC measurement t§TEQ measurement, and a
composition disturbance zone (Prolss, 1995) and equatorid?@SelineB;; is introduced (Ciraolo et al., 2007; Horvath and
anomalies (i.e., there should be no latitude-dependent e

fEssex, 2000; Mannucci et al., 1998)

fects). Our study focuses on investigating the deviations ingTec— STEC + B, 4)
the derived instrumental biases that occur on days when there
are ionospheric storms. The ionospheric delay model deter- N .

mined from dual-frequency GPS signals and the estimation 2 k=1 (STECf B STE(;) Sin? el

method are described in Sect. 2. In Sect. 3, we present th&rs = N ’ ®)
results as applied to three events. Section 4 discusses our > k=1 Sire el

results and presents the conclusions of the study.

where N denotes the number of observation epochs along
a continuous tracking arc under investigation. The baseline
B, inthe paper is referred to the average difference between
pseudo-range-derived TP@nd carrier-phase-derived TEC
over the indexi from 1 to N inclusive. The sifel, term
(whereel, is the satellite’s elevation) is a weighting factor
that reduces the multipath effect and improves the reliabil-
ity of the method at low elevations in that the pseudo-range
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with low elevation angle is apt to be affected by multipath oE |
effect and the reliability decreases. Thus, the contribution - - =

r
=]

to baseline determination is greatly depleted with low eleva-
tions. In the meanwhile, our results (not shown here) demon- a
strate that this method with the pseudo-range-levelled carrier
phases is free of ambiguities and also has lower noise thar
that with pseudo-ranges. It should be mentioned that the con- |
tinuous tracking arc in this paper is always locked. To ensure
the quality of the GPS data when estimating the instrumen-
tal bias, the satellite elevation must be greater than 30 de-
grees, when cycle slip events seldom occur. Despite this, if ¢
a cycle slip occurs in a continuous satellite—receiver pair ob-
servation, the discontinuous tracking arc after the cycle slip
can be considered as a separate continuous arc from whicl
a different offsetB,, can be calculated using Eg. (5). While

deriving the ionospheric TEC based on the raw GPS data, the d
instrumental bias generated by interior electronic circuits of ‘
the GPS satellite and receiver should be removed. Consider

ing the geometry of the satellite, receiver, and ionosphere, the: »NJ\’WWL\ M

vertical TEC at the ionospheric piercing point that is the in- = .,
tersection point between the ionospheric thin shell (assumec g2
to be 400 km in this paper) and the line of sight from satellite
to receiver can be calculated using following formula:

0 5] 2 18 )
Universal Time (hours)

VTEC= (STEC- B, — B,) coSEion. (6) Fig. 1. (a)vertical TEC over PKUO station on 14-16 December

' (days 348-350) 2006 (bold line) and that on 5 December (day 339)
B, and B, are the satellite and receiver instrumental biases2006 (slim line). The darker shaded patch indicates the more than
respectively. The cdgoy, is a vertical TEC mapping function 100% increase positive phase of the storm, and the lighter shaded

andEjon can be obtained from Eq. (7): patch indicates the more than 50% decrease negative phase of the
storm. (b) interplanetary magnetic fiel#,, (c) K, index, (d) AE
Eion = arcsin(L Cosel> , (7) index, (e) H component of symmetric disturbance index on 14-16
E i December (days 348—-350) 2006.

whereel is the satellite elevationRg is the radius of the
Earth, andH; is the height of the assumed ionospheric thin
shell. l ’ P (STEG:i — Bg — Bi) COSEiongi, (8)

L . . which transforms to
2.2 Determination of instrumental biases

. . . . COSEjongi(Bg + Bj) — COSEijon«i(By + B;) =
The instrumental biases and vertical TEC were determined STEG, cosEions — STEG, coSEionu ©)
using the self-calibration of pseudo-range errors (SCORE) Gi tongi ! 1onart«

process (Bishop et al., 1996), whose concepts and assumpFhe unknowns can be estimated by solving the following set

tions are widely accepted. An important concept in the of equations, which can be expressed in matrix form as
SCORE process is that of a “conjunction” between two satel- - _
lites. A conjunction is observed when two satellites arrive at By=1
a certain area in the height of the ionosphere at the same mg-- :
ment. When this occurs it is assumed that the same vertica| ’ oo ' :

TEC should be measured from each satellite. In this paper| = ¢0Fioni * = COSEionai - COSEioni - = COSEionai - N
the configuration used for the definition of near conjunction ) . o A 5
is 0.5 degrees in latitude by 0.1 h in local in®TEG,; (P, ‘;32
74;) denotes the slant TEC associated with the ionosphere - -
penetrated by the line of GPS sateltitend receiver, where o

0 andr represent latitude and local time. In additighjn STEG; COSEjonpi — STEG, COSEionai | - (10)
these equations is the other GPS satellite in the conjugate

pair. Using the assumption outlined above, we can write the

following equation

The solution to the above set of equations can be obtained
(STEG,; — By — B;) COSEionai = using singular value decomposition, which avoids unrealistic
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Fig. 2. The deviations in the instrumental biases derived from PKUO relative to the mean (in TECU) from 30 November to 30 December
(days 334—-364) 2006. They are divided into some panels to show the results clearly.

solutions of the equation system (Press et al., 1992). Thehock, and continued to be strong until 15:00 UT on 15 De-

SCORE process uses 24 h of data from a single receiver, ancember. After 18:00 UT on 14 Decembdt, was directed

it is assumed that the satellite and receiver biases do not vamorthward and continued to undergo rapid oscillations be-

throughout the day. fore its rapid southward turning at 23:00 UT on 14 December.
Figure 1e shows that the longitudinally symmetric (SYM-H)
disturbance indices dropped 211 nT at 01:00UT on 15

3 Results December, and then started to recover. We have used the
SYM-H index instead of the disturbance storm tinie,)
3.1 The event of 15 December (day 349) 2006 index, since its 1 min time resolution is more appropriate

for studying short timescale phenomena. The SYM-H in-
The first ionospheric storm event under consideration oc-dex follows essentially the same variations as the Dst index,
curred on 15 December 2006. Figure 1 shows a summarylthough it is obtained from a different set of stations and
of the magnetic conditions: the derived vertical TEC (in uses a different coordinate system (lyemori and Rao, 1996).
TECU, 1 TECU=186e/n?) over PKUO station (39.9N, The K, index (Fig. 1c) shows that intense activity occurred
116.3F E), the interplanetary magnetic fieRl, the K, in- on 15 December, reaching values of 8+ in the time range
dex, the AE (Auroral Electrojet) index, and the SYM-H (H 00:00-03:00 UT. We have used the ionospheric parameters
component of symmetric disturbance index) index over theon 5 December as the quiet time reference, askipeand
period 14—-16 December 2006. A shock was detected aAE index were quite low on that day.
13:40 UT (not shown in this paper) on 14 December at the The TECs derived from GPS observations at the PKUO
WIND satellite location, which observed an abrupt increasestation over the period 14-16 December 2006 are plotted
in the solar wind speed. Subsequent to the shock,Bthe with bold lines in Fig. 1a. For the purpose of comparison,
component (Fig. 1b) commenced oscillations that continuedhe TEC for a quiet day (5 December) are plotted with a slim
for a few hours. The AE index (Fig. 1d) shows that auroral line in the same figure. The appearance of obvious TEC en-
electrojet activity increased in strength after the arrival of thehancements (i.e. a positive storm phase) started at 01:00 UT

Ann. Geophys., 27, 1613623 2009 www.ann-geophys.net/27/1613/2009/
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Table 1. The MEAN, RMS (Root Mean Square Value) and the Table 2. The MEAN, RMS (Root Mean Square Value) and the

difference between rBias and RMS of 31 GPS satellites in the eventifference between rBias and RMS of 29 GPS satellites in the event
of 15 December (day 349) 2006. The PRN column gives the numbenf 24 August (day 236) 2005. The PRN column gives the number
of the GPS satellite, and the MEAN column gives the median valueof the GPS satellite, and the MEAN column gives the median value

of instrumental biases. of instrumental biases.
PRN MEAN RMS rBias-RMS PRN MEAN RMS rBias-RMS
(TECU) (TECU) (TECU) (TECU) (TECU) (TECU)
1 8.23 0.42 -0.34 1 8.03 0.73 0.88
2 —-16.16 0.46 -0.20 2 —16.96 0.37 0.54
3 7.81 0.48 0.23 3 7.19 1.00 —0.66
4 3.75 0.44 0.46 4 3.48 0.33 0.11
5 7.61 0.56 —-0.42 5 6.03 0.57 0.41
6 5.85 0.75 -0.41 6 5.20 0.73 0.64
7 11.05 0.77 -0.29 7 12.00 0.35 0.62
8 9.44 0.55 0.01 8 8.68 0.58 1.80
9 4.82 0.47 -0.17 9 3.19 0.65 1.51
10 11.03 0.36 0.00 10 10.39 0.50 0.93
11 -5.61 0.58 0.62 11 -5.73 1.87 5.61
12 -7.21 0.52 -0.20 13 -5.13 0.46 0.81
13 -5.13 0.73 -0.51 14 -3.12 0.61 1.06
14 —-2.41 0.34 -0.24 15 8.72 0.55 1.34
15 10.74 0.42 —-0.04 16 —-1.08 0.64 1.39
16 —-2.70 0.54 -0.27 18 -5.07 0.52 1.33
17 -3.26 0.58 0.69 19 —10.68 0.92 -0.78
18 -3.00 0.33 0.10 20 2.67 0.96 0.58
19 —-11.00 0.57 1.16 21 —-7.94 0.61 1.33
20 4.04 0.98 0.70 22 —-19.42 0.57 1.41
21 —5.68 0.74 —0.66 23 —-23.81 0.53 —0.42
22 -17.41 0.66 0.11 24 13.95 0.56 1.84
23 —-24.29 0.85 0.14 25 0.73 0.68 0.68
24 13.30 0.44 -0.12 26 2.29 0.86 1.00
25 1.33 0.46 —-0.45 27 6.82 0.59 1.21
26 3.69 0.26 0.45 28 —4.47 0.75 2.63
27 7.55 0.77 1.90 29 1.44 0.84 -0.03
28 -3.12 0.45 0.19 30 —-2.00 0.59 -0.53
29 3.82 0.52 0.36 31 4.59 0.71 2.44
30 0.41 0.73 -0.09
31 -9.32 0.49 -0.36

November to 30 December (days 334—-364) 2006 as a func-
tion of the day of the year (DOY). The median values of the
and lasted for 12h. The period of the more than 100% in-biases are evaluated from the 31 days of results centred on
crease positive storm phase (regarded as a severe positid® December 2006 (the primary date of interest here). The
storm) between 01:45UT and 04:00UT on 15 December isscale is the same for all the satellites and the y-axis range is
marked by the darker shaded patch in Fig. 1a, and that of thérom —12 TECU to 12 TECU, and the figure is separated into
more than 50% decrease negative storm phase (regarded ssveral panels to show the results clearly. The deviations on
a severe negative storm) is indicated by the region of lighterday 349 are much larger than average for most of the satel-
shading. lites. The specific differences between the rBias and RMS
In order to show the variation of the instrumental bias es-(R0oot Mean Square Value) are shown in Table 1. There are

timated from GPS observation on different days, the devia-2 Small number of other days (such as days 357 and 361),
tions of the instrumental biases (rBias) that means the differWhich also show larger deviations; however, this is because
ence between the satellite instrumental delay estimated foff missing data for these days: these days do not have a sig-
the event day and the mean of the instrumental delays fopificant |mpact on our statistical results or the results on the
the period of 31 days around the event day are calculatedd@y under investigation (the storm day).

Figure 2 shows the deviations in the instrumental biases de- Figure 3 shows the temporal TEC (in TECU) variation
rived from PKUO relative to the mean (in TECU) from 30 curves derived from observations from the PKUOQ receiver in

www.ann-geophys.net/27/1613/2009/ Ann. Geophys., 27, 1B23-2009
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Fig. 3. The temporal TEC variation curves of all the GPS satellites < 2000
from the PKUO receiver in the period of the ionospheric storm on (‘, (000
15 December 2006.

the period of the ionospheric storm on 15 December 2006.;
The PRN with corresponding values for the difference be- ¢
tween the rBias and RMS greater than 1 TECU are indicated ~~« = » = o« = = o
by pink numbers in the legend. The time ranges with darker universal Time (hours

and lighter shading are the same as those in Fig. la. It capiy 4. (a) vertical TEC over GUAO station on 23-25 August

be seen that most of the bias results where the GPS satellitqgays 235-237) 2005 (bold line) and that on 11 August (day 223)

deviate significantly are within the darker shaded time range2005 (slim line). The darker shaded patch indicates the more than
100% increase positive phase of the storm, and the lighter shaded

3.2 The event of 24 August (day 236) 2005 patch indicates the more than 50% decrease negative phase of the
storm. (b) interplanetary magnetic fiel#;, (c) K, index, (d) AE

Figure 4 shows the derived vertical TEC (in TECU) over the index, (e) H component of symmetric disturbance index on 23-25

GUAO station (43.47N, 87.18 E) (Fig. 4a), the interplan- August (days 235-237) 2005.

etary magnetic fields, (Fig. 4b), theK, index (Fig. 4c),

the AE _mdex (Fig. 4d), and the SYM'H index (Fig. 4€) over from the 31-day results centred on 24 August 2005 (the day
the period 23—-25 August 2005. Figure 4a shows that the pe- ;. . :
of interest). Figure 5 uses the same scale for all the satellites

riod of the positive and negative storm phase are between

03:30 UT and 14:30 UT and between 17:00 UT and 23:59 utand the y-axis range is from12 TECU to 12TECU, and

on 24 August, respectively. The more than 100% increaséhe figure is separated into several panels to show the results

positive storm phase is indicated by the darker shaded rec_:learly as Fig. 2. The deviations on day 236 are much larger

gion and the more than 50% decrease negative phase by trl;or most of the satellites than those observed on the other
ays. The specific differences between the rBias and RMS

lighter shaded region. The AE index (Fig. 4d) shows that .
auroral electrojet activity became stronger from 06:00 UT on® © shown in Table 2.
) y 9 ' Figure 6 shows the same information as for Fig. 3, but

24 AUQ.USt 2005. Subsequent to tiis .(F'g' 4b) contmue_d or the 24 August 2005 storm. It shows the temporal TEC
to be directed northward before a rapid southward turning at _ ." . . :
] ; - _“variation curves derived from observations using the GUAO
08:00 UT on 24 August. Figure 4e shows that the SYM-H in- . . . .
receiver over the period of the ionospheric storm. The PRN

dex reached a maximum depression-df75nT at 12:00 UT i . )
! with the corresponding values for the difference between the
on 24 August, and then started to recover. Figure 4c shows

that thek , index indicates that intense activity occurred on rBias and RMS greater than 1 TECU are labelled in pink in

24 August, reaching values of 9— in the time range 10:00—the legend. The time ranges with darker and lighter shading

12:00 UT. Thek .. and AE indices were observed to be quite &€ the same as those in Fig. 4a. Figure 6 shows that a larger
IOW on 11' AU uspt and we have therefore used the ionosq herinumber of GPS satellites showed significant deviations in the

g o P %ias results in this event than in the 15 December 2006 event.
parameters from that day as the quiet time reference.

Figure 5 shows the deviations in the instrumental biases
derived from GUAO relative to the mean (in TECU) from 9
August to 8 September (days 221-251) 2005 as a function
of the DOY. The median values of the biases are evaluated

100

Ann. Geophys., 27, 1613623 2009 www.ann-geophys.net/27/1613/2009/
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Fig. 5. The deviations in the instrumental biases derived from GUAO relative to the mean (in TECU) from 9 August to 8 September
(days 221-251) 2005. They are divided into some panels to show the results clearly.

3.3 Theevents of 8 and 10 November (days 313 and 315) %
2004

30

[ L NN

[XYITTY YY)
3

Figure 7 shows the derived vertical TEC (in TECU) over the
BJFS station (39.6IN, 115.89 E) (Fig. 7a), the interplan- 5 2
etary magnetic fieldB; (Fig. 7b), thek, index (Fig. 7c),
the AE index (Fig. 7d), and the SYM-H index (Fig. 7e) over § 1,
the period 7-11 November 2004. In Fig. 7a, the periods of - ;
the more than 100% increase positive storm phase and mort
than 50% decrease negative storm phase are marked by th 5
darker and lighter shaded regions, respectively. The time in-
tervals of interest are the obvious positive and negative peri- 0o 2 4 & 8 10 12 14 16 18 20 22 2

ods on 8 and 10 November 2004. The period of the positive UT(hout)

storm phase covers the time ranges 04:00 UT-21:00UT on 8 . _
November, and 02:00 UT-07:10 UT and 11:30 UT-16:10 UT Fig. 6. The temporal TEC varlatlon_curves of_aII the GP_S satellites
on 10 November, while the negative storms occur over thefrom the GUAO receiver in the period of the ionospheric storm on
periods of 08:30 UT—-10:30 UT and 21:00 UT—22:30 UT on 24 August 2005.

10 November.

TEC

04

The 8 and 10 November 2004 events were caused by a
super geomagnetic storm. The AE index (Fig. 7d) showson 8 November). In the same perio8, (Fig. 7b) turned
that auroral electrojet activity increased in strength fromsouthward and remained in that direction for a relatively long
16:00 UT on 7 November 2004 and maintained a high levelperiod on both 8 November and 10 November. Over the same
until 20:00 UT on 10 November (except for a short interval time range the SYM-H indices (Fig. 7e) reached maximum

www.ann-geophys.net/27/1613/2009/ Ann. Geophys., 27, 1B23-2009
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Table 3. The MEAN, RMS (Root Mean Square Value) and the b
difference between rBias and RMS of 29 GPS satellites in the event g
of the events of 8 and 10 November (days 313 and 315) 2004. The &
PRN column gives the number of the GPS satellite, and the MEAN a &
column gives the median value of instrumental biases. s
PRN  MEAN RMS rBiasRMS on rBiasRMS on
(TECU) (TECU) 8Nov(TECU) 10 Nov (TECU)
1 7.28 0.86 -0.28 0.69
3 6.34 1.12 3.83 0.43
4 2.42 1.26 4.44 0.76
5 5.26 1.35 -0.19 2.85
6 3.55 1.39 3.06 1.65
7 10.16 1.38 1.66 3.59
8 7.69 3.06 10.62 5.29
9 2.59 1.29 —-1.04 5.15
10 8.99 0.70 1.69 1.33
11 —-7.37 1.40 2.94 1.55
13 —-5.10 2.86 4.74 8.66
14 —6.26 1.35 —0.26 4.66
15 8.33 1.61 —0.54 3.79
16 —3.26 0.92 1.76 0.78
17 10.67 1.02 231 2.39 LW L]
18 -5.34 1.32 -0.61 452 © e 0 R versal Time (hours)
19 —11.90 1.02 2.60 1.14
20 1.81 3.06 —0.68 11.44 Fig. 7. (a)vertical TEC over BJFS station from 7 to 11 Novem-
21 —7.98 1.37 0.25 3.85 ber (days 312 and 316) 2004 (bold line) and that on 6 November
22 -19.70 131 -0.13 4.40 (day 311) 2004 (slim line). The darker shaded patch indicates the
23 -23.71 2.15 0.52 4.61 more than 100% increase positive phase of the storm, and the lighter
24 11.40 0.64 0.37 156 shaded patch indicates the more than 50% decrease negative phase
25 —0.82 0.88 —0.11 157 of the storm. (b) interplanetary magnetic fiel#;, (c) K, index,
26 1.97 1.05 —0.05 4.03 (d) AE index, () H component of symmetric disturbance index
21 6.42 251 6.64 6.01 from 7 and 11 November (days 312 and 316) 2004.
28 —4.37 1.07 —0.69 2.15
29 1.56 1.10 0.15 4.22
22 égf; 112272 lfgo 3';22 as Fig. 2. The deviations on day 313 are much larger in most

of the satellites, and those on day 315 are all larger than the
alternative RMSs. The specific differences between the rBias
and RMS are shown in Table 3.

Figures 9 and 10 show the same information as in Fig. 3,
but for 8 November and 10 November 2004, respectively.
Figures 9 and 10 illustrate the temporal TEC variation curves
derived from observations from the BJFS receiver over the
({}eriod of two consecutive ionospheric storms. The time

anges with darker and lighter shading are the same as those
in Fig. 7a. Figure 9 shows that most of the bias results where
%he GPS satellites deviate significantly occur in the area with
o Bark shading (similar to Fig. 3). For 10 November all of the
the gwet tme reference. L i ) _ bias results from the GPS satellites deviated significantly for

Figure 8 illustrates the deviations in the instrumental b"this unusual double-peak-shaped event: one of the two peaks

ases derived from BJFS relative to the mean (in TECU) dur'emerged in the evening (local time). Note that ionospheric

ing the period 2‘,1 October to 23 Novembe.r (days 298_328)scintillations in electromagnetic waves occurred at approxi-
2004 as a function of the DOY. The median values of themately 14:00 UT on 10 November and these may be why the

biases are evaluated from the 31—day_resu|ts centred on Bbserved deviation in the instrumental biases was so large.
November 2004 (one of the ionospheric storm days of in-

terest). Figure 8 uses the same scale for all the satellites and
the y-axis range is from12 TECU to 12 TECU, and the fig-
ure is separated into several panels to show the results clearly

depressions 0£394 nT and—282nT on 8 November and
10 November, respectively and then started to recover. Fig
ure 7c shows th&, index, which demonstrates that intense
activity occurred on 8 November, reaching values of 9— in
the time range 00:00-06:00 UT. On 10 November, &g

index again showed a significant increase, reaching values
9- for a period of about three hours. TI&g, and AE in-

dices were observed to be quite low on 6 November and w
have used the ionospheric parameters from 6 November
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Fig. 8. The deviations in the instrumental biases derived from BJFS relative to the mean (in TECU) during the period 24 October to 23
November (days 298-328) 2004. They are divided into some panels to show the results clearly.
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Fig. 9. The temporal TEC variation curves of all the GPS satellites Fig. 10. The temporal TEC variation curves of all the GPS satellites
from the BJFS receiver in the period of the ionospheric storm on 8from the BJFS receiver in the period of the ionospheric storm on 10
November 2004. November 2004.

4 Discussion and conclusions mental biases. When the elevations were limited to being
greater than some value (here’3Go remove dubious data,
The deviations in the TEC between the quiet times and thahe distribution range of the ionospheric pierce points was
ionospheric storm times (induced by geomagnetic stormsyonfined to approximately 20in both latitude and longi-
resulted in severe fluctuations in the derived GPS instrutude. In Eqg. (9) an event only influences those equations
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corresponding to the same latitude and the same local time Figures 9 and 10 show the events of 8 and 10 November
as the event (each equation covers a latitude range of 0.5 d€days 313 and 315) 2004. In Fig. 9, the more than 100% in-
grees and duration of 0.1 h as mentioned in Sect. 2.2). “Therease severe positive storm lasted for more than ten hours,
same local time” in an equation established in this way cor-so most satellites were influenced. In Fig. 10, positive and
responds to those times for which the difference is less thamegative storms were observed to alternate and also to oc-
0.7UT hours (1&/15°). If storm-induced TEC deviations cur in the evening. The TEC deviated up to 100% increase
occur over a small interval, the timescale over which the in-and more than 50% decrease from the quiet time value for
fluence is observed extends (in the worst-case scenario) frora period of nine hours. In Figs. 9 and 10, the influenced in-
0.7 h before the beginning of the interval to 0.7 h after it ends.strumental biases (rBias-RM3 TECU) were all located in
First, we quantify a severe ionospheric storm as more tharthe interval of the severe ionospheric storm except for the
100% increase positive storm phase and more than 50% desatellite PRN 23 in Fig. 10. The time interval when satel-
crease negative storm phase. As shown in Fig. 3 for thdite PRN 23 was observed was also located in the period of a
event on 15 December (day 349) 2006, severe TEC devitarge ionospheric storm, although the intensity did not reach
ations induced by the positive storm lasted for only a few 100% increase. The storm also produced ionospheric scintil-
hours; in particular the deviations reached up to 100% in-lation, and in the period up to 18:00 UT there were obvious
crease for a period of approximately two hours. At other fluctuations caused by scintillations. It is beyond the scope of
times during the positive storm, and for the entire duration ofthis paper to analyze the instrumental bias deviations caused
the negative storm, the TEC deviations were less severe. Thiky ionospheric scintillation because of a lack of data and er-
means that only the instrumental biases of GPS satellites olrors in the navigation files. In addition, if we quantify the
served during the short interval when the storm was severgeneral ionospheric storms as more than 20% increase posi-
were influenced (quantified as rBias-RMSTECU). How-  tive storm phase and more than 20% decrease negative storm
ever, not all the instrumental biases of satellites in the darkephase, we acquired the same result as the 15 December 2006
shading were influenced. Second, if we quantify the generakvent in which some satellites located in the long storm in-
ionospheric storm as more than 20% increase positive storntervals (not indicated by shading) were influenced, but others
phase and more than 20% decrease negative storm phase awdre not. Therefore, the observations during the severe storm
consider the influenced instrumental biases as (:BRIS), period were not sufficient but were a necessary condition for
we acquire the same result, in which some satellites locatea satellite to have a large deviation in its instrumental biases.
in the storm intervals (not indicated by shading) were influ- Furthermore, there may be other conditions to explain the
enced, but others were not. Possible explanations of this phdarge deviation of PRN 23 on 10 November 2006, such as
nomenon are that the assumption errors in two or more satekhe total number of observations of the satellite, the maxi-
lites may construct one or more accurate equations as Eq. (8inum elevation during the whole day, or some instrumental
or that very few constructed equations are based on data ierror in the satellite itself.
the severe intervals (satellites were also observed outside the Based on the results derived from the single-station
storm period). method we have developed, we conclude that different types
Figure 6 shows the event of 24 August (day 236) 2005.0f ionospheric storms exert a variety of influences on the de-
The severe positive storm duration was longer than that fofived instrumental biases that are determined for GPS satel-
the 15 December 2006 event and there was a period of morgtes and receivers. Since the influence of a storm can last for
than three and half hours when the deviations in the TEC exsome time, it is necessary that the instrumental biases be de-
ceeded 100% increase. In addition, the deviations in the TEGermined from data on adjacent quiet days to obtain accurate
induced by the negative storm were also larger than those fogstimates of the ionospheric TEC.
the 15 December 2006 event, and for a period of approxi-
mately seven hours th_e deviation_s in the TEC e>§ceeded 5_O%RcknowledgementsWe would like to thank the SOPACHItp:
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