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Abstract. We have conducted an experiment to evaluate the usefulness of ionospheric data produced using the
Global Positioning System (GPS) for making Faraday rotation and interferometer phase corrections at the NRAO
Very Large Array (VLA). Four GPS receivers were installed at the VLA site — one at the array center and one
at the end of each arm. A simple ionospheric model consisting of a vertical TEC, a horizontal gradient, and the
azimuth of that gradient was developed and fitted to the GPS Total Electron Content (TEC) data from each
receiver. The model was then used to predict the TEC in the observing direction. Ionospheric Faraday rotation
and phase gradients were then estimated and compared with VLA measurements taken at frequencies of 322 and
333 MHz. We find that we can normally make Faraday rotation corrections that are accurate to < 2°, although one
unexplained discrepancy remains. The interferometer phase shifts caused by large-scale (2 1000 km) ionospheric
structures can be predicted by our model. However the phase shifts caused by smaller (< 100 km) structures can
be estimated only when the direction of observation lies within a few degrees of one of the GPS satellites.

Key words. astronomical techniques: interferometric — atmospheric effects — polarimetric techniques

1. Introduction

Radio astronomical and ionospheric measurements inter-
act in two ways. Radio astronomical data can be used to
infer ionospheric structures, and ionospheric data can be
used for the correction of radio data. The first of these
processes has been relatively successful. Before the advent
of sounding rockets and satellites, only celestial sources
provided the required signals for trans-ionospheric propa-
gation studies. These signals have been exploited by many
researchers beginning with Hewish (1951). Many of these
classic investigations were described by Lawrence et al.
(1964). When artificially-produced signals and direct sam-
pling became possible, the use of natural sources for inves-
tigating the ionosphere became less important. However,
radio astronomical measurements are still useful for the
study of certain phenomena such as acoustic gravity waves
(Mercier 1986; Mercier et al. 1989; Kelder & Spoelstra
1987; Jacobson & Erickson 1992).
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The second process, the correction of ionospheric ef-
fects upon radio astronomical measurements using iono-
spheric data, has been less successful. This is because the
effects are often very large — hundreds of wavelengths
of delay or several turns of Faraday rotation at me-
ter wavelengths (Hagfors 1976; Thompson et al. 1986) —
and ionospheric data of the required accuracy were sim-
ply not available. Often the available ionospheric data
pertained only to the direction of a single satellite, or
the data were obtained from ionosondes separated geo-
graphically by hundreds of kilometers. Using ionosonde
data, Komesaroff (1960) was able to successfully cor-
rect 19.7 MHz source positions for ionospheric refraction.
Spoelstra (1983) has presented a refraction correction pro-
cedure for WSRT observations employing both topside
and bottom-side sounders. However, the use of sounder
profiles is often rather tedious and cumbersome because
the data must be obtained from several different organi-
zations, resulting in limited application of this method.

Much more convenient and powerful techniques that
employ only the radio astronomical data themselves in-
volve closure phases and self-calibration. These techniques
(as described by Thompson et al. 1986) are now widely
used at wavelengths of a meter or less. They are particu-
larly useful because they pertain to the direction of obser-
vation rather than to some other arbitrary direction in the
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sky. Unfortunately, these techniques are severely limited at
low frequencies by poor signal-to-noise, due partly to very
rapid phase variations which require short integrations,
and partly to dilution of the target object’s signal amongst
the large number of background sources. Furthermore,
self-calibration techniques cannot recover the absolute po-
sition of astronomical sources, nor correct for the rotation
of the plane of polarization by Faraday rotation in the
ionosphere.

The GPS (Global Positioning System, see Dixon 1992;
Logsdon 1992; Hofmann-Wellenhof et al. 1993) now al-
lows an observer to conveniently and continuously obtain
ionospheric data of unprecedented accuracy with a rela-
tively simple and inexpensive GPS receiver installed at
the radio telescope site. With such a receiver, ionospheric
parameters over the whole sky can be monitored for the
local site 24 hours per day, which opens the possibility of
making all-sky ionospheric corrections to both total phase
and Faraday rotation. To test these possibilities, we have
designed an experiment to evaluate the usefulness of GPS
data for making such corrections for the VLA at frequen-
cies near 327 MHz.

Conkright et al. (1997) have compared GPS-derived
TEC data with TEC data obtained from the Faraday ro-
tation of signals from geostationary satellites. They found
good agreement between the TEC estimates obtained by
these two methods. For their study they employed a very
simple ionospheric model consisting of a thin, uniform,
spherically-symmetrical shell at a height of 400 km.

Campbell (1999) has suggested the use of the United
States Air Force Parameterized Ionospheric Model (PIM)
for the correction of radio data. The PIM is a theoret-
ical model of global ionospheric climatology. Campbell’s
approach may be useful, especially if locally determined
data are incorporated into the global model. We have not
attempted this procedure but present a method for mak-
ing corrections using locally derived data only.

Ros et al. (2000) have employed GPS data for the
correction of VLBI observations. They use only locally-
derived data obtained from a GPS receiver located near
the VLBI telescope and assume a “frozen” ionosphere that
moves over the Earth following the Sun. They use the
GPS-TEC measured at one longitude to estimate the TEC
at the longitude where the line-of-sight to the radio source
pierces the ionosphere. They accomplish this by assuming
a frozen ionosphere and an appropriate time correction.
Since the time corrections are small, the assumption of a
frozen ionosphere should be valid. However, they also ne-
glect North-South ionospheric gradients. This is puzzling
because the North-South gradients at mid-latitudes are
normally larger than the East-West gradients.

Chatterjee (1999) and Walker & Chatterjee (1999)
have discussed the use of various world-wide and re-
gional ionospheric models for the correction of Very Long
Baseline Interferometer (VLBI) data.

Our initial observations were made between June and
August, 1995. They involved the use of four GPS receivers
installed at the VLA site along with simultaneous interfer-
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ometric observations of radio source phases and Faraday
rotation at 330 MHz. An ionospheric model was devel-
oped in order to predict the interferometer phase and the
rotation of the position angle of polarized flux in the di-
rection of the observed radio source from satellite data in
other directions. It was found that this model could also
be used to determine GPS receiver and transmitter off-
sets. This work is discussed in Sects. 2 through 6. Our
1995 data were not useful for determining the ionospheric
rotation because the observed sources displayed low po-
larizations and little variation in rotation occurred during
the rather short periods of observation that were avail-
able. By the time these intitial observations were reduced,
the GPS receivers had been removed, so it was necessary
to reinstall a GPS receiver (at the VLA’s center) and to
obtain rather long allocations of VLA observing time in
order to produce useful data. Three successful observing
sessions were eventually scheduled during 1997, 1998, and
1999, and their results are covered in Sect. 7.

2. The GPS data

Each of the GPS satellites transmits on two L-band carrier
frequencies, L1 at 1575.42 MHz and L2 at 1227.60 MHz. A
third carrier, L3 at 1381.05 MHz, is not intended for GPS
users. All of these carriers are phase locked to harmonics of
a fundamental, 5.115 MHz, oscillator. By measurement of
the time delay between the modulation on the L1 and L2
carriers, the ionospheric-induced delay and hence an ab-
solute measure of the total electron content (TEC) along
the line-of-sight to each visible satellite, i.e. the slant-TEC,
can be determined through the simple relation

2 2
Viva

TECty = 0.756AT ————=——
Tu Av(vy + 1v2)

(1)
where the frequencies are in GHz, the time difference AT
is in nsec, and the units of the TEC are in TUs, defined
as 1TU = 1.0 10'6 electrons/cm?. With the GPS frequen-
cies given above, the relation becomes simply TECty =
2.853AT. This measure of the total electron content is
referred to as “tau-TEC”.

The relative phases of the carriers can also be mea-
sured to obtain a much more accurate determination of
the TEC (the so-called phase-TEC) via the relation

V2

TE =0.12—A 2
CTU 0 Av ¢a ( )

where the units of TEC and frequency are the same as in
Eq. (1), and the phase difference is in radians. For the L1
and L2 carriers, we find TECpy = 0.67A¢. Unfortunately,
these data are subject to full-cycle ambiguities between
the two carriers. The phase-TEC provides an excellent de-
termination of the TEC variations with time and satellite
position, but only the tau-TEC provides absolute values
of the TEC.

Typically, our receivers would obtain data from six to
nine satellites at any time, but some of these satellites were
at such low elevations that their data were of little use for
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the correction of high elevation radio source observations.
Therefore, useful data were normally obtained in about
four to seven directions. Because the satellites are typically
a radian or more from the astronomical source of interest,
it is necessary to model the ionosphere using the GPS data
and to then employ this model to estimate the TEC in the
direction of the source.

3. lonospheric models

In order to decide between possible ionospheric models
which might be used to fit the GPS TEC data, we com-
pared the zenith distance variation of TEC and angular re-
fraction as predicted by spherically-stratified models em-
ploying actual ionospheric profiles, parabolic layers, and
a simple, uniform layer. We found that, with appropriate
values for the ionospheric height and layer thickness, a
simple, uniform-layer model for the ionosphere provides a
prediction of the TEC and of ionospheric refraction that is
as accurate as models involving more complicated profiles
of the electron density with height for elevations greater
than 15°. See, for example, Thompson et al. (1986, p. 445)
for a comparison of such models. A uniform model has
thus been adopted. This conclusion differs from that of
Spoelstra (1983) who found that the inclusion of verti-
cal profiles of ionospheric density improved his estimates.
This is probably because Spoelstra was forced to work
with top- and bottom-side sounder observations in order
to estimate the TEC while we are able to determine the
TEC directly from the GPS observations.

However, horizontal gradients of the ionospheric den-
sity are extremely important for the prediction of refrac-
tion and TEC. Under typical conditions, the refraction
caused by horizontal gradients exceeds that caused by the
spherical (Earth curvature) component for source eleva-
tions above 10°. This is illustrated by an example of the
data from an individual satellite pass as shown in Fig. 1
where it is evident that the TEC in the south considerably
exceeds that in the north at similar elevations.

Such data show that a uniform spherical component
alone cannot fit the TEC data. Therefore, we have adopted
an ionospheric model which has a constant electron den-
sity over a thickness, d, centered at a height, h, and which
has a constant horizontal gradient of electron density at
an arbitrary azimuth. For simplicity we have used fixed
values of 175 km and 400 km for d and h, respectively.
This simplification does not adversely affect the accuracy
of the model, as it is easily shown that the calculated
parameters of the model are only weakly dependent upon
the height and thickness of the refractive layer. In fact, the
GPS data can be fit equally well with an infinitesimally
thin layer. We retained a finite thickness layer because it is
more physically plausible and also because we were guided
in the choice of a model by angular refraction data. A very
thin layer does not give a satisfactory fit to the available
refraction data.

Therefore, data are fitted to a three parameter model:
the vertical TEC at the location of the receiver, the mag-
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nitude of the horizontal gradient at this location and the
azimuth of this gradient. When fitting the averaged tau-
TEC data once every few minutes we find that this simple
model usually fits the data to better than ten percent. The
accuracy of the fit is demonstrated in the upper panel of
Fig. 1.

At a wavelength of one meter, the ionospheric Faraday
rotation is expected to be at most a few turns in the day-
time and less than one turn at night. The rotation de-
pends only on the magnitude of the ionospheric electron
density and upon the angle between the source direction
and the Earth’s magnetic field. Since our model fits the
TEC data well, and the Earth’s magnetic field is known
accurately, we should expect to be able to correct for the
Faraday rotation to < 10° at a wavelength of 1 m, and
< 1° at a wavelength of 20 cm. Travelling ionospheric
disturbances will cause a smaller-scale spatial gradient in
the observed plane of rotation of the polarized emission —
this phenomenon is probably responsible for the residuals
in the fits to our simple model. Under normal ionospheric
conditions, these disturbances will differentially rotate the
plane of polarization across the VLA by only a few degrees
in the largest configuration at a wavelength of one meter,
and thus are not expected to limit the applicability of our
method.

On the other hand, ionospheric refractive effects and
interferometer phase correction at meter wavelengths
present far greater difficulties because these effects are
very large. At a wavelength of one meter, ionospheric de-
lays of hundreds of wavelengths are common in daytime.
Also, the refractive effects depend more critically upon
the horizontal gradient of the TEC than on the vertical
TEC itself. With TEC data from only a limited number of
satellites we cannot expect to model these gradients with
great accuracy. The lines of sight to the satellites puncture
the ionosphere at points separated by about 1000 km so
we should expect to only model ionospheric structures on
similar scale sizes; we cannot hope to model the smaller-
scale, ~100 km, structures. These smaller structures also
cause important refractive effects and cannot be modeled
unless the observed radio source and one of the satellites
are nearly coincident in the sky and we sample the smaller
scale structures in this area of the sky with receivers sep-
arated at appropriate spacings.

4. Experimental set-up

Four Turbo-Rogue GPS receivers owned by the Los
Alamos National Laboratory were set up at the VLA site,
one at the array center and one at the end of each of
the three VLA arms, i.e. in an approximately equilateral
triangle with sides of ~35 km. The data from a single
receiver are sufficient to determine the model discussed
above, but it was hoped that comparison of the phase-
TEC between the central receiver and the receivers at
the ends of the arms would allow better estimates of the
phase gradients along the arms. The receivers were re-
moved after a set of test observations that were conducted
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Fig.1. An example of the raw data obtained in this project. These data were obtained by the center receiver from satellite
PRN #6. The lower panel shows the elevation (solid line) and azimuth divided by 4 (dashed line). In this case the satellite was
acquired in the northwest at an elevation of 30°, passed nearly through the zenith and was lost in the south at an elevation of
10°. The dots in the upper panel are the raw values of the tau-TEC in TEC Units (TU). The solid line is the phase-TEC which
has been offset so that it agrees with the tau-TEC at high elevation. The dotted lines indicate the values that would have been
obtained with an ionosphere having no horizontal gradient and vertical TEC values of 5, 10, 15, and 20 TU. The dashed line
in the upper panel represents the average tau-TEC after the satellite and receiver offsets have been applied to the data and
the dash-dot-dash line is the tau-TEC as predicted by our model ionosphere (which was fitted to the data from all the visible

satellites)

in June-August, 1995. During these test observations we
attempted to correct the A-configuration interferometer
phases at 327 MHz by comparison of the phase-TEC data
from the appropriately located receivers. For Faraday ro-
tation experiments at later times, the central receiver was
reinstalled at the VLA site.

The receivers were set with integration times of 30 s
and, as discussed below, the data are used to determine
a model ionosphere. When models are generated for each
integration, the fitted parameters are rather noisy. If the
data are averaged for more than about 15 min between
fits, the quality of the fitting deteriorates, presumably be-
cause of satellite motion and possible variations of iono-
spheric structure during the averaging period. The best
compromise between the poor signal-to-noise of short inte-
grations and data variations during long integrations was
found to be about five minutes, and this averaging time
was adopted for the analysis.

Instrumental time delays between the L1 and L2 car-
riers cause a bias, or offset, in the derived slant TEC de-
termined from each satellite. The offsets tend to be large;
they cause errors that amount to a substantial fraction of
the total TEC and they represent one of the most trouble-
some aspects of GPS TEC determination. For the example
shown in Fig. 1 a negative TEC would occur if no correc-
tion were applied. In addition, each receiver has its own

offset. We have developed a method for determining these
offsets, which we now describe.

We first averaged together published estimates of the
satellite offsets and used these for the initial model-fitting.
As we had no valid information concerning the offsets of
the four receivers we developed a method of determining
the receiver offsets from the data alone using a method
which is similar to that used by astronomers to correct for
atmospheric extinction. In this method, the apparent flux
density of a star is measured at various zenith distances,
then the measurements are fitted to an air mass extinction
curve and extrapolated to zero air mass. In our case, the
GPS data for the satellites at various zenith distances were
fitted to our ionospheric model and the receiver offset that
produced the best average fit was adopted.

The following procedure was employed: the receiver
offset was first assumed to be zero. Then the slant TEC
data from each visible satellite was averaged over the 5 min
integration period. The data were discarded for satellites
below 10° elevation and, in the fitting process, the aver-
aged data were weighted according to their standard devi-
ations. This also discriminated against noisy, low-elevation
data.

In order to fit a model to the data, the slant TEC in
the direction of each satellite was predicted in terms of the
three model parameters discussed in Sect. 3; the vertical
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Fig. 2. A diagram of the geometry used for modeling

TEC at the observer’s location, T, the magnitude of its
horizontal gradient, G, and the azimuth of this gradient,
¢q'. As discussed in Sect. 3, the average height, h, and
thickness, d, of the ionosphere were fixed at 400 km and
175 km, respectively.

We must first determine the slant pathlength through
the ionosphere for a ray path to a satellite of zenith dis-
tance, zs, and azimuth ¢g. Consider the diagram shown in
Fig. 2; let P be an arbitrary point at a height ér above the
Earth’s surface on the rectilinear ray path OP 2. Consider
the triangle formed by the center of the Earth, E, the ob-
servers position, O, and the point, P. Let the angle at E
between the lines EO and EP be «. Applying the Law of
Sines to the triangle EOP we have:

o sin<ZS>] 3)

« = arcsin
To

where 1, is the Earth’s radius. From the Law of Cosines,
the slant distance, D(zs, 07), from O to P is given by:

D(zs,6r) = [(7"3 + (ro + 67")2

—27(ro + 67) cos(a)] /2. (4)

Obviously, the required pathlength through the iono-
sphere, L(zy), is given by:

L(z) = D(z, h+ d/2) — D(zs, h — d/2). (5)

The vertical TEC at P is given in terms of T, and its
gradient by

Tp = [To + Go x C(zs, h) x cos(pg — ¢s)] (6)

where C(zg, 0r) = ro X «v is the Great Circle distance over
the Earth’s surface from O to a point directly below P.

The total electron content in each satellite’s direction,
i.e. the slant-TEC S(T5, Go, ¢g, 2s, 9s), is then fitted to the
data for each satellite of zenith distance, zs, and azimuth,
¢s, Where:

S(T07G07¢gazsa¢s) =1Tp x L(ZS)/d (7)

The L(z)/d factor accounts for the extra path length
caused by the inclination of the ray with respect to the

! For this calculation the gradient is taken to be positive in
the direction of increasing ionospheric density.

2 Tonospheric refraction at GPS frequencies is negligible for
this calculation.
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Fig. 3. An example of the output from the model fitting pro-
gram. The upper panel shows the fitted value of the vertical
TEC (in TU). The middle panel gives the horizontal gradi-
ent (in TU/100 km). The lower panel gives the azimuth of the
direction of increasing TEC. Vertical bars indicate the fitting
errors but these errors are generally smaller than the dots. As
is normally the case, the azimuth of the gradient indicates that
the ionospheric density usually increases towards the South

vertical at P. The input parameters, zs and ¢, are deter-
mined by the satellite position.

The three model parameters, 15, G,, and ¢, are found
for each integration period through a three dimensional
grid search procedure in which the x? of the fit to the data
from all of the visible satellites is minimized. A sample of
the output from this grid search procedure is shown in
Fig. 3.

In order to estimate the receiver offset this process
was repeated for a 24-hour long section of data and the
average x2 was found for this entire period. Next, different
receiver offsets were tried until the offset that minimized
this average x? was found and this value of the offset was
adopted.

We found that the model parameters independently
derived from each of the receivers agreed with each other
to about 0.3 TU when the corrections are made for the dif-
ferences in receiver locations (using the estimated gradi-
ents). We also obtained data from the GPS receiver which
was operated by the JPL and located on the VLBA site at
Pietown, NM. An estimate of this receiver’s offset was pro-
vided by the JPL. Our procedure applied to the Pietown
data produced the same offset value to an accuracy of
0.4 TU. The Pietown model parameters were also used to
estimate the vertical TEC at the VLA and these estimates
agreed with our determinations to about 0.3 TU.

As a final step, all of the GPS data from the different
receivers were averaged together and the average differ-
ences between each satellite’s data and the model predic-
tions for it were found. Minor changes in the satellite offset
values were made to set these average differences to zero.
When a final fit was done for all of the data using the
new values for the satellite offsets, it was found that the
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Table 1. PRN satellites and their calibration offsets — July
1995

Sat. # Offset || Sat.# Offset || Sat.# Offset

(TU) (TU) (TU)
PRN 1 —4.94 || PRN 15 | —3.51 || PRN 23 —4.99
PRN 2 —2.82 || PRN 16 | —1.77 || PRN 24 —2.77
PRN 4 —10.56 || PRN 17 | —=3.77 || PRN 25 | —12.64
PRN 5 —8.19 || PRN 18 | —7.76 || PRN 26 | —11.81
PRN 6 —8.64 || PRN 19 | —5.99 || PRN 27 —7.85
PRN 7 —3.48 || PRN 20 | —3.45 || PRN 28 | —11.98
PRN 9 —9.90 || PRN 21 | —3.88 || PRN 29 | —12.81
PRN 12 +5.02 || PRN 22 | —6.73 || PRN 31 | —10.36
PRN 14 —3.94

average x2 was slightly reduced. The final values of the
satellite offsets that we determined are given in Table 1.

Sardén et al. (1994) have developed a method of esti-
mating the TEC and offsets that is somewhat similar to
the our method. They make use of GPS data from sev-
eral stations distributed world-wide and they assume a
world-wide ionospheric model that is quasi-stationary in
a coordinate system referenced to the sub-solar point on
the Earth. Over each GPS station they assume that the
ionospheric parameters are linear so their model is, lo-
cally, essentially identical to ours. Since their ionospheric
parameters vary slowly in their reference system and since
the transmitter and receiver offsets are also slowly vary-
ing, they can apply a Kalman filter to determine the iono-
spheric parameters and offsets that best fit the set of GPS
observations taken over a 48-hour period. Their method
provides values for the parameters that appear to have
similar accuracies to those provided by our method. We
did not have world-wide GPS data readily available when
we conducted our 1995 experiments so we developed a
method that requires only locally-derived data.

5. Refraction correction

Our model provides valid estimates of large-scale iono-
spheric gradients, i.e. gradients with scale sizes of 1000 km
or more. By ray-tracing through the model ionosphere
that is determined every few minutes, we can estimate
the refraction that the model ionosphere would cause and
predict the resulting phase shifts on the various VLA in-
terferometer baselines. Two examples of 327 MHz phases
in the A configuration are shown in Figs. 4 and 5.

The predictions follow the general trends of the mea-
sured phases quite well. Therefore, we are able to correct
for the effects of large-scale ionospheric structures. This
may be important over longer, VLBI baselines, where the
effects of large-scale structures strongly dominate those
of smaller-scale structures. However, over VLA baselines,
the measured phases display many short period variations,
caused by unmodeled small-scale structures, that are of
similar magnitude to the slower variations caused by large-
scale structures. When the measured phases are corrected
by the model predictions, the phase fluctuations are ap-
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Fig.4. An example of the large-scale phase corrections gen-
erated by our ionospheric modeling. The small dots are the
raw phases; the solid line is the phase predicted by ray trac-
ing through ionospheric models produced at 5 min intervals;
the large dots are the phases after correction by the model
predictions. These data were taken on a long N—S baseline be-
tween telescope 26 located at VLA Station N72 and telescope
14 located at N16

T
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Standard Deviations: Raw ~ 57.
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Fig. 5. Same as Fig. 4 except that these data were taken on a
long SW baseline between telescope 21 located at VLA Station
W72 and telescope 14 located at N16

preciably decreased, but the correction is far from being
perfect. The standard deviations of the corrected phases
are 20 to 50% lower than those of the original phases. This
rather modest reduction in phase fluctuations corresponds
to a reduction in phase noise power by a factor of 1.5 to 4.

Correction of the small-scale phase fluctuations was
attempted by measuring the phase gradients along each
arm of the VLA and applying the appropriate corrections.
Previous studies (Jacobson & Erickson 1992) have shown
that the 327 MHz phase gradients along each arm of the
array are very nearly linear, so it should be possible to
estimate the phase at each VLA telescope by interpola-
tion between phase-TEC measurements at the ends of the
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Fig. 6. A horizon plot showing the tracks of the various satel-
lites in the sky along with the track of the radio source for
which the corrections in Figs. 7 and 8 were made. North is at
the top and the circles are at 0°, 30°, and 60° elevation. The
satellite PRN’s are given at the ends of each track
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Fig. 7. The measured and predicted phases for a long SE-arm
baseline are shown in the top panel. The dots are the mea-
sured phases; the solid line is the prediction. The vertical line
represents the point of closest approach between 3C 461 and
PRN 27. The middle panel shows the angular separations in
degrees (dots) and the linear separations between the satellite
and radio source ionospheric puncture points in units of 10 km
(dashed line). The bottom panel gives the position angles of
the satellite-to-source lines

arms. We recognized that the principal problem in making
any correction would be caused by the angular separation
between the source under observation and any of the GPS
satellites. To alleviate this problem and to determine the
angular separation over which the correction would remain
useful, we choose an observation in which the source was
nearly aligned with a GPS satellite (see Fig. 6).

When making a correction by means of a simple in-
terpolation of the phase gradients, we find, as illustrated
in the middle panels of Figs. 7 and 8, that the correc-
tion is good when the source and satellite lie within the
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same isoplanatic patch, i.e. within about 4° of each other.
For larger separations the correction, as illustrated in the
upper panels of Figs. 7 and 8, quickly becomes useless.
The lines-of-sight to the satellite being used for cor-
rection from the four receivers puncture the ionosphere at
four points in the vicinity of the source line-of-sight. The
data at these four points can be fit with a model that has
not only a linear component but a parabolic component as
well, and it was hoped that this model would be valid over
larger separations between the source and satellite. We at-
tempted to fit the data with such a model and to use this
model to predict the observed phases. However, we found
that only four data points are not sufficient to accurately
define the parabolic component and that results obtained
from these more sophisticated models were no better than
those obtained by simple, linear interpolation. A network
of GPS receivers spread over a large area would be re-
quired to provide many more puncture points and ade-
quately characterize the relevant ionospheric structures in
the general direction of the source. We could then hope to
extend the corrections over a larger fraction of the sky.

6. Faraday rotation

The simple model described above gives fits to the data
with a typical residual of 0.5 TU. An elementary calcu-
lation shows that with such a residual, and a reasonable
model of the Earth’s magnetic field, we should be able to
calculate the ionospheric rotation measure with a typical
accuracy of about 0.2 rad/m? at 327 MHz. Such a capabil-
ity would permit correction of the ionospherically-induced
rotation of the plane of polarization to better than 10°—
more than sufficient to permit meaningful polarimetry.
However, tests of this capability were difficult to schedule
because of observing pressure at the VLA and the need
to reinstall a GPS receiver to obtain simultaneous GPS
data. In particular, a valid test requires observation of a
strongly polarized source over an extended period during
which the Faraday rotation of the plane of polarization
changes fairly quickly. The validity of the method is most
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Table 2. Observing Log of VLA Faraday rotation observations

Date Time Range | VLA Config. | RMS Fit
MST Deg.
04 Apr. 1997 | 04:00-10:30 B 429
27 Aug. 1998 | 16:00-21:30 B 83
24 Jun. 1999 | 02:00-07:30 A 924

convincingly demonstrated if the rate of change of the
observed position angle dramatically changes during the
observation period — such as would normally occur during
sunrise or sunset.

To test the validity of our method, we obtained eight
test observations between October 1996 and June 1999 of
the strong and highly polarized pulsar PSR 1932+109. Of
these eight trials, five showed insufficient change in the
observed position angle of the pulsar over the duration of
the observation to permit a useful test of the method. The
three successful tests are summarized in Table 2.

The results of our first useful test are shown in Fig. 9.
Observations began at 4 AM local time, well before sun-
rise, and continued until 10:30 AM. This time span per-
mitted observations for a significant period before sunrise
and through the majority of the sunrise period in during
which the ionosphere’s TEC greatly increases. The ob-
servations were taken in the gated pulsar mode so as to
ensure maximum SNR, although this pulsar’s emission is
sufficiently strong that the experiment can be run in a
normal ungated mode.

In Fig. 9 for the first 1.5 hours, essentially no change is
seen in either the predicted or observed plane of polariza-
tion, reflecting the fact that these data were taken before
dawn. At 5:30 AM local time, both observed and predicted
position angle suddenly begin to increase, with this trend
continuing steadily until the end of the experiment. In
Fig. 9 we plot single five-minute integrations of the ob-
served and modeled position angles. The data were taken
in B-configuration (maximum arm length ~6 km), which
at times can be difficult to calibrate if the ionosphere is in
a disturbed state. However, no disturbances were noted,
and the calibration (using nearby point-like objects) of
the phase, amplitude, and polarization of the antennas
proceeded smoothly. Images of the pulsar in Stokes’ I, Q,
and U were made every 5 min to permit detailed tracking
of the ionospheric rotation measure. The linear polariza-
tion of the pulsar is > 80%, and it does not rotate appre-
ciably during the each pulse, making measurement of the
pulsar’s polarized emission very straightforward.

The data from the GPS receiver located at the VLA
site were processed through two special AIPS programs,
LDGPS, and APGPS. The former program loads the GPS
data into a GP table which is attached to the AIPS
database containing the visibility data. This table con-
tains the time, satellite PRN number, satellite azimuth
and elevation, and the observed TECTAU and TECPHS.
The latter program does the model fit, and calculates the
ionospheric rotation measure (RM) for every source in the
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Fig. 9. The change of observed and predicted plane of polar-
ization of the pulsar PSR 1932+109 through dawn on 4 April
1997. The standard deviation between the observation and the
model for a single 5-min integration is 4°7. The standard de-
viation of the mean of the 59 integrations, i.e. 4° 7/\/%7 is 0°6

AIPS database, the results of which are then written into
the AIPS CL table.

It was felt that more data were needed and two more
successful tests were made using essentially the same
setup. The second test was made on 27 August 1998 (see
Fig. 10). This test ran through sunset, however, quite
abnormal ionospheric conditions occurred. The TEC be-
gan to decrease as normally happens at sunset but then,
about an hour after sunset, it increased to above its day-
time level and a very strong north-south gradient set in.
This unusual behavior was mirrored satisfactorily in both
the predicted and observed Faraday rotation except for
a large spike in the model prediction at 03:55 IAT. This
was caused by the fact that the North-South gradient was
extremely high, the highest that we have ever observed,
while at the same time the GPS satellites were mostly
east and west of the VLA site, making the modeling of
this gradient rather unstable.

A third test was run through sunrise on 24 June 1999
(see Fig. 11). In this case the ionospheric measurements
were completely normal with the TEC being low and con-
stant until sunrise, and then rising rapidly. The Faraday
rotation predicted by the model reflected this situation.
However, the observed rotation was about 30° above the
prediction at the beginning of the test, some four hours
before sunrise. The observed rotation then decreased and
came into agreement with the prediction about an hour
before sunrise, and the predicted and observed rotations
then rose together after sunrise. Also plotted in Fig. 11
are the calculated values using values of the TEC taken
from archived data stored at the Crustal Dynamics Data
Information Center at the Goddard Space Flight Center.
We downloaded the JPL Global Ionospheric Model Maps,
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Fig. 10. Same as Fig. 9 but for 27 August 1998. In this case
the standard deviation for single integrations is 873 and the
standard deviation of their mean is 172

and used these to calculate the predicted Faraday rota-
tion, using the AIPS program TECOR3.

The two models are in excellent agreement during the
pre-dawn hours, but diverge significantly about two hours
after sunrise. We note that the pulsar was at very low
elevations after this time (25° at IAT = 13, dropping to
9° at the end of the experiment), so the differences may be
related to the differing geometries utilized by these mod-
els. Because the global data are heavily averaged, travel-
ling ionospheric disturbances, including sharp ionization
waves, will be smoothed out. This explains the smooth-
ness of the JPL model predictions. On the other hand, our
model, utilizing data averaged only on 5 min timescales,
is sensitive to TIDs and other localized disturbances, and
this shows in the fluctuations in our model predictions. We
note that neither model is in agreement with the observed
data prior to sunrise — we have no viable explanation for
the discrepancy at the beginning of this test.

More low-frequency observations of highly polarized
objects will be needed for a better understanding of the
limitations of our, and of the global, models.

7. Conclusions

We have performed an experiment to evaluate the useful-
ness of local GPS data for the correction of ionospheric
Faraday rotation and interferometric phase fluctuations
in 327 MHz VLA data. Data from GPS receivers installed
at the VLA site have been fitted to a simple ionospheric
model, and this fitting process has been used to determine

3 These values of the TEC are based on data taken from a
global grid of up to 100 GPS receivers. The vertical TEC from
each is calculated in a solar-geomagnetic reference, using bi-
cubic splines on a spherical grid. A Kalman filter is used to
solve for instrumental biases and the vertical TEC. The data
model is on a 275 grid in latitude, and a 5°grid in longitude,
and is archived once every other hour.

IAT Time (on 24 June, 1999)

Fig.11. Same as Fig. 9 but for 24 June 1999. From 11:00 IAT
until the end of the test, the standard deviation of the single
integrations was 9°4. Also shown are the predictions using data
from JPL’s global ionospheric maps

the receiver and transmitter offsets. The parameters de-
rived from the model fits can be used to determine the
interferometer phase and Faraday rotation caused by the
ionosphere along any line of sight towards an astronomical
source. We find that a single GPS receiver in the vicinity
of the VLA site provides data that are sufficient to cor-
rect for Faraday effects to < 2° at 327 MHz and to predict
the phase fluctuations caused by large-scale (> 1000 km)
ionospheric structures. A comparison of our model to one
using archived global data shows good agreement.

A grid of four GPS receivers was used to predict the
phase fluctuations caused by small-scale (< 100 km) struc-
tures, but this prediction could be made only when the
ray path from the radio source under observation and ray
paths from one of the GPS satellites to the receivers punc-
tured the ionosphere within the same isoplanatic patch —
about four degrees for our experiment. A large grid of GPS
receivers at 50 to 100 km spacings surrounding the site
would be required to provide the large number of punc-
ture points required to characterize isoplanatic patches
throughout the whole sky and all small-scale ionospheric
structures. Such a grid of receivers is impractical at the
present time.
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