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lonospheric total clectron content (11C) data derived from dual-frequency
Global Positioning System ((ilI’S) signals from 30 globally distributed nctwork
sites are fit to a simple ionospheric shell model, yiclding a map of the
ionosphere. in the northern hemisphere every 12 hours during, t he period of Jan.
1-15, 1993, as well as values for the satellite and receiver instramental biases.
Root-mean-square (I< MS) residuals of 2-3T'HC units arc observed over the 20-
80 degrece Jatitude band. Various systematic errors affecting the *1'1IC estimates
arc. discussed. The capability of using these global maps 10 produce
ionospheric calibrations for site.s at which no GP’S data arc available is also

imvestigated.

Introduction

Radio signals propagat ing through the 1 larth’s jonosphere incur a phase advance and
group delay proportional to the integrated clectron density along the signal raypath. These
effects represent a significant crror source for a variety of tracking, navigation, radio

science, and radio astronomy applications. The Decep Space Network (1)SN) isresponsible



for navigating, space.cmfl such as Magellan, Galileo, and Ulysses using single-frequency (S
or X band) Doppler and range radio metric data. In order to navigate accurately, the radio
metric data must be corrected for the, dispersive delay effects of charged particles.
Jonospheric calibrations are also required for other purposes such as correcting single-
frequency Very Long Bascline Interferometry (V1.BI) measurements and for verifying, the
calibration of the’'1'01'liX dual-frequency altimeter. in the past, the 1SN has generated
ionospheric calibrations using Yaraday rotation data or dual-freque ncy Global Positioning
System (GPS) delay data from a single (on-sitc) GPS receiver [Lanyi and Roth, 1988].
These single-site techniques provide only limited sky coverage and are sensitive to data

gaps.

in order to improve the accuracy of the ionosphere calibrations, the DSN has begun
exploiting an existing wor]d-wide network of GPS reccivers to produce global maps of
vertical total electron content (T1¢C). The continuously operating Internat jonal GPS
Geodynamics Service (1GS) network had about 30 stations, as of Jan. 1993, covering a
wide range of latitudes from Ny Alesund, Norway to McMurdo, Antarctica [ Mclbourne, ef
al.). Assuming a network of 30 groundreceivers and a full GPS constellation, THC can be
simultancously measured on approximately 240 lincs-of-sight (8 at cach ground site).
Since the receivers are distributed around the globe, alarge fraction of the “i onospheric
shell” is sampled in justafew hours. Thus, such anctwork canultimately provide the
capability to make. a “snapshot” of the global T1C distribution with few-hour or better
temporal resolution, and a time series of such maps will reveal the evolution of the global
‘1'1 «C structure. Performing a global fit to data from many sites also allows onc to bring
much more data to bear on the problem of estimating the satellite instro mental biasces. Since
the ionospheric delay and the instrumental biases must be estimated simultancously, we
have found that the tasks of cstimating the biases and modeling thc ionosphere are
intertwined and complementary. Currently, the uncertainty in the. biases is the dominant

crror source in producing GI'S-based THC maps. Using multi-site fits instcad of the older




sing]c-site technique has led to improved bias values as evidenced by reduced day-to-clay

scatter in the bias estimates [see Wilson and Mannucci, 1993].

l.ocal maps of ‘1’1 {C over single GPS receiver sites using GPS dual-frequency delays
have been obt ained previous] y by sceveral groups including the authors [Royden, ef al.,
J 984; l.anyiand Roth, 1988; and Coco, et a., 199 1]. The method introduced by 1.anyi
and Roth assures that the clectron distribution lies in athin shell at a fixed height above the
Farth, and the measured ionospheric delays are modeled by a two-dimensiona pol ynomial
function of shell angular position. in previous papers, we have extended this thin-
spherical-shc.]1 fitting technique to multi-site GPS datasets using two-dimensional spherical
(surface) harmonics as a global basis. Daily ionospheric maps of the northern hemisphere
were produced for 23 days inJan.- Iicb. of 1991and 1 J days in Ott. of 1992 [Wilson, et
al., 1992 and Mannucci, ef al., 1992]. These maps were cssentially a daily average
ionosphere since cach fit used 24 hours of GPS data. Weare currently investigating
several ways to improve the. time resolution of the maps in order to fully exploit the

potential of the global dataset [sece Mannucci, er al., 1993].

in this paper, the surface harmonic fitling technique has been used for periods as short as
12 hours. Due to limited ionospheric shell coverage, the time span cannot be reduced
further with the harmonic fitting technique. The tradcoff bet ween t imce resolution and shell
coverage will be discussed below. A dataset consisting of J5 days of GP’S data (Jan. J-J 5,
J993) from 30 globally distributed sites in the 1GS network has been investigated for this
work. A world map showing the station locations appears in Figure 1. Note. that only 5 of
the sites arc in the southern hemisphere, and that the northern hemisphere sites arc confined
to alatitude band from 2.5-80 degrees, except for the lone equatorial site at Kourou, Irench
Guiana (KOUR). ‘I’ his datasct therefore has limited utility for studying the cquatorial

anomaly. llowever, the 1IGS network is growing, rapidly (45 sites as of Nov. 1993) and



the geographic distributionof sites, particularly in South America and Africa, continues to

improve with time,

Ionosphere Mode] and Estimation Technique

The thin spherical shell modelis described in detail in 1 .anyi and Roth, 1988. Bricfly, the.
vertical total clectron content (11.C) is approximated by a spherical shell with infinitesimal
thickness at a fixed height of 350 km above the liarth’s surface. The ‘1'ii{; isassumedto be
t ime-independent in areference frame fixed with respeet to the Farth-Sun axis for several
hours. Theintersectionof the line-of-sig,ht from the receiver to the satellite with the
spherical shell defines a “shell” latitude and longitude, where the zero of shell longitude
points toward the Sun and the latitude, is defined relative to the FHarth’s equator. The linc-
of-sight ‘J'} i{C is assumed to be related to the vertical “1' 1 ¢C by an elevat ion mapping function

M(l ¢), which is the simple gcometric slant ratio at the shell height h:
M@ = {1 - [cos B / (1 + W/R)2}-1/2

where 1 is the clevation angle and R is the radius of the carth. Ilual-frequency GPS
observat ions provide measurements of line-of- sight THC, but arc corrupted by instrumental
delay biases between the l.jandl.y signal paths in the satellite transmitter and ground
receiver. Theinstrument @ bias canbe measuied direct 1y for some ground receivers but the
sated lit ¢ transmit (er biases must be cst i mat ed or obt ained from an independent source. The
line-of-sight differential delays for the ith receiver looking at the jth GPS satellite can be

modcled by the following, expression:
71.08 i = Wi + 15 4 K M) TECO7,6i))

where 11 -OS ij isthe line-of-si~ht differential delay, 1} isthe bias for theith recciver, ‘ts

isthe bias for the.~th satellite transmitter, K (= 2.85) is a constant relating differential delay



at 1. band in nanoscconds to ionospheric THC in THCU, M(1 i ) is the elevation mapping
function, and *1'1:C(0j;,¢;j) isthe vertical ‘1’ 1{C at shall latitude 0 and shelllongitude ¢; -
The vertical ' J] iC over the entire globe can then be fitto a surface harmonic expansion in O

and ¢, while simultancously estimating the recciver and satellite biases.

‘1" here is atradeoff between shell coverage and temporal resolution when producing large-
scale TEC maps from GPS data. To achieve adequate she] 1 coverage given a limited
number of ground sites and the geometry and angular velocity of the GPS satellites, a
certain period of time must pass so that the line-of-sight from the ground site to the satellite
cantraverse arcgion of the ionospheric shdl. 1 lowever, t heionosphere is changing, during
this period of time so the data span should be minimized in order to optimize the accuracy
and temporal resolution of the maps. Figure 2 shows the she.]] coverage for data arcs of
24, 12,and 6 hours on Jan. 5, 1993. The longitudinal coverage for the 24 and 12 hour
data arcsis adequate, but the coverage for the. 6 hour data arc is too patchy in longitude to
yield a reasonable surface harmonic fit. Note that for the 12-hour data arc the equatorial
coverage spans only half of the longitude range since there is only one equatorial ground

site (as of Jan. 1993).

The ionosphere model used is obviously a simplification. The notion of “mapping to
vertical” makes sense only when horizontal ‘1’1 {C gradients arc not too large. The
assumption that the ionospheric shell height is constant everywhere is aso an
approximation, Simulations with Chapman profiles show that the functional form for the
thin-shell mapping functions actually approximates the mapping function for distributed
profiles as long as the height is chosen correctly [1ajj, 1993]. But choosing the incorrect

height can lead to a biased estimation of vertical T1iC along a satellite track.

Another limitation of this approach is the problematic assumption that the ionosphere is

independent oft ime over several hours in t he Sun-fixed reference frame. *1 *he ionosphere at



a fixed shell location will vary in time as a result of variations in the solar flux and other
dynamics, such as traveling ionospheric disturbances. More importantly, aline of constant
geomagncelic latitude varies in time by #11degrees over 24 hours as expressed in the Sun-
fixed longitude and geographic latitude coordinate system duc to the offset between the
magnetic and rotational poles of the 1 {arth. ‘Jbus, the longer the span of datain afit, the

more onc is averaging over magnetical - influenced variations in the ionosphere.

The accuracy of the ionospheric ‘11 {C maps obtained from GPS data isstrongly affected
by uncertaintics in the satellite and receiver biases. Thesce can be estimated independently
along with the ionosphere since they do not share the same clevation angle dependence as
the ‘1’1 {C.Because the clevation mapping function is only approximate and the ionosphere
at afixed shall location is changing during the time. span of the fit, the ionosphere may be
systematicaly mismodecled, leading to animproper separation of the clevation-dependent
‘1’1 {Cfromthe clevation-indepen dent biases, As a result, the bias estimates obtained from
any onc fit may be corrupted by ionospheric mismodeling. However, the biases arc
constant on a time scale of weeks to months, so better bias values can be obtained by
averaging the estimates from many fits over 10-15 days. ‘1 0 further reduce the effects of
ionospheric mismodeling, the estimation procedure canbe applied using only nighttime
data, when the ionosphere is relatively constant in time and thercfore less susceptible to
mode] ing crrors. Nighttime data are defined to be those observations with ecliptic shell

longitudes in the nighttime quadrant opposite the sun.

The following estimation strategy iS used to produce the global maps. ach mu]ti-site
dataarc isfit in a Iwo-step process: first, the nighttime data alonc are fit to determine
receiver and satellite biases, and then, fixing the biases at average values obtained from
nighttime. fits performed over 10-15 days, the full daytime and nighttime. dataset isused to
estimate the global ionospherc. in both steps, the vertical THC is mode.Jcd by 8th-order

surface harmonics. Only THC observat ions with clevationangles above 10 degrees have



been used in the fits. Tor a 2-minute data rate from 30 receivers, a full 12-llour fit consists
of approximately 60,000 observations. Since the obscrvable issensitive only to the sum of
the. receiver and satellite biases, several of the receiver biases arc constrained tightly (a
prioristandard deviation of 1 nanosecond) to values bawd on periodic recciver calibrations,
while the rest of the receiver biases and all of the satellite biases arc cssentially
unconstrained. This strategy allows onc to determine absolute levels for the satellite and

receiver biases, and it reduces sensit ivit y to asingle erroncous receiver calibration,

llc' stills

Multi-site fits of the GPS data from 30 |GS sites were performed for the period of Jan. 1-
15, 1993. Since the majority of the sites arc in the northern hemisphere, results are
presented only for a limited latitude band of 20 to 80 degrees. A contour map of vertical
‘1’1 iC obtained from a 24-hour fit onJan. 4, 1993 is shown in Figure 2. The THC is
expressed in the usual ‘1’ 11~~ units where 171¢CU = 1016 electrons/meter?, Note the peak
in the ionosphere just 1 iast of zero degrees longitude (the Sun axis) and the characteristic
fall-off at nighttime. Figure 4 shows contour maps of three 12-holll fits covering the
period of 00:00 UT onJan. 41012:00 UT on Jan. 5. These maps arc representative of the
thirty 1 2-hour maps produccd for the 15 day period. The temporal evolution of
ionospheric T1HC can be investigated by examining a time series of global “1'1 i{C maps.
Using afalsc-color representation of THC, a color ionosphere movie bas been produced
from the scquence of thirty 12-hour maps. The progressive change inthe ionospheric

structure over days to weeks is quite evident in the color movie.

‘1’0 determine the accuracy of the harmonic fits, amap has also been made of the vertical
residual ionosphere (observed THC mapped to vertical minus the fit). Yigure 5a shows a

gray-scale map of the vertical root -mean-squam (I< MS) residuals for the 24 -hour fit shown




inligure 3. The map is formed by accumulating the RMS of the residuals into a one-by -
onc degree grid in latitude and longitude. White boxes represent grid squares for which
there are no data as a satellite track never passed through that square. The residuals range
from O to 20 THCU but most are in the range of O (light gray)to 10 (black) THCU. The
total RMS of the residuals is4,3 1’} {CU. Note that the residuals are below 5 THCU nearly
cverywhere in the 20-80 latitude band. Only in alocalized region near 20 degrees latitude,
where the coverage is sparse, do the residuals rise above 10 ‘1’1 i{CU. The vertical RMS
residuals for the 12-hour map infigure 4a are shown in figure 5b. The total RMS of these
residuals is 2.1 T1{CU. Note that the residuals for the 12-hour map are smaller than those
for the 24-hour map, as expected since for the 12-Imur fits there is less time-avmaging than
for the 24-hour fits, Hor the 24-hour fit, there can be two observations at the same shell
position separated by nearly 24 hours. If the ionosphere has changed substantially, the two
observations will not be consistent and the fit cannot match both of them, resulting in a
large residual. This effect may aso account for the large residuals in the lower latitude
region of the map, since in this region variations due to the magnetic pole rotation are

cxpected to be largest.

Another way to check the robustness of the estimation strategy IS 1o remove one or more
sites from the dataset, perform a fit with the remaining sites, and then calculate the vertical
residuals for the observations at the rc.moved silts. The result is a measure of how well the
maps predict the THC at shelllocations where there are no dat a. 1 figures 6 shows a plot of
the Usuda vertical residuals versus shelllongitude for a24-hour fit on Jan. 5 excluding the
Usuda data. 1 ixcept for a few GPS tracks near the Sun axis, the residuals are below 5
THCU in magnitude. The residuals are essentially unchanged when the data from Usuda
arc added to the fit. The RMS of the residuals without Usuda data is 2.8 THCU; with
Usuda data it is 2.6 THCU. This striking resultillustrates both the benefits and problematic
aspects of 12 or 24-hour surface harmonic fits. Using along span of data and fitting the

dataon a Sun-fixed shell effectivel y spreads the longitudinal coverage, so the “1' 11~ above



Usuda can be estimated by using datafrom sites which cover Usuda’s latitude band butare

remolte in longitude. Thus, using harmonic fits to produce global maps gives once the
capability to predict the vertical THC at a site with no GPS receiver (or no data that day) by
using GPS data from rc.mote sites. 1 lowcever, near the Sun axis where the ionosphere is
large and can exhibit large temporal fluctuations, the temporal-averaging inherent in the fits
may lead to large crrors. We anticipate that the harmonic fitting strategy will be more
effect ive inthe mid-lat it udes Wlhiere t he ionospherc is better behaved (fewer large temporal

fluctuations) thanin the equatorial and auroral regions.

To investigate the accuracy of the remote calibration capabilit y, one can look at the vertical
T1HC above a site during a24-hour period, as predicted by a global map which docs not
include GPS data from that silt. This prediction canthen bec compared to estimates
obtained from single-site and global fits that do use the data from that site. 1 igure 7a plots
the vertical T1C directly above the Goldstone (G OLI onfigure 1) recciver site versus time
for the 24 hours of Jan. 5 as predicted by five different fits: (1) a single-sjtc fit of
Goldstone data, (2) a24-hour global fit including the Goldstone data, (3) a 24-hour global
fit excluding the Goldstone data, (4) a pair of 12-hour global fits including, the Goldstone
data, and (5) a pairof 12-hour global fits excluding the Goldstone data. The five
predict ions agree to afcw THC units. 1 4dgure 7b shows a similar plot of the five predictions
for the ‘1’1 iC above the Usuda site. The Usudasite ismore isolated than the Goldstone site,,
butfor the 24-hour global fits the agreement with the single-si(c fitis still quite good since

Usuda's latitude band is well covered by other sites.

The effect of choosing anincorrect elevation mapping function has been investigated by
performing the estimation procedure with a different elevation angle cutoff. T'wo 24-hour
maps were made using 10 and 20- degree clevation angle cutoffs, The dif ference map
shownin 1 dgure 8 was formed by differencing two onc-by-one degree grids. The

diffcrence grid points have a mean of -0.14 ‘1’1 i{CU and a standard deviation of 0.85



THECU. The map has been restricted in Jatitude range to 3 -80 since he larger
clevation cutoff reduces  coverage in he latitude range of 20 30 degrecs. Note hat the
difference varics smoothly between positive and negative values. This could correspond to
a smoothly varying error in shell height over the given regions. Tor both maps, a constant
shell height of 350 km is assumed. 1If the "effective” shel height is Jarger (smaller) than
350 km, then mapping crrors at low cleva ion wil cause he ionosphere o be

underestimated (overestimated).

Conclusions

A world-wide network of GPS receivers provides a unique opportunity to continuously
monitor the ionosphere on a global scale. While the 1GS network had severcly limited
cquatorial and southern hemisphere coverage as of 1992, approximately 5 receiver sites
were added in 1993 and nore will come on-line in the near future. larger, more uniformly
distributed networks will provide denser longitudinal coverage for shorter data arcs,
cnabling ionospheric mapping with hourly or sub-hourly temporal resolutions. Since the
1GS network is permanent and continuously operating, hourly global ionospheric maps

could be produced continuously.

We have produced global TEC maps every 2 hours for 15 days in Jan. 993 by fitting
vertical THC measurements from 30 GPS receiver sites to a .wo- dimensional spherical
harmonics basis. Since the majority of the receiver sites are in the northern hemisphere for
this dataset, the maps arc only useful for the latitude band of 20-80 degrees in the northern
hemisphere. The RMS of he fit residuals is less than 3 TECU for that latitade band. 3y
fitt ng the data on a Sun-fixed shell, we have developed a rough capability to predict the
ionosphere at an isolated site using GPS data from other sites in the same latitude band.

Preliminary results indicate that, for sites in the nid-latitudes, the global maps arc able to




predict the diurnal curve of vertical THC over a site to within 5 THCU. Further study and
comparisons 10 independentionosphere measurements will be required to verify the

accuracy of the global maps.

"The surface harmonic fitting technique used in this analysis limits the maps to a lime
resolution of 12, hours or longer. Tfforts are under way to improve the. time resolution by
using a better set of basis functions. A disadvantage of surface harmonics is that they arc
non-zero over the entire sphere; they have “global support”. 1ior investigating ionospheric
behavior on time scales much shorter than 12 hours, it will be necessary to use basis
functions with “local suppor(”, that is basis functions which arc non-zero only over a
limited arcaof the shell. We are developing a triangular interpolation technique in which
the ionospheric shell is tiled with triangles and the “1'1 iC at cach verlex is estimated by local
interpolationof the “1°1 {C data within the triangles. The “1'1 ¢C at cach ver(ex is treated as a
stochastic paramecter (random walk) and is updated every hour [Mannucci, ef al., 1 993].
Using the local triangular basis with a stochastic cstimationstrategy should produce more

accuralc maps when cove.ra~c. is spare..

Aswec gain more experience With mapping techniques, we! anticipate that a more physics]
paramcterization of the ionosphere will be required to accurately model the hipj~-latitude and
cqhatorial ionospheres. The physics of the three ionospheric regions- equatorial, mid-
latitude, and auroral- is quite distinct, Inrcgions where data cove.lage is spare, a priori
information from a semi-empirical ionosphere model which incorporates the relevant
ionospheric physics (e.g., the Bent|Bent, er al., 1976] or PRISM modecls [ Anderson,

1993]) could be used to bridge the gaps in the data.
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(The figures will, of course, be reduced and laid out different] y.
The figure captions for multiple part figurces have. been
repeated oncach page for convenience.)
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by-one degree grid. White boxes areregions without coverage. The range is from 0 (light
gray) 1o 10 TECU (black). (a) Residuals for a 24-hour fit (T'otal RMS = 4.3 TECU). (b)
Residuals for a 12-hour fit using data from 0-12 UT (Total RMS = 2.1 TECU).
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Figure 6 - Vertical residuals (obscerved mapped to vertical minus the fit) for the Usuda site on 93/01/0S.
The fit is a 24-hour fit excluding the Usuda data. The Sun is at zero degrees longitude.
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Figure 7 ---- Vertical TEC directly above (a) Goldstone and (b) Usuda during the 24 hours of Jan. 5 as
predicted by five different fits. The solid line is the single-silt fit and the rest arc global fits.
Notice that the global fits excluding the chosen site are within a few TEC units of the single-

site fit,
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-Vertical TEC directly above (a) Goldstone and (b) Usuda during the 24 hours of Jan. § as

predicted by five different fits, The solid line is the single-site {it and the rest are global fits.
Notice that the global fits excluding the chosen site are within a few TEC units of the single-
site fit.
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The difference of two 24-hour TEC maps which differ in elevation angle cutoff: 20 degrees
versus 10 degrees. The difference map is formed by differencing two one-by-one degree
grids. Notice that the differences are small and nearly zero mean which indicates that
including data down to 10 degreces is not significantly altering the maps.



