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Comparison of GPS and Incoherent Scatter Measurements
of the Total Electron Content

A.J. Coster, E. M. Gaposchkin, L.E. Thornton,
M.I.T. Lincoln Laboratory
M. Buonsanto and D. Tetenbaur
M.I.T. Haystack Observatory

\
\3:- ABSTRACT

GPS and incoherent scatter (IS) measurements of the total electron content
(TEC) taken during 1-3 March 1989 are compared. During this period, four
different GPS satellites, SV nos. 6, 9, 11, and 12, were observed. The II4100
GPS receiver at Millstone monitored these satellites continuously while they
were in view. At the same time, the Millstone UHF radar was sequentially
pointed in the direction of several of these satellites taking incoherent
scatter measurements. The incoherent scatter measurements produce profiles of
the electron density distribution. The 15 profiles are then integrated to
produce TEC measurements up to 800 km. The combined pseudo-range and phase data
of the GPS system measure the group delay at both the L1 (1575.42 MHz) and L2
(1227.6 MHz) frequencies. This information is converted to TEC measurements
along the line of sight to the satellite at 19000 km. The comparison of the
GPS and incoherent scatter data gives us a new technique for estimating the
number of elactrons above 800 km. Our results were surprising. The 1-3 March
time period was associated with interesting geophysical conditions. The
experiment began during quiet geomagnetic conditions and at a time when the
daily 10.7 cm solar flux values were moderate (162)., On 1 March, a large
electron content, sometimes greater than 30 TEC units})\ was observed in the
ionosophere or plasmasphere above 800 km. This large TEC‘'yalue is surprisingly
high when compared to previous studies, taken during solar minimum conditions,
which found only 2-6 TEC units of plasmaspheric contgnt above 2000 km
(Klobuchar, et al., 1978). During the middle of the experiment, the
geomagnetic activity increased. An electron density trough \Wwas then observed
to form towards the north and propagate southward. In addition, the total
number of measured electrons above 800 km fell dramatically.

INTFODUCTION

At Lincoln Laboratcry a transportable device is being develeed which uses
the Global Positioning System (GPS) to determine real-time ionospheric path
delays. We are using a TI4100 GPS receiver which is capable of receiving the
dual L-band frequencies (1227.6 and 1575.42 MHz) broadcast by each satellite.
Up to 21 different GPS satellites will eventually be on station in near-
circular, semi-synchronous orbits at altitudes of approximately 19000 km. The
plan is that at least 4 satellites will be in view at any place, 24 hours a day
(Spilker,1978).

Because our GPS receiver is located at the Millstone Radar site, we have
the advantage that the GPS data can be compared directly with incoherent scatter
(IS) measurements of the ionosphere. Incoherent scatter measurements are taken
routinely with the UHF radar at Millstone Hill. During the period 1-3 March
1989, the UHF radar was sequentially pointed in the direction of several GPS
satellites taking incoherent scatter measurements. The IS data was then
processed to give an alternative determination of the total electron content
(TEC) along the line of sight to each GPS satellite (Buonsanto,1989). The IS
data is carefully calibrated at the beginning and end of each run using foF2
data from a colocated Digisonde operated by the University of Lowell., The IS
radar provides electron density profiles from approximately 100 km to 1000 km
or higher. Because of the decreasing signal-to-noise ratio, however, data at
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the greatest heights are not always reliable. For the present experiment, the
TEC is derived by integrating the electron density profiles from 100 km to 800
km in height.

In principle, it should be possible to obtain the ionospheric path delay
directly from the GPS group delay measurements at the two L-band frequencies.
The delay introduced by the ionosphere is a function of both the TEC and
frequency. However, although the GPS range data is accurate enough for the
majority of user needs, the ionospheric correction cannot be determined directly
fiom this data. This is primarily because of multipath effects and the L1/12
biases.

Multipath effects in the group delay data account for approximately 6 ns
of increase in the noise level. For comparison, a 2 ns increase in group delay
amounts to an error in the path delay at L-band of 1 meter. At Millstone, the
multipath effects have been reduced by use of absorbing material under the
antenna and can be further reduced by data avsesraging (Sciegienny, private
communication). The multipath problem is not as severe in the GPS phase advance
measurements. The GPS phase data show an increase in the noise level on the
order of only 50 ps (Dahlke et al.,1988). The trouble with the phase advance
data is that they contain an unknown bias due to the integer cycle ambiguity
of phase measurements, i.e. the number of full phase cycles between the
satellite and receiver is not known. By combining the GPS phase data with the
group delay data we may overcome the difficulties inherent with both data types.

Bafore going any further, we would like to illustrate these three different
types of data. Figure 1 shows the GPS phase data, the GPS group delay data,
and the Millstone UHF incoherent scatter data plotted as a function of time for
one satellite. The increased noise level in the group delay data is apparent.
To account for the unknown cycle ambiguity and bias, the mean value of the phase
data is set to be the mean value of the group delay data. The IS data
represents the integrated TEC up to an altitude of approximately 800 km along
the line of sight to the satellite.

GPS/ IS EXPERIMENT ~ 1 MARCH 1988

SATELLITE 11054 - NO. § NIAN«30.8 T5C

TEC UNITE = BLECTRONE X 108462

0 INCOHERENT SCATTER + OFS GROLP DELAY © GPS AWEE

Figure 1. Illustration of Incoherent Scatter and GPS Pnase
and Group Delay Data.

The IS derive¢ TEC should be less than that derived from the GPS system
which measures out to 19000 km. Note that a total bias of 30.6 TEC units is

cvident between the GPS data and the IS data. This bias, which we will refer
to as the IS bias, can be attributed to additional ionosphere above 800 km and

to the combined satellite and receiver bias.

The combined sactellite and receiver biases ara known as the L1/L2 biases.
The L1/L2 biases correspond to the additional differential delay between the
two frequencies introduced by the satellite and receiver hardware. These biases
must be measured (or estimated) and removed from the GPS group delay data in
order to accurately determine the ionospheric path delay. These biases have
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been studied extensively (Lanyi, et al.,1987, Dahlke, et al., 1988, Coster and
Gaposchkin, 1989) and the results of those studies will be presented in the next
section. - -

In this paper we are going to discuss the compurisons of the GPS and
incoherent scatter measurements of TEC taken during 1-3 March 1989. During
this period we observed 4 different GPS satellites, SV nos. 6, 9, 11, and 12
(corresponding to SSC nos. 11054, 11783, 14189, and 15271). The GPS observing
schedule from Millstone for these satellites is given in Table I. There is a
5 hour difference between local time at Millstone and universal time, so that
the daytime experiments started at 8:30 am and the nighttime experiments started

at 11:15 pm.
TABLE I. Rxperiment Times.
Interesting

geophysical

conditions occurred pay (UT Night (UT
during the 1-3 March | gy 3. 1 March Y ; H;rch 2 l(archg ; lu)lrch
tinme perioa. 6 13:35-16:23 13:28-16:19 4:17-7:28 4:13-7:24
Although 1989 is 9 13:35-18:08 13:28-16:19 4:17-9:45 4:13~9:41
Q:neraily associated | ;; 4:17-9:45 4:13-9:41
with high solar flux | ;3 15:30-18:08 15:24-18:03 5:39-9:45 5:37-9:41
conditions, the daily

solar flux values

during this time were

only at moderate levels. The 90 day mean F10.7 cm flux value was 213
throughout, while the daily F10.7 cm flux values were, respectively, 169, 174,
and 169. Prior to 2 March, the geomagnetic activity had been quiet for a period
of about a week. The highest Kp value on 1 March was 3+, with the average Kp
for that day being 3-. On 2 March, however, the Kp went from a 3+ value between
0=3 hours UT to a value of o~ between 3-6 hours UT. The Kp then fell to 4- from
6-9 hours UT. This means that during our nighttime pass on 2 March moderate
geomagnetic storm conditions existed. The Kp was again moderately high during
onr daytime pass on 2 March with the Kp values being 3+ and 4. Finally, during
the nighttime observations on 3 March, the Kp was 5 between 3-6 UT and 6-
between ¢-9 UT. Gecphysical data for this period is summarized in Table II.

Table II. Geophysical Par>meters.

DATE F10.7(daily) F10.7(avg) Kp (3 Hour Values)
1 March 89 169 213 343 2 3-343~2 2+
2 March 89 174 213 3+6-4-3+4 3+3 3+
3 March 89 169 213 3 4 6-5-5-5 4 3
L1/L2 BIASES

To use the GPS group delay data accurately, one must first estimate the
satellite (SV) and receiver L1/L2 biases. Coco et al.(1990) have shown that
although the TI4100 receiver bias varies from unit to unit, the change over
time in the bias is quite small. They found the day-to-day variation of the TI
4100 receiver bias over a 5 week period to b2 less than 0.5 ns. In this paper,
we are going to assume that our receiver bias is neglible. Regardless of our
assumption, however, the receiver bias should be common to all satellites
observed, and it should be a stable value.

Pre-launch calibration values of the satellite, or SV (space vehicle) L1/L2
bjases were measured by Rockwell., Since then, other studies have developed
techniques for determining the SV biases using a multistation system of
receivers (Dahlke, et al.,1988, Lanyi, et al.,1987) At Millstone, we estimate
the SV biases using a single receiver at one site (Coster and Gaposchkin,1989).
The estimated SV bjases are listed in Table III. The ARL values are from Coco
et al.(1990). The standard deviations are given in parenthesis. The ARL SV
biases all have an associated standard deviation of 0.5 ns.

It is important to notice that the biases ARL determined remained fairly
constant froa the year 1987 to 1989. Our technique for determining the SV
biases produced similar results, with the exception of satellite no. 6, which
has a large standard deviation. Our method for determining these satellite
biases does not properly account for the difference in electron content above
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TABLE III. Satellite (SV) L1/12 Biases in Nanoseconds of Differential Delay
. between 12 and Ll.

sV Pre- ARL ARL MIT LL
PRN Launch 87 89 89

3 -0.24 1.06 1.11

6 2.33 0.25 4.41(1.79)
8 1.53

9 -0.34 -0.34 ~0.34 0.40(0.63)
11 3.05 3.16 3.16 2.94(0.54)
12 0.02 2.96 2.95 2.17(1.21)
13 1.62 1.79 2.36

800 km as a function of location, and thus we ass:me that it is our estimate

of the no. 6 bias that is in error. We are going to adopt the recovered 1989
ARL SV biases for our discussion here.

It is useful to present our adopted SV biases in units of TEC since those
are the units that the IS Biases are reported in. The conversion between ns
of differential delay and TEC units (equal to number of electrons x 10%*16 m-
2) is given below (Dahlke, 1986):

TEC = 2.85 # TDD, where 1)

TDD = TTL2 - TTL1l (transit time of L2 - transit time of Ll in ns)
The 1989 ARL SV biases, given in TEC units, are listed in Table IV.

Table IV. SV Biases in

TEC Units.
SATELLITE NO. 9.

SV No. ARL ‘89
We begin our discussion with satellite no. 9 6 0.83
since it has consistently been shown to have a small 9 -0.97
5V bias (-0.97 TEC), and a small standard deviation 11 9.01
(0.61 TEC). Figure 2 shows the Millstone viewing 12 8.41

geometry for this satellite in azimuth and elevation

during 1-3 March 1989. The start of the nighttime
pass is delinited by a small square and the start of the daytime pass by a small
oval. During the night, the satellite moves from the northwest to the southwest
and during the day it moves from the southeast to the northeast. Figures
3a~d show the combined incoherent scatter and GPS phase and group delay data
for this satellite during the experiment. Note that on 1 March there is an IS
NO. 9 bias of 33 TEC uni;:s (34 TEC units if we
783 -~ . account for the SV bias). Recall that the IS
SATE:E&%?IOEELLSIYOIN |_—§Mm 1989 biases include the bias due to the additional
ATLAARAS BRI ionosphere above 800 km plus the satellite and
o ', receiver bias. In our discussion we will give
o Il T ", the total measured IS bias followed by, in

’\ parenthesis, the IS bias minus the estimated sV
ol (LI

bias. It is this second value which reflects
our estimate of the number of electrons above
800 km. On 1 March, when the IS data measures
60-110 TEC units, the GPS system wmeasures 90-
140 TEC units. The implication of this is that

-
-
heoean

(
-

X 60° o N as much as cne-third of the TEC on 1 March is
K S TR B n above 800 km, or that 5.4 m of delay at L1 can
" » be attributed to electrons above 800 km. On

0° tay, L) the following day, 2 March, after the
— s '130',‘" - geomagnetic storm had begun, an IS bias of only

3.73 TEC units (4.7 TEC), or 0.61 m of Qelay at

Pigure 2. Geometry for Sv 4 9 L1, is measured. )
from Millstone in Azimuth and On the night of 2 March, during the initial
Elevation. geomagnetic disturbance, the measured IS bias
of satellite no. 9 was 8.14 TEC units (9.1
TEC). Smaller biases are expected at night due
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THC UNITS « BLECTROME X 100498/ 42

TEC UNITS = SLOCTICMG X e 90/ 4

GPS/ IS EXPERIMENT - 1 MARCH 1988

MTMLITE 11783 = NO £ B1AS=38 3 TEC

1S/GPS EXPERIMENT - 2 MARCH 1888

SATELLITE 11783 = NO § BIASe] 73 TEC

THC VTS ~ BUECTROME X 1098/ K2

I Cury
GPS/ IS EXPERIMENT - 3 MARCH 1939

BATELLITR 11783 = NO § RiASet 33 TOC

GPS/ IS EXPERIMENT - 2 MARCH 1969

SATERLLITE 11703 « ND § DIASE W4 YOG

TEC UNITS « ELECTRONE X 1090/ 02

Fig. 3a-d. Comparison of GPS and Incoherent Scatter TEC Data for
SV no. 9 on 1-3 March 1989. The IS data are demarked
by a square, the GPS phase data by a cross, and the GPS
group delay data by a diamond. Figs. 3a and b show the
daytime data, while Figs. 3c and d refer to the
nighttime data.

to the smaller electron cortent. Nevertheless, the total TEC measured by the
GPS system, during the time for which we have GPS observations, varied between
16-25 TEC units, indicating that as much as half of the ionosphere on this night
was above 800 km. The 3 March nighttime data, which was also taken during
storm conditions, shows a bias of only 1.32 TEC (2.29 TEC) units. In fact, if
the beginning and end of the IS data are compared on this day, we see that
initially there was a bias of nearly 3 TEC units, while by the end of the pass,
the IS blas is almost 0. This observation is cornfirmed by the associated IS
profiles of the ionosphere shown in Figs. 4a-b. At the beginning of the pass,
shown in Pig. 4a, a standard electron density distribution can be observed on
both days. However, in Fig 4b by the 6:30 UT, the IS data on 3 March shows a
very depleted electron density distribution. Note also that it is at this time
that the smallest bias between the GPS and the IS data is measured. This
suggests that what we are seeing a real ionospheric or plasmaspheric effect,
such as an ionospheric trough, rather than a calibration or other type of
problem.




~ 4

i 8 RS T R B ORI
§

1L UNTS ~ ELLCTRONS X 10+016/M2

ELECTRON DENSITY DISTRISUTION SAT NO © WAR 2-3,1909

ELECTRON DENSITY DISTRIGUTION SAT NO @ MAR 2-3,1989

ALTITUOE - K4 ALTITUDR = X -
] - v v v " .
a) { b) l
3 @ /B9 $150 UT 0 1 Q B 3/0/89 6:23 U7
[ s © 3/02/89  5:% Ut -8 O r S o 3/02/89 632 Y
™ e ke L SR,
b - . \ “a 4
——— 0 - I
e -, H .
. J, .......... (]
300 P / e
- “ot Pt
Y et Fra
..... " o
300 F P ‘; """"" 0l
i
LI
0, = 0 KT 20 € ) 0 KN .20 25
BLECTRONS X10™*12/mM2 BLECTRONS X10**12/M2
rigure 4a. Fiqure 4b.

IS Determined Electron Density Distribution as a Function of Altitude.

SATELLITE NO. 12.

On 1-3 March 1989, satellite no. 12 was observed to follow a path from the
northwest to the southwest during the night and from the southeast to northeast

during the day, see Figure &.
approximately 6.73 TEC units.
in Fig. 6a, the measured IS bias was 27.4 TEC
units on 1 March during the daytime.
Subtracting the assumed satellite bias, we are
left with 20.7 TEC units that can be attributed
to the ionosphere above 8300 km. The IS bias
drops to 19.9 TEC (or 13.2 TEC once we subtract
the satellite bias) on 2 March. In addition,
we observe that the peak electron density is
observed to about 118 TEC uni%s on 1 March
while on 2 March the peak is only 98 TEC units.

The ionospheric structure looks very smooth
during both sets of daytime passes. This is in
contrast to the nighttime data on 2 or 3 March.
Both sets of nighttime data show disturbed
ionouspheric structure. On 2 March the observed
IS bias was 25.3 TEC units (18.6 TEC). At
approximately 8.2 UT, a bump in the GPS phase
data can be observed followed by a rapid rise
in the estimated TEC content. This is partly

VIEW FROM MILLSTON

1~3 MAR 1982

T Ty

/7 C

ul"...o "
l.'

ettt o0

u"‘ 30° o

180°

Pigure 5.

For this satellite, the estimated SV bias is
As can be seen SATRLLITE 15271 - NO. 12

90°

Geometry for SV # 12

dus to a change in elevation,

although the from Millstone in Azimuth and

associated elevation was only 23.5 degrees at Elevation.

this time. On 3 March,

GPS/IS EXPERIMENT - | MARCH 18£8

SATELLITE 15271 » NO 12 BiAS=27 4 TEC

BIAS = 274 TEC (44 M AT L))

T T—r T v T T T 4
154 159 162 166 17 174 178 32
TIME (UT)

IEC UNITS = FLECTRONS X 10.-16/M2
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the GPS satellite is

GPS/IS EXPERIMENT - 2 MARCH 1989

SATELUITE 15271 = NO 12 BiASe199 TEC

b
100 ) BIAS = 199 TEC (323 M AT L1)

54 w8 162 166 17 174 178
TuE (UT

g2




et a2 NS adee

v

n g
TLC UNTY = CLECIRONS X 1064 16/M2

GPS/IS EXPERIMENT 2 MARCH 1989 GPS/IS EXPERIMENT ~ 3 MARCH 1989

SATEELITE 15271 » NO 12 BWAS=25 3 TEC SATELUTE 15271 = NO 12 BuS~9 04 TEC

BIAS = 253 TEC (4 1 MATL1) | 1 ol Q BIAS = 9 04 TEC (147 M AT L1)

TEC UNITS ~ ELECTRONS X 100416/M2

Fig. 6a-d. cComparison of GPS and Incoherent Scatter TEC Data for
8V no. 12 on 1-3 March 1989. The IS data are demarked
by a square, the GPS phase data by a cross, and the GPS
group delay data by a diamond. Figs. 6a and b show the
daytime data, while Figs. 6c and d refer to the
nighttime data.

following the same observing geometry as on 2 March, except that it is viewed
4 ninutes earlier. Nevertheless, the bump is not observed until approximately
8.9 UT, with an associated elevation of 10.4 degrees. 1In addition, on 3 March,
the neasured IS bias is only 9.04 TEC units (2.31 TEC). Recall that during the
night, this satellite moves from the north to the south. We think that wa are
observing an electron density Jdepletion or trough that was genarated by the 2-
3 March geomagnetic storm. The trough propagated southward from 2 March to 3
March.

SATELLITE NO. 6.

Satellite no. 6 travels from the northwest 0 N N - ;
to the southwest during the night and remains SATEe!v'lr‘alc:“uﬁuslrJN().}).? MAR w{}i(). 6
at a fairly high elevation throughout the pass A LA BT
(see PFig. 7). During the daytime, the o'
satellite travels from the southeast to the
northeast. As can be viewed in Pigs. 8a and b,
the daytime bias changes relatively little from
the 1st to 2nd of March. A bias of 30.6 TEC
units (29.8 accounting for the satellite bias
of .83 TEC) is seen on the 1 March. This bias
drops to 26.4 TEC (25.6 TEC) during the day on
2 March. The bias satellite no. 6 sees on 1
March is somewhat misleading. 1If one looks
only at the section of the pass that is
repeated on the 2 Karch, the bias on 1 march is
38.5 TEC (37.7 TEC). The maximum TEC dropped
from 170 on 1 March to 140 on 2 March.

At night, the measured IS bias dropped from
12.6 TEC (11.8 TEC) on 2 March to 3.3 TEC (2.47 Figure 7. Geometry for SV # .
TEC) on 3 March. Again, the measured IS bias
on 2 Narch is somewhat mislaading. The earlier
I8 data taking during the 2 March nighttime pass has a bias of only 5.5 TEC.

It is looking towards the south where the bias gets larger. This is vet another
indication that the electron density increases looking towards the south. It
is also interesting to observe the flat slope of the 3 March data from 4.2 to
5.8 UT, and compare this shape to the 2 March data. During this time periocd,
the T:c data remains less than 10 TEC (9.2 TEC), indicating the presence of a
rough.
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GPS/IS EXPERIMENT - 1 MARCH 1989

SATELUTE 11054 ~ NO. 6 BMS«30.8 TEC

3PS/1S EXPERIMENT - 2 MARCH 1989

SATELLITE 11054 ~ NO & BIAS#26 4 TEC

wo - a)

TEC UNITS = ELECTIROMS X (0ee18,/M2

BUS = 30.6 TEC (4.97 M AT L1) w04 b)

BIAS = 26 4 TEC (4.28 M AT L1) f

TEC UNITS ~ ELECTRONS X 100¢16/M2

T Y Y T T Y
134 138 142 14

GPS/IS EXPERIMENT ~ 2 MARCH 1989

SATELUTE 11034 » NO. 6 DwS=12 § TEC

TIME (UT)

GPS/IS EXPERIMENT - 3 MARCH 1989

SATELLITE 11054 = NO & BIAS = 3 3 TEC

w4 C)

BAS = 126 TEC (2.04 M AT LY) w4 @) BIAS = 33 TEC (0 54 M AT L1)

w4

(i i e ‘ d 31 A
|‘I‘l!|ﬂk'|s‘!l';‘&|' " ' '

TEC UMITS = CLECTRONS X 10%216/M2
-3
:

e (UT) TME (UT)
& NCORMERENT SCATTER +  GPS GRQUP DELAY 0 GPS PHASE
rig. 8a-d. cComparison of GPS and Incoherent Scatter TEC Data for

SATELLITE 14189

8V no. 6 on 1-3 March 1989. The IS data are demarked
by a square, the GPS phase data by a cross, and the GPS
group delay data by a diamond. Figs. 8a and b show the
daytime data, while Pigs. 8c and 4 refer to the
nighttime data.

- NO. 11 SATELLITE NO. 11.

NGHT IEW FROM MILLSTONE 2-3 WAR 1989

verteer
’ 'y,

Satellite no. 11 was only viewed during the
. night observing sessions from Millstone.
%, Nevertheless, it has some of the more

¢ “, interesting geometry as is indicated in Fig. 9.
s | This satellite starts in the scuthwest, moves
3 Y over head, and then heads towards the

aoutheast. The neasured SV bias for this

270

satellite is 9.01 TEC. On 2 March a bias of

'.. \/\/ ..' 13.7 TEC (4.7 TEC) is seen in Fig 10a and on 3

: March a bias of 10.15 TEC (1.15 TEC) is seen in

o f’°° o s Fig. 10b. Note the precipitous decline in the
".. 300" M sesnfenet® o TEC observed in both sets of data. On both
‘o, o days the TEC flattens out at about 5.20 UT.
MYV STLLY Yet, on both days, the elevation is greater

180°

than 20 degrees by 4.6 UT and greater than 30

Pigure 9. Geometry for SV # 11 degrees by 5.20. We think this structure is

yet another indication of the greater electron
density towards the southwest.
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TEC UHT o IECTROME X 10 W/ 8

CUEVATIOI 14 1Tt e

GPS/ IS EXPERIMENT -~ 2 MARCH 1888

SATRLITE %MD o M0, 11 BIAS13 7 THC

TEC UNITE - BLECTROME X 1009/ M2

GPS/ IS EXPERIMENT - 3 MARCH 1989

MATRLITE %8 - 0 1§

MAB=18 5 TR

T Cu)

®  NCOMERENT SCAMER +

SATELLITE 14189 ~ NO.11  ELEVATION

c)

GPS GROUP DELAY °

TING CUTY

GPS PHASE

Pigs. 10a-c. Comparison of GPS and
Incoherent Scatter TEC Data for SV
no. 11 on 1-3 March 1989. The IS
data are demarked by a square, the
GPS phase data by a cross, and the
GPS group delay data by a diamond.
Figs. 10a an¢ b show nighttime data.
Fig. 10c shows the corresponding
elevation to SV no. 11 from
Millstone during the pass.

™E (UT)
" CLLVATION

SUMMARY AND CONCLUSIONS

A new technique for estimating the number of electrons above 800 km has
been validated through the comparison of the IS and GPS TEC data. The number
of electrons that are detected to be above 800 km, sometimes as great as 30 TEC
units, is surprisingly high when compared to previous studies of the
plasmasphere which showed only 2-6 TEC units above 2000 km. (Klobuchar, et al.,
1978). The previous studies were all taken during minimum solar flux
conditions. Our estimates of the additional TEC above 800 km are given in Table

v.

All of the satellites estimate a smaller TEC above 800 km on 3 March than

on 1 March, a decrease which varies from 18 to 32 TEC units.

Table V. Summary of Estimated TEC above 800 Kn The data for satellite no.
9 is slightly anamolous

DAY (UT) NIGHT (UT) because it shows a large

1 March 2 March 2 March 3 March | decrease in TEC during the

SV day on 2 March. This is
6 29.8 25.6 11.8 2.5 interesting because the
9 34.3 4.7 9.1 2.3 observation was taken
11 4.7 1.6 looking to the northeast at
12 20.7 13.2 18.6 2.3 approximately 16.1-16.6 UT
with an azimuth of 291

degrees and an elevation
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between 38 and 47 degrees. A second incoherent scatter observatioa of this
satellite, also measuring a small IS bias, was taken at 17.5 UT with an azimuth
of 299 degrees and an elevation of 6.2 degrees. If we consider the geometry
of this measurement, it is approximately 1.5 hours after satellite no. 6
observes approximately the same location (295 azimuth and 8 degrees elevation).
In addition, satellite no. 12 looks at a similar part of the sky at a slightly
higher elevation (azimuth 290 and elevation 60) directly after the first set
of IS measurements of satellite no. 9. Neither satellite no. 6 nor satellite
no. 12 observed a small IS bias on this day. Either we are observing the
propagation of an electron density trough during the daytime, or we are

observing changing satellite biases for at least one of the satellites.
However, recall that satellite no. 9 had the smallest SV bias measured. The
change in the measured IS bias is 10 nanoseconds, far greater than the estimated
SV bias fforthis satellite. We therefore believe that an electron dengity trough’
is being cbserved moving southward during the day.

In conclusion, using the combination of our GPS receiver and Incoherent
Scatter radar, we think that we observe a large electron content in the
ionosphere and plasmasphere prior to the geomagnetic storm. As the result of
the geomagnetic storm, this excess plasma is blown away and, during the
following two day period, the electron density trough that is generated
propagates southward. We think that the combination of the GPS and incoherent
scatter data offers an exriting new technique for measuring the total electron
content above 800 km.
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