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Abstract. Previous studies utilizing the Global Positioning Syst&RS) receivers aboard Jason satellites have performed
measurements of plasmasphere electron content (PEd&tdaynining the total electron content (TEC) abovedtsatellites,
which are at altitudes of about 1340 km. This study usesasimethods to determine PEC for the Jason-2 recé&ve24

July 2011. These PEC values are compared to previous detions of PEC from a chain of ground-based GPS reeiv

in Africa using the SCORPION method, with a nominal &piere—plasmasphere boundary at 1000 km. The Jason-2 PECs
with elevations greater than 60° were converted to elgmvavertical PEC and compared to SCORPION vertical PEC
determinations. In addition, slant (off-vertical) PE@snf Jason-2 were compared to a small set of nearbligned
ground-based slant PECs. The latter comparison avojdsoaersion of Jason-2 slant PEC to equivalent \&@&C, and

can be considered a more representative comparisormé&ae difference between the vertical PEC (groundebaseus
Jason-2 measurements) values is 0.82+0.28 TEC unit&€CLuhit = 16° electrons ). Similarly, the mean difference
between slant PEC values is 0.168+0.924 TEC units. TémnJa slant PEC comparison method may provide a reliable
determination for the plasmasphere baseline valughferground-based receivers, especially if the grourttbrs¢aare
confined to only mid-latitude or low-latitude regions, elhcan be affected by a non-negligible PEC baseline.

Keywords: Instruments and techniques, Plasmasphere

1. Introduction

The plasmasphere is a toroidal domain of cold plasméineshby the Earth's magnetic field and replenishedHgy t
ionosphere (e.g., Lunt et al., 1999; Dent et al., 2006er&@kinstruments and methods have been utilized tondieterthe
electron or ion content of the plasmasphere. Amongetiaes the IMAGE (Imager for Magnetopause-to-Aurorab&llo
Exploration) satellite Radio Plasma Imager (Galkin et2004) and Extreme Ultraviolet imager (Sibanda et al., 2012),
ground-based magnetometers (Dent et al., 2006), satatline Global Positioning System (GPS) receiversJéson-1
(Yizengaw et al., 2008; Lee et al. 2013) and CHAMP (CH#&Jleg Minisatellite Payload) (Gerzen et al., 2015),
satellite-based tomography (Spencer and Mitchell, 20&fyl ground-based GPS receivers using data assimilation
(Scherliess et al., 2004) or methods for partitioningl tetactron content (TEC) into ionosphere and plasmasphe
contributions (Mazzella et al., 2002, 2007; Anghel e28lQ9; Carrano et al., 2009).

More recently, Mazzella et al. (2017) have presenteelvaluation of TEC partitioned into the ionosphere anshpdaphere
contributions for a chain of GPS receivers in Afriaa, 24 July 2011, using the SCORPION method (Mazzella 2G07).
Peak equivalent vertical ionosphere electron content CYIEanged from about 14 TEC units (1 TEC unit =10
electrons rif) at the southernmost (most poleward) station to aBRUEEC units for near-equatorial stations, while derived
peak vertical plasmasphere electron content (VPE@jed from about 1 TEC unit to about 6 TEC units for th&s@as.
Utilization of a chain of receivers with overlapping a@ge not only provides extensive latitudinal coverage,atsd
enables an evaluation of consistency for diurnal Vi&E@ VPEC profiles between locations and determinatfothe
"plasmasphere baseline". The "plasmasphere basdbn#ie local (at each station) spatially and temporeonstant
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component of the observed slant (off-vertical) plagshare electron content (SPEC). Its value is someaifetted by
limitations for the observational circumstances @kg regions above the elevation threshold and the typicaday data
coverage). This component can masquerade as a contributimnreceiver bias (Mazzella et al., 2007).
The ambiguity between the contributions of the plasmargpbaseline and the receiver bias to the raw med<GPS TEC
arises from the formulation for the correctionsite GPS TEC measurements to obtain the VIEC:
VIEC = (STEC - SPEC - Bias)/ SFac (1)
where

STEC = raw GPS slant TEC measurement,

SPEC = slant plasmasphere electron content,

Bias = combined receiver and GPS satellite bias, an

SIFac (slant factor) = ratio of slant ionospheretetm content (SIEC) to VIEC.
The slant factor is typically a function solely of thkevation anglegj of the GPS satellite at the receiver station, using
representative "thin-shell" altitude JHfor the ionosphere (e.g. Lanyi and Roth (1988), in darrative equivalent

mathematical form):

SFac = se{arcsir[Remoe(E)B 2
R, +H,

where R = Earth's radius. In the SCORPION method, the SPE€pigsented by a parametric model, with the values of the
parameters being determined together with the biases @onsistency conditions for the entire set of VIE&ues
(Mazzella et al., 2002). Because the plasmasphereitmditin appears only in combination with the biases, itutinal
chain or some other external condition must be utilizedppropriately apportion the (local) spatially and terafbpr
constant component between the plasmasphere and théNbie that this is true even if the plasmasphgreesentation

has a unique relationship between the spatially/temgoratying plasmasphere amplitude and the baselineibation,
because the actual plasmasphere is not governed by seletienship. This latter ambiguity has been denotetha "evil

twin" problem.)

This subsequent analysis, similar to that performed gngaw et al. (2008) and Lee et al. (2013), has been cedduct
using Jason-2 GPS receiver data, specifically for Afdnathe same day (24 July 2011, 2011-205) as the previous
ground-based case study (Mazzella et al., 2017) to evallemasphere electron content (PEC) values for cosgumato
those SCORPION results. However, the Jason-2 orliiitaide is approximately 1340 km, and its PEC measuremeiys o
correspond to altitudes above this orbital altitude, evtile SCORPION measurements incorporate a nominapbece—
plasmasphere boundary at 1000 km altitude (Mazzella, 2088%, The SCORPION PEC measurements should be greater
than the Jason-2 PEC measurements, but the magnitude difference can vary with the time allowed for egpghment

of the plasmasphere, the level of solar flux, and ¢verdirections of the lines-of-sight through the plaghese (associated
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with the magnetic field-line crossings and the varyirgjatice to the plasmapause). (See, for example, FigMabzella
(2009).)

2. Data analysis
2.1 Preliminary processing

The Jason-2 GPS receiver data were obtained frondeh@ropulsion Laboratory (JPL) (Komjathy and Hainesate
communication, 2013) in Receiver INdependent EXchange (RINEX)ap and were processed using components of the
GPS Toolkit (GPSTK) developed by the Applied Research batdes (ARL) of the University of Texas at Austin (faln

et al., 2004). The resulting TEC values (in TEC units) warther adjusted for relative GPS satellite biaseqgutlie
August 2011 values from the Center for Orbit DeterminatiofEimope (CODE) of the Astronomical Institute of the
University of Bern (Schaer and Feltens, 1998). (As nbieMazzella et al. (2017), the August 2011 bias value for BRN
appeared to be more accurate than the July 2011 value, wiictiewiged soon after the satellite launch.) These GES
tabulations, separated into contiguous time segmentsyex¢esved and edited for any observed anomalies.

A separate component of the GPSTk was utilized to psoitee same RINEX file for the Jason-2 satellitations, in three
dimensions. The derived latitudes and longitudes were subsgguentpared to those in the Geophysical Data Record
(Dumont et al., 2011), with good agreement, and the derived! reabrdinates were within 4 km of the semi-major axis
value (7,714.43 km) reported in th

OSTM/Jason-2 Products Handbook (Dumont 20 MUltlpath ‘fOF 201 1_205
al., 2011). The Jason-2 latitude and longitu

30

values were matched to the corresponding Gi
TEC samples, and augmented TEC tabulatiq
were generated.

2.2 TEC calibration

For each of the contiguous GPS TEC dg
segments, the dispersive carrier phase (SP)

Multipath (TECu)

aligned to the dispersive group delay (SR), usi

30 L
unweighted averaging, to take advantage of
lower noise and multipath associated with the 40 0 10 20 30 40 50 60 70 80 90
values. Because the intrinsic multipath profile f Elevation

Figure 1. Multipath profile, in TEC units (TECu), for the Jason-2
satellite, derived from its GPS receiver data for 2011-2&) using the
consistency correction (Andreasen et al., 20( differences of the SR and aligned SP.

Jason-2 was quite good (Fig. 1), the multipg
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used for the ground-based receivers in Africa (Mazzasllal., 2017) was not applied. (This correction proe¢ss would
have required information about the Jason-2 satellitieidet, to convert the GPS lines-of-sight into a $iteeleferenced
coordinate system, and further allowance for the &ffe¢ the Jason-2 solar panels, as potentially varyimdfipath
contributors.)
The remaining determination of the Jason-2 receives ihisked the assumption that the minimum true SPEC is peay z
a method similar to that described by Yizengaw et al. (2808 Lee et al. (2013), but with the additional consitien of
the residual high-altitude, high-latitude electron contesing a model (Pedatella and Larson, 2010). The polar regenes
specifically chosen for the receiver bias determimatiecause these were the regions with the intrinsisaiigllest SPEC
values and any model corrections would also be sneathat model errors would have less influence.
Figure 2 is a north-south cross-section for Jason-2vem&GPS satellites at their (north) polar extremesleimonstrate both
the lines-of-sight through the polar region and the agsatielevation angles at the receiver. The innermogeds the
surface of the Earth, and the radial coordinate is grlidtd&arth radius increments. Based on the geometry simofig. 2,
two subsets of the Jason-2 receiver data were séledth one for each polar region. The selection criteeee:

absolute value of Jason-2 latitue€0°; "

poleward azimuths for lines-of-sight, withi

+ 90° of the pole direction;

elevations above 0° for lines-of-sight to th

GPS satellites;

absolute value of GPS satellite latitudg
>45°,

The poleward azimuth criterion is intended

eliminate cases like the "Elev=75" case displayed
Fig. 2, which would have the possibility of grazin
the plasmasphere, although an alternative crite
could be formulated using magnetic coordinates
avoid the plasmasphere. After consideration
several models, the Parameterized lonosphg
Model (PIM) (Daniell et al., 1995) with the 198
Gallagher model (Gallagher et al.,, 1988) wi 80 _gp  -80

selected for use in this bias determination. Figure 2. Viewing geometry for minimal expected SPEC occrences
) for the Jason-2 GPS receiver, with a representative plagmpause
For the selected polar region data samples, | indicated for L=4.8. The low-elevation, cross-polarihe-of-sight can
corresponding model SPEC values were calculaf mainly avoid the plasr_nasphere, while the high-elevatioline.-of-sight
can encounter the fringe of the plasmasphere, dependjnon the
Additionally, the median altitude for the modgq relative orientation of the geographic and geomagnetic pes.
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cumulative slant PEC, and its associated latitude, lodgjtand vertical PEC were calculated. This associateglmertical
PEC was calculated for the latitude and longitud&éefmhedian altitude location.
For each contiguous GPS satellite time segment in thee pegion, the minimum SPEC was compared to the minimum
model SPEC (from PIM). These results are displayedgn3south polar region, left; north polar region, rigfit)e panels

5 from bottom to top depict the uncalibrated GPS SPE&sorement (SP), PIM SPEC (MdISPEC), and SP minus MdISPEC
(PECiff). The minimum PECUiff for the two panels occor PRN 17 for the south polar region, with a value of 16.928
TEC units, so this value was provisionally assignethageceiver bias. The associated minimum SP valli6.19 TEC
units, so the receiver bias cannot be greater thanahie without producing negative SPEC values.
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Figure 3. Comparisons for minimum Jason-2 uncalibrated ®S SPEC (SP) values to minimum PIM SPEQ
(MdISPEC), for contiguous GPS satellite segments in eacpolar region, with the corresponding differences
PECdiff=SP-MdISPEC, for each GPS PRN number.

All of the contiguous GPS satellite segments observedéylason-2 receiver were surveyed, for possible SPE@sva

10 smaller than that measured for the polar regions. Ome @ minute), low elevation (below 7°) segment for PRNwas
noted, with SPEC values near 14 TEC units, but the atgdrerror for the alignment of the SP and SR valussalvaut 0.9
TEC units, so this minimum SP was not considered reliabid this data segment was excluded. The derived receager bi
value was then applied to all of the remaining JasonelisaSPEC data.
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An assessment of the receiver bias error V| 100 L
performed through examination of th % 90
cumulative distribution of derived SPE( % 80 !/’ B
values. Figure 4(a) displays the cumulati % gg i
5 distribution of SPEC values calculated fro % 50
PIM. The sharp increase in the distribution f % gg
SPEC values near zero indicates a la é’ 20 _||r . _ B
percentage of SPEC occurrences within| 3 1g () Cum STEC Dist (Model)
small range of SPEC values<BPEC< 0.2). 0 — I 100
10 However, if there are measurement errd y 28 %
larger than 0.2 TEC units associated wi .--"'f 70 %
SPEC values, this small SPEC range could 60 @
arise. This is illustrated in Fig. 4(b), for whic i 50 cc‘|>_>
Gaussian "noise" with a standard deviation gg g
15 0.75 TEC units is added to the data set. T| (b) Cum STEG Dist 20 €
low SPEC end of the cumulative distributio (Simulation: StDv=0.75) 10 ©
then has a more gradual increase, whi 188 ' 0
closely resembles the low SPEC end of 8 80 !
actual SPEC cumulative distribution, displaye é 70
20 in Fig. 4(c). Detailed characteristics of the lo 8 gg j"'
end of the cumulative distribution vary :]2: 40 /
depending on the standard deviation of t ‘—§ 30 ' B
"noise", so the value of 0.75 TEC units wq § ?g y (c) Cum STEC Dist (Data)
chosen as the closest match from a set 0 l ‘ l‘ ‘ ‘l ‘ l ‘ | ‘
25 comparisons. This value was designated as 0 2 4 6 8 10 12 14 16 18
initial error for the Jason-2 receiver bia SPEC
Because the actual low SPEC end of f FIES Curuale ditbutons or e s PECISREQ) sles oy
cumulative distribution is unlikely to be s{ added Gaussian "noise”, having a standard deviation of @5 TEC units;
o ) ) (c) measured, calibrated SPEC data. The vertical retines indicate the
steep, arising from a sharp high-latituq shift of the median of the cumulative distribution br the PIM values,
30 plasmapause limit and a limited ionosphd induced by the noise tail at the low end of the disbution.

extension, the estimate for the SPEC error isa
probable upper bound. It is noteworthy that this errdmesé is larger than the typical error range of 0.1-0.3 TR
arising from the alignment of the SP values to the S&egawhich is one of the sources contributing toéhier.
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A distinct feature occurring between the two simulapanels (Fig. 4(a) and 4(b)) is the shift of the medialues for the
cumulative distribution, indicated by the two red linessiag from the noise tail at the low end of the dimttion and
especially from the lowest value in the noise taileValuate this effect, simulations were performe®f®separate cases of
added noise, all from Gaussian distributions with a stahdieviation of 0.75 TEC units. For these cases, thdian value
5 of the distribution shifts was 2.962 TEC units, the mealue of the distribution shifts was 2.986 TEC units, dmsl t
standard deviation of the distribution shifts was 0.181 TEI&s (for a distinctly non-Gaussian distribution of ski#lues).
The median value of the distribution shifts (2.962) wasl dse the bias adjustment, rather than the mean valu8g.9
because of this non-Gaussian distribution of shift valpesiucing a revised bias value of 19.890 TEC units. Thelatdn
deviation of the distribution shifts was combined wtike hoise standard deviation to give an estimated biasarfo772

10 TEC units. After this bias correction is applied, 16.8 %daxfon-2 slant PEC values are negative, and thedesisnulative
distribution median value is 1.66 TEC units.

For eleven of the simulation cases, the cumulatig&idutions for the simulated data have median valuesthese of the
actual data, after the minimum SPEC bias correctiapjpdied (as in Fig. 4(c)). For the same simulatioregathe noise tails
at the low end of the distributions also match the émd of the data distribution. Thus, the calibration ¢dwdve been

15 accomplished by determining the difference between ttdtameor the original data (without the preliminary adjusht
based on the polar region values) and the median faritieal model values (as in Fig. 4(a), without the sated noise).
If an alternative error estimate is available fa Hias, the determination of the "noise" standard tewiand the associated
noise simulations for the model data could be omittenvé¥er, this would also eliminate the verification of chatg the
low end of the data cumulative distribution and onstrall correction for the variation of the simulatedadmedian values

20 among cases.

An alternative statistical bias determination is déschiby Heise et al. (2002), utilizing an average of thferéifices
between measured and model values to evaluate the foias high-latitude subset of the data. For the coetbi
high-latitude data sets selected in this study, their odginoduces a bias value of 19.846+1.042 TEC units.

A somewhat different method, the "Improved ZERO TEQHdd", is described by Zhong et al. (2016), consisting @fily d

25 determination and a correction derived from all days odi.dBécause only one day of data is analyzed here, anlfjrs
part of their evaluation could be applied, involving theimum SPEC for individual ascending and descendingaitieig)s.
From that evaluation, using the smaller first quadfléhe two sets (ascending, descending) of SPEC vahesderived bias
shift was 0.618 TEC units, relative to the provisioassignment of 16.928 TEC units. This is significantly ks the
value derived above for the median shift, and this resastvet used.

30 Two other calibration methods, the Minimum Standardi&®n method (Valladares et al., 2009) and the Selibdion
Of Range Error (SCORE) method (Bishop et al., 1994), addpim ground-based methods, were examined but not used
for the data analysis. A description of these evaluat®psovided in the Supplement.

Because of the low ion density of the plasmaspheratjvelto even the topside ionosphere, and the signifiardtion of
the plasmapause altitude with latitude, the designatioa oépresentative altitude for the usual "thin-sh&fmula

8
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converting from slant TEC to equivalent vertical TE@swconsidered problematic (e.g., Mazzella (2009): Fignd Eq.
(1)). Rather than attempting to develop and implementferelift formula for the conversion between SPEC aR& for
all the data, accounting for the satellite altitude Etidude, and the azimuth and elevation of the liflsight, PIM was
utilized to accomplish this conversion. The PIM SPEGI@PEC) was calculated for all data samples, based dlagoa-2
5 location and the time, elevation, and azimuth of eadheflines-of-sight. For each sample, the median alti{ivtlAlt),

for the cumulative slant PEC profile versus altitudas also evaluated. The associated latitude (MedLat)cagitude
(MedLon) for the median altitude occurrence were therrmi@ted. The corresponding model vertical PEC (MdIVPEQ) wa
calculated for the (MedLat, MedLon) location, and aesgntative equivalent vertical PEC for each data safgpé¢PEC)
was calculated as

10 EQVPEC = SPcal [{MdIVPEC/MdISPEC) ®
where SPcal is the calibrated GPS SPEC. All of thesalts were reviewed, graphically.
A composite plot for all the data is displayed in ), for both the MdIVPEC and EqVPEC versus local b at the
median altitude location. A [0,24] hour limit is not impdsen the LT evaluations, and continuity in LT is mainggirfor

(a) All Data (clipped EqQVPEC) (b) Elev>60, SlantFac>0.8

EQVPEC

EqVPEC

-2

-3

MdIVPEC
MdIVPEC

Figure 5. (a) PIM VPEC (MdIVPEC) and equivalent vertical measured PEC (EqVPEC) versus local time (LT) for all
data samples (display limited from -5 TEC units for E¢yPEC). The minimum EqVPEC value is nearly -36 TEC urts,
arising from small values for the ratio (SlantFac) of mdel slant PEC (MdISPEC) to model equivalent verticaPEC
(MdIVPEC). (b) MdIVPEC and EQVPEC versus LT for data subset, selected by: 602 Elevation<90°
0.€ < SlantFac
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successive GPS samples, so the LT values extend over [@d# for the 24 hours of Universal Time. The MdIVPEC
values display a day/night difference that appears to bentlir the derived EqQVPEC results, and the EQVPEC eesult
display many anomalous values. These values are assb@igh MdISPEC/MdIVPEC (slant factor) values below 0.8.
Consequently, a selected subset of the data was choseeis,displayed in Fig. 5(b), with the selection ciétdyeing:
5 -65°< MedLat< 65°

60° < Elevation< 90°

0.8< SlantFac MdISPEC/MdIVPEC)
Note that, for these selection criteria, the

day/night difference is still absent for th Africa/Jason-2 201 1'205Losmed'ans e
-10° -5° 0" 5° 10° 15" 20" 25° 30" 35 40" 45 50" 55° 60° 65 70" 75
10 measured EqVPEC. § - 7 = 40"

35

30°
]

3. Comparisons over Africa 55°

For comparison to the previou
ground-based study for Africa, 4§

preliminary  regional  survey  wag

15 performed, for the following paramete

selections:
-60°< MedLat< 40°
-10°< MedLon< 75°
60°< Elevation< 90°
20 0.8< SlantFac

These results are displayed in Fig. 6, f

the Jason-2 tracks in the vicinity of Afric
(in red) and the associated median altitu
occurrences for lines-of-sight to the GP
25 satellites (in blue). The rings around th

displayed subset of sites correspond tg

. -10° -5° 0° .5' 10° 15" 20° 25° 30" 35 40" 45 ° 65 707 75'-
(ground-based) threshold elevation of 3§ Figure 6. Comparison of Jason-2 coverage to coverage by a regentative
. . . subset of the ground-based sites for the previous Afa chain study (day
intersecting the Jason-2 altitude (1346 ki 2011-205) (Mazzella et al., 2017). The Jason-2 tracks in theimity of Africa
for the inner ring and a representatiy are displayed as red tracks (x) and the associated medialtitade occurrences
) ) for lines-of-sight (LOS) to the GPS satellites are dplayed as blue segmentg
30 median altitude (3173 km) for thq (o). The rings around the displayed subset of sitemespond to a threshold
; o anfci elevation of 35° intersecting the Jason-2 altitude fothe inner ring and a
cumulative line-of-sight slant PEC (a representative median altitude for the cumulative Ihe-of-sight slant PEC for
determined from PIM) for the outer ring| the outer ring.

10
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Only the Jason-2 line-of-sight median altitude occurrelfale®) within the outer ring for a station are suitafblevertical
PEC comparisons for that station. (Note: Not all ef shations in the Africa chain are displayed, to avoidfusion among
the rings, but the subset displayed reasonably reprekentsgional coverage of all of the stations.)
Because of the high inclination (66.04°) of the Jason-&, dhe satellite passages over Africa occur primddtymagnetic

5 local times around 11:00 (for southward passes) and 200d¢fthward passes) for this day. Data for thesep®vads,
within a half-hour of the nominal magnetic local ¢isp were selected for both the Jason-2 GPS datehar@RS data for
each of the ground stations used for the African chveiich are listed in Table 1 (Mazzella et al., 2017), togretvith their
plasmasphere baseline values, in TEC units. The Jaseguivalent vertical PEC (EqVPEC) and ground-station
plasmasphere vertical electron content (VPEC) derivetheySCORPION method are displayed in Fig. 7 (top g

10 Ilatitudinal profiles, together with the ionosphere \eaitielectron content (bottom panels) and compositespimere and
plasmasphere vertical electron content (middle pamielsyed by SCORPION. The Jason-2 EqVPEC values ardéhHass
the corresponding SCORPION VPEC values, by 0.82+0.28 TS, @t both high latitudes (daytime samples) and low
latitudes (nighttime samples). Because the Jason-2litsatlkitude (1346 km) is greater than that of the nominal
ionosphere/plasmasphere boundary (1000 km) used for SCORBI®BAson-2 EqVPEC is expected to be slightly less tha

15 the SCORPION VPEC. From plasmasphere electron con&ctlated from the PIM/Gallagher model, the vertie&C
between 1000 km and 1346 km ranges from 0.59 to 1.50 TE€fanithe daytime period (versus 0.75+0.18 TEC units fo
SCORPION minus Jason-2) and 0.26 to 0.62 TEC units forniplettime period (versus 0.91+0.35 TEC units for

Table 1. The sites used for the Africa chain study, pk the auxiliary sites Kerguelen Islands and Grahamstowrfrom south to
north, with their supporting networks, and their derived plasmasphere baseline values (in TEC units). (Mazizeet al., 2017)
Lon (+E) Lat (+N) MLat (+N) ID Network  Site Name Beline

70.256 -49.351  -58.280 KERG IGS Kerguelen Islands 0.000

19.223 -34.424  -42.663 HNUS IGS Hermanus, South Africa 0.000

26.507 -33.320  -42.259 GRHM TRIGNET Grahamstown, South Africa 0.000

20.810 -32.380 -41.324 SUTH IGS Sutherland, South Africa 0.000

25.540 -25.805 -36.270 MFKG IGS Mafikeng, South Africa 0.066

30.384 -23.079  -33.893 TDOU IGS Thohoyandou, South Africa 0.082

26.016 -15.746  -27.232 TEZI UNAVCO ltezi-Tezi, Zambia 0.294

25.003 -8.733  -20.522 UKAM UNAVCO Kamina, D.R. Congo 0.370

30.090 -1.945  -13.240 NURK IGS Kigali, Rwanda 0.922

35.290 0.288 -10.124 MOIU  UNAVCO Eldoret, Kenya 1.189

37.561 6.062 -3.398 ARMI  UNAVCO Arba Minch University, Etpia 1.905

37.360 11.600 2.819 BDAR UNAVCO Bahir Dar, Ethiopia 1.913

42.102 16.699 9.130 FRSN  UNAVCO Farasan, Saudi Arabia 1.974
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Figure 7. Latitudinal vertical TEC profiles separately for the ionosphere (bottom panel) and plasmasphere (tofapel)
(for an ionosphere—plasmasphere boundary at 1000km), witthé composite (ionosphere plus plasmasphere) vertica
TEC (middle panel), for the SCORPION and PIM results,and for the plasmasphere only for the Jason-2 resul{svith
a base altitude of 1346 km), for Magnetic Local Times 11:00eft) and 23:00 (right). The corresponding PIM profiles
are displayed, for a 1000 km boundary for the ionospherenly (bottom panel) and as the upper PIM profile forthe
plasmasphere, while the lower PIM plasmasphere profl corresponds to a boundary altitude of 1346 km, forf
comparison to the Jason-2 values.

SCORPION minus Jason-2). The intrinsic VPEC variatietermined by SCORPION between the two magnetic local
times, and for latitude ranges corresponding to the respeltaon-2 latitudes, is 2.35+0.59 TEC units.

An alternative survey was conducted for Jason-2 dataenvicinity of the ground-based GPS stations, using trgy
elevation threshold, without the slant factor reswitsi associated with Fig. 6. The objective of this eyinwas to find
aligned line-of-sight occurrences, for the same GREllisa, for Jason-2 and each of the ground statisosthat the
corresponding SPEC measurements could be compared, obvfetingquirement for slant-to-vertical conversionstie

PEC measurements. The alignment was quantified usirantile between the Jason-2 line-of-sight to the GSlite and

the ground-based line-of-sight to Jason-2, measuréasah-2. The angular limit for selection of thesaugences was set

as 10°, with a ground-based elevation threshold fasnJasdesignated as 35°. Like the comparison of equivaletitale
PEC measurements, the ground-based SPEC measuremeeatexpected to be slightly larger than the Jason-2 SPEC

measurements.
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There were two to four

Site-to-Jason LOS ——
Site-to-GPS LOS -
Jason-to-GPS LOS —-

of the sites listed in Table 1, with n T ! "> Nominal Penet. Pnt. x

matches for GRHM and only one fo

ground-based/Jason-2 matches for m

5 KERG, although as many as three !
the matches at a site could be distin / .. - -
Jason-2 occurrences fo ‘
nearly-coincident ground-base
observations of a single GPS satellif]

10 There were a total of 32 matches for th
10° alignment limit, with the minimum
GPS elevation observed by Jason
being about 37°, and the minimur|
ground-based GPS satellite elevatiq

15 being about 32°.
An example of alignments for thq
ground station ARMI is displayed ir|
Fig. 8, indicating the lines-of-sigh
from the station to Jason-2 (red) and t

20 common GPS satellite (purple), plu

the lines-of-sight from Jason-2 to th| Figure 8. Aligned lines-of-sight from the ground stationARMI to Jason-2 (red)
. . and to the common GPS satellite observed (purple), y8 the lines-of-sight from
GPS satellite (blue). Nomina Jason-2 to the GPS satellite (blue), with nominal plasrsghere penetration points
plasmasphere penetration points f for the Jason-2 lines-of-sight (black dots), based on ¢hmedian cumulqtive slant
TEC calculated from PIM. The ground-based elevation bthe GPS satellite for the

these Jason-2 lines-of-sight an occurrences displayed is about ¢°.

25 indicated (black dots), based on the median cumulative $IBC calculated from PIM, showing the distance of¢he
penetration points from the location of Jason-2, apd#signed location for the EqQVPEC (although the EqVIBEGt used
in this comparison). The two cases displayed are thetaio alignments for ARMI for day 2011-205, at the 30-s&to
sampling of the ground station GPS data. (The twandisGPS satellite locations are nearly coincident eedundant
pairings associated with the 10-second Jason-2 data saramingt utilized.)

30 For all of the sites, the SPEC comparisons arisio fihe alignment cases are displayed in Fig. 9 (c)icdé®wing slightly
higher SPEC values for the SCORPION ground-based measutg by about 0.24 TEC units. For comparison, an offset
linear fit (Y=A+X) to the data samples, with an intgpt of 0.168+0.924 TEC units, is displayed in blue, ands&dider fit
(Y=A+B*X), with a slope of 0.921 and an intercept of 0.311+0.9EC units, is displayed in red.
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4. Discussion and conclusions

This study supplements a previous analysis

Slant PEC Comparison

ground-based GPS TEC measurements over Af 6 L L
SPECFit: Y =A + X
(Mazzella et al., 2017), specifically for comparison SPEC Fit: Y = A + B'X
SPEC Data @
5 the plasmasphere component of those measurem 5 B
by analyzing GPS measurements from a Jasq
satellite-borne receiver, thus intrinsically isolatithg 8 4 i
plasmasphere contribution. The comparisons w| Q_
3 . -
conducted both for the derived EqVPE U|)
10 determination, which is a secondary quantity produ -8 5 ] |
using several underlying assumptions and conversi 8
P -
and the SPEC determination, which is a more direq (D - B
derived quantity, especially for the Jason
measurements. The Jason-2 measurements are aff 0 -
15 primarily by the receiver bias determination, but al
by the relative biases for the individual GPS saésllit -1 =T T T T T T
. . . -1 0 1 2 3 4 5 6
This  comparison of satellite-based SPEC Jason-SPEC

ground-based SPEC measurements may be the | Figure 9. SPEC comparisons for ground-based GPS receis
(Ground-SPEC) versus the Jason-2 GPS receiver (Jasof5C)
(circles), with two alternative linear fits: (Y=A+X) (blue), and

20 In addition to the derived Jason-2 receiver bias, | (Y=A+B*X) (red), both indicating intercepts of about 0.24 TEC
units.

such comparison reported or conducted.

EqVPEC determinations from Jason-2 rely on f]

relative GPS satellite biases and the conversiom@fIPEC measurements to representative EqQVPEC valsewted
above, the assessments for the satellite bias filr Péhanged significantly (by about 7.6 TEC units) betwhenJuly 2011
and August 2011 tabulations by CODE, with the August 2011 vaing beore consistent with the values derived for the

25 African stations by the SCORPION method for 24 July 2011z¢dia et al. (2017): Fig. 8). In this case, the July ZORN
1 bias was underestimated, but an overestimate of the iseagnitude would have resulted in the PRN 1 SP valueg.i8 F
becoming the lowest measured SP values, and thus adfe¢bg initial evaluation for the Jason-2 receives lfjaior to the
adjustment for the median shift). However, all of the PRNgh latitude SP values in Fig. 3 would be distinct outliers
such an occurrence, and thus subject to further exanmreatib likely elimination.

30 The PIM/Gallagher (Daniell et al., 1995; Gallagherlet1®88) ionosphere—plasmasphere model was used to provide bo
correction values for the Jason-2 receiver bias detation and slant factors for the conversion from SREEqVPEC for
the satellite-based measurements. While some erfatit factor values (attributed to small MdISPEC and Md&ZP
values) arose from this process, the oversimplificadioa single reference slant factor altitude was nin@nted.

14
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For differences taken as ground-based minus Jason-2 meastsethe mean difference for vertical PEC comparisens i
0.82+0.28 TEC units, while the mean difference for SRi&@parisons is 0.168+0.924 TEC units. The large error
designated for the SPEC comparisons reflects the samafile count for the comparison pairs and some signifioutliers.
The Jason-2 SPEC comparison method may provide a echiable for the plasmasphere baseline determinatiothéor

5 ground-based receivers, especially if the ground staticmsonfined to only mid-latitude or low-latitude reggoFor these
regions, the plasmasphere can provide an apparentliypaiisstant (over the sky regions above the obsematielevation
threshold) and temporally constant (over the generaltday observation period) contribution that can be mistakea
bias component. The Jason-2 satellite, by samplinglafighde regions with essentially zero plasmaspheréretecontent,
can provide an alternative reference for the baselnkiguity of the ground-based plasmasphere measuremenss. Thi

10 expectation is supported by the close agreement, in Fig.tBedaiffset linear fit to the more general first-aréeear fit.
However, the applicability of this reference usage ih8ligdegraded by the difference in the altitudes used $ynda and
the ground-based measurements for the plasmaspheze bowndary and the relatively large error bars comptarede
tabulated plasmasphere baseline values (Table 1).
With regard to the PIM/Gallagher model, a generallpdgagreement is obtained with both the Jason-2 andRBGON

15 vertical PEC results for the nighttime case (FigMLT=23), although the Jason-2 measurements are confmede
magnetic equatorial region for this case. The PIM/Gh#agesults are also consistent with the Jason-2 @@RPION
vertical PEC results for the high latitude region for dagtime case (Fig. 7, MLT=11), but diverge from the S@QM
results at low latitudes. A notable difference betwden vtertical PEC results for PIM/Gallagher and eith@son-2 or
SCORPION is the diminished equatorial day/night variatistaiaed by Jason-2 (Fig. 5) and SCORPION (Fig. 7). (iBhis

20 further evident for SCORPION from Fig. 4 and 5 by Mdlazet al. (2017).) A similar small day/night variati¢about 1
TEC unit) was noted by Lee et al. (2013) for a multi-yéadys(2002-2009).

Code availability

The Generic Mapping Tools version 4.5.12 was used in tidty;sthe closest available version is 4.5.18 (acce24elline
2021), accessible at Download: https://www.generic-mapmalg-brg/download/.

25 The GPS Toolkit versions 2.4 and 2.5 were used in this ;sthdyclosest available version is 2.12.1 (accessedi2d J
2021), accessible at Releases: https://gitlab.com/sgl-8F&RHreleases.
The PIM software, version 1.7, with the Gallagher moaek acquired from https://www.cpi.com/products/pim.html.civhi

is not currently active.
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Data availability

Data associated with Fig. 1, Fig. 3-7, and Fig. 9 aveigeed as text tabulations in the supplement. (The tabul&iio~ig. 5
comprises the entire data set. Figure 8 containssesabthe data associated with Fig. 9.)

Data corresponding to the Jason-2 RINEX data used fer study are available (accessed 12 August 2022) from
Comprehensive Large Array-data Stewardship System (CLASP://www.class.noaa.gov/.

The relative GPS satellite biases were obtained fitpa¥ftp.unibe.ch/aiub/CODE, which is no longer accdssibAn
alternative source is the Astronomical Institute D#fetial Code Biases (DCB) (accessed 12 August 2022):

https://www.aiub.unibe.ch/research/code____analysis_centerdtifial_code_biases_dcb/index_eng.html
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