
Introduction

Since the mid-to-late 1990s, a variety of research groups
have separately developed algorithms to process GPS
data from the International GNSS Service (IGS) net-
work and produce global maps of total electron content
(TEC). Early work was done by Attila Komjathy at the
University of New Brunswick, Canada (Komjathy 1997)
and by Tony Mannucci and Brian Wilson at the Jet
Propulsion Laboratory (Mannucci et al. 1998). A recent
article by Komjathy et al. (2005) describes JPL’s current
technique for the automated processing of data from
more than 1,000 GPS receivers into global TEC. An-
other group working with global TEC processing is the
ionospheric working group of IGS which was estab-
lished in 1998 (Feltens and Schaer 1998). Recently, the
NOAA Space Environment Center has developed a new

data assimilation product (Fuller-Rowell 2005) charac-
terizing ionospheric TEC over the US. Some of the
algorithms needed to process GPS data are available
through the University of Texas at Austin’s open source
software project called the GPS Toolkit, or GPSTk
(Renfro et al. 2005).

Prior to 2000, the ionospheric community was
reluctant to use data from GPS receivers that were
outside of the IGS and Continuously Operating Refer-
ence System (CORS) networks. It was assumed that
TEC estimates from receivers not adhering to the strict
standards of IGS and CORS would be suspect. MIT
Haystack was the first group to make use of all available
GPS data to produce strictly data-driven plots of TEC
using no underlying models to smooth out gradients.
Because of this, we were the first group to identify the
plumes of storm enhanced density that form over the

William Rideout

Anthea Coster
Automated GPS processing for global total
electron content data

Received: 14 October 2005
Accepted: 6 April 2006
Published online: 11 May 2006
� Springer-Verlag 2006

Abstract A software package known
as MIT Automated Processing of
GPS (MAPGPS) has been developed
to automate the processing of GPS
data into global total electron den-
sity (TEC) maps. The goal of the
MAPGPS software is to produce
reliable TEC data automatically, al-
though not yet in real time. Obser-
vations are used from all available
GPS receivers during all geomag-
netic conditions where data has been
successfully collected. In this paper,
the architecture of the MAPGPS
software is described. Particular
attention is given to the algorithms
used to estimate the individual re-
ceiver biases. One of the largest
sources of error in estimating TEC

from GPS data is the determination
of these unknown receiver biases.
The MAPGPS approach to solving
the receiver bias problem uses three
different methods: minimum scal-
loping, least squares, and zero-TEC.
These methods are described in de-
tail, along with their relative per-
formance characteristics. A brief
comparison of the JPL and MAP-
GPS receiver biases is presented, and
a possible remaining error source in
the receiver bias estimation is dis-
cussed. Finally, the Madrigal data-
base, which allows Web access to the
MAPGPS TEC data and maps, is
described.
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U.S. during geomagnetic storms (Coster et al. 2001;
Foster et al. 2002). GPS TEC maps provided by this
method have now been widely disseminated throughout
the atmospheric research community and have become
one of the standard means to study the effects of geo-
magnetic storms on the ionosphere.

In this paper, we will describe the algorithms used in
the software package MIT Automated Processing of
GPS (MAPGPS). MAPGPS was developed at the MIT
Haystack Observatory to automate the process of
downloading and processing GPS data to produce glo-
bal TEC maps. Currently, about 250 days of processed
TEC data from 2000 to 2005 are available on-line. The
data is provided as estimates of TEC in 1� by 1� bins
every 5 min distributed over those locations where data
is available. During the next year, we anticipate pro-
cessing all of the remaining TEC data. The MAPGPS
processing methods differ from those of other facilities,
and it is instructive for the community to compare the
various processing procedures described in the open
literature. We will also discuss how to access the MIT
processed TEC data, and other ancillary space weather
data, from the Madrigal database, which is an open
source, Web-based, distributed database system devel-
oped at MIT Haystack Observatory.

Automated processing of GPS data

An automated technique for processing GPS data from
multiple receivers involves several steps. The first step in
MAPGPS is a process for downloading and reading all
available data in as many versions of RINEX, and other
data formats, as possible. Currently, MAPGPS down-
loads the GPS data in daily segments. Once data are
downloaded, ‘‘preliminary’’ line of sight TEC estimates
are formed using a combination of processed L1 and L2
pseudorange and phase data. These preliminary TEC
estimates represent the TEC values along the line of
sight from each receiver to all satellites in view. Loss of
lock in the carrier-phase observables is screened for and
corrected (Blewitt 1990), and the carrier-phase data is
used to smooth the pseudorange value. The next step
involves determining the ground receiver and satellite
biases and then removing them from the preliminary
TEC estimates. Biases represent the additional delay
between measured L1 and L2 GPS signals at the receiver
due to both satellite and receiver hardware. To help
determine these biases, a mapping function is applied to
the data to convert each line of sight TEC estimate into a
zenith TEC estimate. The next to last step in the auto-
mated processing involves screening all of the TEC data.
Using a robust criterion, ‘‘bad’’ data must be flagged
and removed from the data set. The ‘‘bad’’ data referred
to here is assumed to be caused by specific issues within

the internal firmware of certain individual receivers ra-
ther than by interference or multipath. This phenome-
non will be described in more detail in Removal of
outliers. Once the bad data is removed, the receiver
biases are recalculated, and the final corrected TEC
values are produced. Figure 1 shows an outline of the
procedure MAPGPS follows to process the GPS data.

MAPGPS was designed with the goal of computing
absolute values of TEC, along with their associated er-
ror bars, worldwide. A secondary goal was to produce a
scalable algorithm, i.e., software that is able to process
each day independently, without requiring any previous
days’ results. A final goal was to select the best mapping
function to process the data. A mapping function is the
multiplicative factor used to convert line of sight TEC to
zenith TEC. To accomplish this last goal, a mapping
figure of merit, defined as the average difference in
estimated zenith TEC values for coincident measure-
ments from different receivers, was used as the criterion
for selection. Coincident measurements are defined as
TEC estimates from different receivers separated by no
more than 50 km in the horizontal location at the pierce
point height of 450 km along the line of sight from the
receiver to the satellite. The elevation angle cutoff used
in this analysis was 7�. The 450 km altitude level was
chosen for algorithm stability, and typically is at or
above the F2 electron density peak altitude. This defi-
nition clearly weights the figure of merit to the more
densely sampled areas, such as the continental USA.
MAPGPS uses the following mapping function to min-
imize the mapping figure of merit:

z ¼ 1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1:0� ðF cosðelÞÞ2Þ
q :

The adjustment parameter, F, was determined by
selecting several representative quiet and storm/dis-
turbed days for study. Satellite biases were fixed to the
JPL values for the given day, and the receiver biases were
estimated using the mapping function above following
the steps described in MAPGPS receiver bias determi-
nation. Each day was analyzed a number of times with
values of F, the fit parameter, varying from 0.80 to 0.98.
Ultimately, a value of 0.95 was found to best minimize
the value of the figure of merit, and it is this value that
is used in the MAPGPS mapping function.

It is worth noting that several mapping functions
have been defined in the literature (Komjathy 1997). The
standard mapping function (Mannucci et al. 1993) has
the same form as the one used by MAPGPS, if one sets
the adjustment parameter, F, equal to 1þ ðh=REÞð Þ�1;
where h is the ionospheric shell height. The F value of
0.95 that was found to minimize the figure of merit
corresponds to a value of h = 335 km (R.B. Langley,
private communication). Typically a shell height of
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450 km is used in the determination of both the receiver
and satellite biases. In fact, we used the 450 km altitude
in the above definition of the figure of merit.

There are a number of possible reasons for this
inconsistency. The first is that neither mapping function
is entirely correct, and the strict physical interpretation
of F ¼ 1þ ðh=REÞð Þ�1 may be in error. In addition, the
F value selected in our process represents an average
value over 24 h, and the ionospheric shell height varies
as a function of time of day. The issue of varying scale
heights has been investigated by the ionospheric research
community (Komjathy and Langley 1996). Various
researchers have employed a multi-shell approach for
defining the mapping function with some success (Her-
nandez-Pajares et al. 1999; Mannucci et al. 1998). In our
opinion, for the purpose of producing global TEC maps
from GPS data that can be used to interpret geophysical
events, any inconsistencies resulting from choosing ei-
ther 335 or 450 km shell heights are not significant, but
should be investigated further.

Our goal has been to provide TEC maps based en-
tirely on GPS data with no underlying smoothing (other
than averaging and use of median values). For iono-
spheric studies, the entire concept of a mapping function
is somewhat questionable. A tomographic approach to
modeling the ionosphere, based on the input of multiple
data types, will eventually be able to model the iono-
sphere far more accurately than we are currently able to
do with the limited number of GPS TEC measurements
available.

Data retrieval

A python script is used to download daily RINEX
files from multiple Web sites including those listed in

Table 1. In addition to the GPS RINEX files, data from
both the TOPEX and JASON satellites are downloaded
from NASA’s Crustal Dynamics Data Information
System (CDDIS) site.

Determination of satellite and receiver biases

Both satellite hardware (the SV L1–L2 biases) and the
receiver hardware (the receiver biases) contribute delays
between the L1 and L2 signals that must be removed in
order to correctly solve for the ionosphere. Ignoring
these biases (which may be positive or negative) may
cause errors of up to nine TEC units (TECU) for sa-
tellite biases and 30 or more TECU for receiver biases.
In fact, if we examine the distribution of the 1,000 plus
receiver biases that we solve for, the mean is 0.25 TECU,
indicating that there is no preferential sign for the re-
ceiver bias, and the standard deviation, which is the
significant statistic, is 52 TECU. (For comparison,
1 TECU is equivalent to a delay in units of distance of
0.163 m at the L1 frequency. By delay, we are referring
to the ionospheric correction which would need to be
made to the range measured using the L1 signal.
1 TECU is also equal to a delay in time for the L1 signal
of 0.54 ns.)

These biases have been estimated by Gaposchkin and
Coster (1993), Sardon et al. (1994), Wilson et al. (1999),
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Table 1 List of web sites used to download GPS data

ftp://lox.ucsd.edu/pub/rinex
ftp://igs.ensg.ign.gr/pub/igs/data
ftp://garner.ucsd.edu/pub/rinex
ftp://cddis.gsfc.nasa.gov/pub/gps/data
http://www.ngs.noaa.gov/cors/rinex
http://www.naic.edu/aisr/GPSTEC/Archive/

Fig. 1 Illustration of processing steps in MAPGPS
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and others. The satellite biases have been shown to be
relatively constant (B.D. Wilson, private communica-
tion) and are easily available on-line. MAPGPS uses the
JPL estimated values for the satellite biases which are
available through CDDIS. These biases are downloaded
for each day. If the current day is not available, a search
is made backwards in time up to 100 days prior. If this
latter condition occurs, a small amount of error is
introduced in the estimation procedure. In general, the
receiver bias is considerably larger than the satellite bias,
and it is only very rarely that the satellite bias data is not
available.

To estimate receiver biases, MAPGPS uses a proce-
dure which relies on a combination of three different
methods. The first method, minimum scalloping, was
developed by P. Doherty (private communication) and
depends on the assumption that the ‘‘scalloping’’ in the
values of zenith TEC estimates from the different satel-
lites observed over a 24 h period should be minimized.
The second method, least squares, uses a least squares
fitting routine to compute the differential receiver biases.
The least squares method in MAPGPS is based on an
earlier procedure developed at MIT Lincoln Laboratory
(Gaposchkin and Coster 1993; K. Duh, private com-
munication). The least squares method measures only
the differential biases, however, and so must be com-
bined with the other methods to determine absolute bias
levels. The third method used by MAPGPS is the zero
TEC method. Here, the bias value of the receiver is se-
lected to be that which sets the minimum value of the
TEC over a 24-h period to be zero. In the following, we
describe these methods in more detail.

Minimum scalloping

The minimum scallop technique is based on the principle
that zenith TEC values computed from low elevation
angle data should not, on average, be different from
zenith TEC values computed from high elevation angles.
Of course, during some time periods, there may be
temporary ionospheric structure that makes this
assumption false, such as at sunset or sunrise when
gradients are frequently present in the TEC. Because of
this, this technique has been implemented in a way that
tries to average values over a relatively long period.

In general, a mapping function converts the line-of-
sight TEC at lower elevation angles to its vertical or
zenith value. However, the part of the TEC observation
that is caused by receiver bias, and not the ionosphere, is
unaffected by elevation angle. When the mapping func-
tion is applied to a receiver using an incorrect receiver
bias, the estimated vertical TEC values will be in error.
Specifically, the vertical TEC values that correspond to
low elevation angles will be either increased or de-
creased, depending on the sign of the bias. This phe-
nomenon is illustrated in Fig. 2.

We apply the minimum scallop technique to TEC
data around local midnight, where there should be less
inhomogeneity in the TEC. For a given receiver bias, we
bin and median filter vertical TEC values by elevation
angle, and determine the flatness of the resulting median
TEC versus elevation-angle plot. The receiver bias that
gives the flattest value of TEC versus elevation angle is
the minimum scallop receiver bias. While we have found
no systematic errors associated with this technique, the

Fig. 2 Illustration of scalloping
observed in zenith TEC esti-
mates of several satellites from
one receiver
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standard deviation of day-to-day estimations of the
same receiver is about 2 TECU. It is not clear whether
this 2 TECU value is due to innate problems with the
algorithm or with actual receiver bias variability, or
some combination of both.

Least squares

To use the least squares method, a system of equations is
set up using a number of observations and unknowns
(Gaposchkin and Coster 1993; K. Duh, private com-
munication). On any given day, each GPS receiver
observes multiple satellites multiple times. Each obser-
vation consists of a TEC estimate, a satellite bias, and a
receiver bias. The receiver bias is assumed to be constant
over the day for each receiver, and the satellite bias is
assumed to be constant over the day for each satellite. In
our processing, we assume that the satellite biases are
known (Wilson et al. 1999). At this time, no uncertainty
information is used in our estimation procedure for the
receiver biases. Eventually we hope to modify our pro-
cedure to include this.

The problem of estimating the receiver biases is
overdetermined to a large degree as there are many more
observations than unknown receiver biases. Accord-
ingly, the method of least squares is well suited to find
the best-fit solution. To compute the differential rela-
tionship between the different receiver biases, a system
of difference observations is created as follows:

An observation, O, is described as (ignoring mea-
surement error):

O ¼ T þ S þ R;

where T is the line-of-sight TEC, S is the satellite bias,
and R is the receiver bias. S is assumed to be known a
priori from previous calculations, so it is subtracted as a
constant, leaving the value Q, our partially corrected
observation:

Q ¼ O� S ¼ T þ R:

If there are two observations by different receivers, we
have the equation:

Q1 ¼ Q2 ¼ ðT1 � T2Þ þ ðR1 � R2Þ

Applying the vertical TEC mapping function, Z, we get:

Q1

Z1
� Q2

Z2
¼ T1

Z1
� T2

Z2

� �

þ R1

Z1
� R2

Z2

� �

¼ mT1 � mT2ð Þ þ R1

Z1
� R2

Z2

� �

;

where ms represents the vertical, or zenith, TEC.
If the ionosphere pierce points of the two observa-

tions are sufficiently close together, the zenith TECs
cancel out and we are left with the desired equation:

Q1

Z1
� Q2

Z2
¼ R1

Z1
� R2

Z2

� �

:

The system of these equations that is generated here can
be solved by the least squares method. MAPGPS defined
the observations to be sufficiently close together if their
ionospheric pierce point locations at 450 km were sep-
arated by no more than 100 km in the horizontal
direction. The least squares method does not determine
the absolute value of the biases. It only gives the relative
biases.

Zero TEC method

This method is based on the principle that the TEC often
approaches zero during the night or at high latitudes.
Therefore, the receiver bias in this method is calculated
by setting the minimum observed value of the TEC over
a 24 h period equal to zero. This method has the
advantage that it is simple to use, and in a relative sense,
it is reasonably robust. Nevertheless, especially in the
equatorial regions, one does not anticipate the minimum
value of the TEC to be equal to zero. Also, noise can
affect the estimation. Using this assumption to calculate
the biases may cause non-negligible errors. For com-
parison, the GPS navigation message model always sets
the night-time value to 5 ns � 9 TECU @ L1 � 1.5 m
(R.B. Langley, private communication).

MAPGPS receiver bias determination

In MAPGPS, the receiver bias determination is an iter-
ative process involving several steps. This process is
illustrated inside the dashed line in Fig. 1. This figure
shows how the three methods described above are ap-
plied either in combination or singly to resolve the re-
ceiver bias. The first step in this process is to filter out
data with elevation angles of less than 30� in order to
separate out mapping function effects from the calcula-
tion of receiver bias. This is done because scalloping can
be caused by both the receiver bias and a faulty mapping
function. Above 30� elevation angle, all the mapping
functions are very similar, and yet at 30� the slant delay
is still almost twice the zenith delay at zenith. This leaves
enough elevation angle effect to separate out the receiver
bias.

Once the data with elevation angles greater than 30�
has been collected, groups of sites are created by starting
with a randomly selected seed site. Next all remaining
available receiver sites are searched to find the receiver
site in the closest proximity to any of the group mem-
bers. If this identified site is within a 400 km horizontal
distance, it is added to the group. The 400 km horizontal
distance was chosen in order to ensure that within any
group there would be a large number of coincident TEC
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measurements (defined as TEC estimates from different
receivers that are separated by not more than 50 km in
the horizontal location at the pierce point height of
450 km). This procedure is repeated until either there are
no remaining sites within 400 km of any group member,
or the group reaches a maximum number of 100 sites.

Once this step is complete, the method for deter-
mining the differential bias is dependent on the number
of sites in the group. If the group consists of three or
more sites, the differential biases are found using the
least squares method which outputs relative, not abso-
lute, biases. To set the level of the absolute bias, we
could simply use the minimum scallop receiver bias for a
single receiver. However, the minimum scallop tech-
nique has a certain amount of random uncertainty
embedded in it. To reduce this uncertainty, we determine
the minimum scallop receiver bias for all of the receivers
in the group. We then find the average difference be-
tween these values and those computed by the least
squares technique. In this way, the error in the absolute
value of the receiver bias in the group is reduced by a
factor of the square root of the number of receivers.
Processing data from 1,000 stations takes approximately
12 h to run on a single computer with a Pentium 4 class
CPU clock.

If the group contains fewer than three sites, the
differential bias is found using the minimum scalloping
technique. First, the zero TEC bias is computed and
used as the initial guess. Next for a range of biases
about the initial guess, a histogram of average TEC
values versus elevation angle bin is constructed for
data in a 4 h window centered on 2 a.m. local (solar)
time. The slope of this histogram is calculated. If the
minimum slope is at the edge of the range of biases,
the process is assumed to have failed and the process is
repeated with the histogram constructed for data in a
4 h window centered on solar noon. If the process fails
a second time, it is repeated again with larger bias
limits. In general, this process succeeds approximately
95% of the time.

The zero TEC method is employed in two cases. This
method is used in the 5% of the cases where the mini-
mum scalloping technique fails and it is automatically
used for receivers located at latitudes above 65� latitude
(or below ) 65� latitude). The reason for this latitude
criterion is illustrated in Fig. 3. Here, one can observe
the highly variable TEC data from a receiver located
near the South Pole, at the latitude of ) 89.9978�. These
fluctuations are typical of high latitude locations, and
are larger in magnitude than the scalloping effect. Be-
cause of this, the minimum scalloping technique fails to
work for high latitude data. The zero TEC method is a
reasonable technique to apply because the overall level
of TEC is less in the polar and sub-auroral regions than
it is in the mid-latitude and equatorial regions (Jursa
1985).

Removal of outliers

One of the important issues in processing multiple sites
of GPS data is developing an algorithm which can catch
outliers such as the one shown in Fig. 4. Typically when
processing 2,000 receiver sites, 10–20 of the receivers will
have data that looks like that shown in Fig. 4. In this
case, a single receiver will observe TEC values from a
single satellite that differ by a considerable amount,
frequently many hundreds of TECU, from the TEC
values observed by all other satellites in view. Because of
the size of the differences observed, and the fact that
these differences are observed over an entire satellite
pass, this does not appear to be a physical phenomenon.
To verify that this was not an issue with the MAPGPS
code, we compared MAPGPS TEC measurements with
those output by the University of Texas Applied Re-
search Laboratory’s (UTARL) code for a day when this
type of phenomenon was observed (G. Bust, private
communication). The data compared were from the
AUCK site, day 324, year 2003. They observed the same
phenomenon. They did note that the satellite data in
question was associated with a lower SNR. It is assumed
that this type of outlier is due to some issue in the
firmware of the receiver. This possibility was suggested
by R. Snow (private communication).

To identify this type of outlier, MAPGPS uses an
algorithm to look at the TEC distribution of each
receiver for each instance in time. If a single mea-
surement of the TEC is 40 TECU above or below all
of the others for that instance in time, a flag is set.
Then, if in any given hour, over 10% of the data falls
into this category, the criterion is considered met, and

Fig. 3 Illustration of polar data where zero TEC method is used
for determining the receiver bias
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the TEC data from the entire pass of the anomalous
satellite are removed.

One of the issues with this process is that a reasonable
receiver bias needs to have been applied to the data in
order to reliably detect the outliers. In MAPGPS, once
the outliers have been detected and removed from the
data, all receiver biases are recalculated for the group in
which the outliers have been removed.

Comparison of JPL and MAPGPS receiver biases

To evaluate the JPL and MAPGPS processes, JPL (A.
Komjathy, private communication) provided us with
150 receiver biases for 2 days. When we compared the
JPL biases to those estimated by MAPGPS, we found
that the biases that used the Zero TEC method alone
had a median absolute difference of 5.0 TECU and a
standard deviation of 6.8 TECU. The biases that used
the scallop technique alone had a median absolute dif-
ference of 5.0 TEC and a standard deviation of
5.4 TECU. Finally, the biases that were determined
using the least squares technique had a median standard
difference of 2.7 TECU and a standard deviation of
2.5 TECU.

The least squares technique is used to estimate the
receiver biases in regions where a large number of
receivers are closely spaced. It is not surprising therefore
that the differences between the MAPGPS and JPL
techniques are smallest in regions, such as the conti-
nental US or Europe, where this condition is met. The
differences between the MAPGPS and JPL techniques
are largest in regions where the GPS receivers are rela-
tively isolated, such as South America, Africa, Antarc-
tica, and the Arctic.

To summarize this comparison, since the standard
deviation of the distribution of receiver biases is
52 TECU, the two processes, JPL and MAPGPS, dis-
agree only to the 10% level. The JPL receiver biases are

more consistent than the MAPGPS receiver biases day-
to-day. However, our noise figure of merit is increased if
we replace our receiver biases with those of JPL.

A possible test, suggested by R.B. Langley (private
communication) would be to determine coordinates of
well-positioned receivers using TEC values calculated
with both the MAPGPS and JPL receiver biases. The
estimated coordinates could be compared to the pub-
lished coordinates. The TEC values obtained using the
more correct set of biases should produce receiver
coordinates closer to the truth.

Temperature dependence in receiver biases

A potential systematic error source arises from the
omission in either algorithm of the possibility of tem-
perature changes over the course of the measurement.
Parts of the GPS system that could be temperature
dependent include the pre-amplifier, located within the
GPS antenna, and the cables used to connect the an-
tenna to the receiver. This section of the paper addresses
this issue.

Figure 5 shows an example of an observed diurnal
difference between TEC measurements collected from
three closely spaced receivers (MHR0, WES2, WFRD).
These measurements were collected during an experi-
ment conducted as part of the 1995 Westford Water
Vapor Experiment (Coster et al. 1996; Niell et al. 2001).
All of these measurements were made with A.O.A.
Turbo Rogue GPS receivers equipped with Dorne-
Margolin choke-ring antennas. The receivers were lo-
cated within 1 km of each other on the MIT Haystack
Observatory site near Westford, MA. The MHRO an-
tenna was located on a pole on the roof of the Millstone
Radar building, the WES2 antenna was (and is) located
on a 10 m tower behind the Westford Antenna, and the

Fig. 4 Illustration of bad data for a single satellite

Fig. 5 Zenith TEC estimates measured by three closely spaced GPS
receiver (WFRD, MHR0, and WES2). The time axis starts on 19
August 1995 (day 231) and ends on 28 August 1995 (day 240)
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WFRD antenna was located on a ground mount cov-
ered by a plexiglass dome in the field next to the West-
ford antenna.

Figure 5 shows the estimated zenith TEC from GPS
receivers at the MHRO (blue), WES2 (magenta), and
WFRD (red) sites. This estimate is formed by averag-
ing the line of sight TEC observations converted to
zenith from all satellites in view. A single receiver bias
for each day was estimated for each receiver. On all
days of the experiment, the WFRD receiver measured
approximately 3 TECU more than the WES2 and
MHR0 receivers during the daytime starting around
14:00–15:00 UT. The minimum difference in the TEC
between these sites was measured at 3:00–4:00 UT.
Although the site locations were close, the field of view
was not the same at the different sites, and this can
possibly account for some of the observed difference in
the diurnal measurement of TEC. A more likely
explanation of the different TEC measurements is that
the receiver bias of at least one of the receivers changed
as a function of local temperature. During this exper-
iment, the cables used to connect the receivers to the
antennas at WES2 and WFRD were not the recom-
mended low-loss cables and, in particular, the cable to
the WFRD antenna lay on the ground and partially
traversed a road. The plexiglass dome covering the
WFRD antenna also ensured that this antenna endured
a substantial increase in its temperature over that of
the WES2 and MHR0 antennas during the day. This
observation, in our opinion, demonstrates a potentially
significant source of systematic error in GPS TEC
analysis which should be further investigated by the
larger GPS community.

Final TEC product from MAPGPS

The final TEC product from MAPGPS is output in a
user-specified grid of degrees and time. The standard
MAPGPS grid size is 1� by 1� by 5 min. For each bin in
the grid, MAPGPS selects the median of all measure-
ments within it to be the estimated value for that bin.
Separately, for each receiver, files are produced that
contain both the zenith TEC values and their associated
pierce point locations, the value of the mapping function
used, and the line of sight TEC values and their azimuth
and elevation angles. This data is provided for every
processed observation in the original RINEX file, al-
though these files are not normally archived. One last
point of note is that many of the sites now report data at
the 1 Hz rate. Processing this amount of data requires a
considerable amount of computation time and archival
space. Because of this, MAPGPS offers the option of
decimating the original data in time. Typically, MAP-
GPS decimates the original data stream to a final
0.05 Hz rate.

Madrigal

Madrigal is an open source, Web-based, distributed
database system which provides the means for organiz-
ing, distributing, and searching a variety of scientific
data products from a wide range of instrumentation.
Originally, Madrigal stood for Millstone Analysis and
Data Reduction Interactive Graphical Analysis Lan-
guage. However, Madrigal is now officially just the name
of an open source database project.

The Madrigal database has been developed at MIT
Haystack Observatory primarily for the purpose of
managing incoherent scatter radar data and has evolved
to include a wide range of data, model, and derived
products. Incorporating other types of data into Mad-
rigal is relatively easy and usually involves modification
of the data generating software to use compatible output
formats and Web-based hyperlinks. Madrigal supports
sophisticated searching and enables the real-time deliv-
ery of data in a variety of standardized formats includ-
ing that used by the National Center for Atmospheric
Research (NCAR) Coupling, Energetics, and Dynamics
of Atmospheric Regions (CEDAR) data system, (Sica
et al. 1988). Development of Madrigal is ongoing and
planned upgrades include improved online visualization
capabilities as well as improvements in the Web-based
interfaces.

In June 2005, GPS TEC data was incorporated into
Madrigal, and can be accessed through the Web site
http://www.haystack.mit.edu/madrigal. A simple Mad-
rigal data access function has recently been added, and
the worldwide GPS data is available as one of the many
supported instruments. Approximately 250 days have
been processed at this time. The data is provided as
estimates of TEC in 1� by 1� bins every 5 min distributed
over locations where GPS data is available. TEC maps
representing an integration of TEC data every 20 min
throughout the day are provided. An example is shown
in Fig. 6.

The Madrigal database has been an invaluable tool
for many long-term scientific studies using incoherent
scatter data (Lei et al. 2004, 2005; Zhang et al. 2004,
2005). We anticipate that the availability of global TEC
data through Madrigal will prove an equally significant
resource for future scientific studies.

Summary

The automated processing of GPS data from the glo-
bal network of receivers requires attention to a mul-
titude of details and intensive processing. In this paper,
we have outlined the procedures that are used by
MAPGPS to process this data. We have also described
where and how to access the 1� by 1� TEC data
produced by MAPGPS. At MIT Haystack, MAPGPS
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continues to evolve as we refine and improve our
algorithms and our data delivery.

The advantage to our process is that it is strictly data-
driven, with no underlying models that smooth out real
gradients in the TEC. The disadvantage is that by using
all available GPS data one introduces some uncertainty
to the estimate of TEC. At this time, we do not provide
estimates of the uncertainty in either our receiver bias
estimation or our TEC estimation.

Our future plans for MAPGPS include incorporating
the uncertainty information into our estimation proce-
dure and examining mapping function issues in greater
detail. We also plan to test the idea of solving for the
receiver biases as a function of time of day to account

for temperature dependencies. In the near term, we
intend to incorporate historical TEC data into the
Madrigal database for general use by the atmospheric
science community. A large amount of science has al-
ready been accomplished using the small amount of
existing TEC data (Foster et al. 2002, 2004, 2005a, b;
Nicolls et al. 2004; Coster et al. 2006). We expect even
more discoveries to be made using this new, complete
database of TEC data.
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Fig. 6 Example of TEC map
available on Madrigal. The map
represents an integration of all
of the TEC data available in the
interval from 21:00:00 to
21:20:00 UT
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