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PREFACE

This report summarizes the work completed during the first year of a project focused on
studies of the effects of the earth’s ionosphere on transionospheric radiowave propagation.

We thank Dr. Warren Brown, Sandia National Laboratory, for his discussions pertaining to
the behavior of the phase-scintillation PDS at large scales.
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1. Introduction

The overall objective of the various tasks that make up this project is to improve our
understanding of ionospheric effects on transionospheric radiowave propagation. The phe-
nomena to be studied cover the full range of scale sizes from tens of meters (scintillation
effects) to thousands of kilometers (large-scale TEC effects). The twelve tasks outlined in
the proposal for this work [Fremouw et al., 1994] can be grouped into the following six
study areas (The tasks in the proposal corresponding to these study areas are indicated in

parentheses.):

1. Investigate the logarithmic slope of the phase-scintillation power-density spectrum
(PDS) at large scales in the equatorial region. Develop a model for a two-regime
power-law PDS based on the results of the investigation and implement it in WB-

MOD. (Tasks 1 and 2)

2. Investigate the magnitude and behavior of small-scale phase gradients using the equa-
torial scintillation data sets built in the first study. Develop algorithms for including
the effects of small-scale phase gradients on transionospheric propagation based on the
results of the investigation and implement them in the WBMOD ionospheric scintilla-

tion model. (Tasks 3 and 4)

3. Develop models consistent with the current propagation algorithm in WBMOD for in-
dividual intermediate-scale ionospheric features associated with enhanced scintillation
(equatorial depletion plumes, polar patches, auroral boundary blobs). Implement these
in WBMOD. (Tasks 5 and 6)

4. Develop techniques for producing short-term forecasts of scintillation effects over large
spatial areas, implementing and demonstrating these techniques in computer programs.

(Task 7)

5. Deploy, operate, and maintain satellite receiver instrumentation on a long-term basis at
local and remote sites to collect databases of ionospheric Total Electron Content (TEC)
and scintillation observations. Use these data to (a) analyze performance of ionospheric
monitors, (b) validate models of ionospheric behavior, and (c) develop/formulate algo-
rithms to improve the performance of both ionospheric monitors and models. (Tasks

8 and 9)

6. Deploy, operate, and maintain satellite receiver instrumentation on a short-term basis
at local and remote sites where unique opportunities exist for enhancement of test
data sets, particularly where other instruments have been deployed to collect other
ionospheric measurements. Collect these data, and ancillary data from other instru-
mentation, into documentated data sets that can be used as outlined in the previous
study description. (Tasks 8, 9, and 12)




[Note: Task 11 is not explicitly included in the above listing as it includes support to all of
the various tasks described in the proposal.]

During the first year of this project, we have completed Task 1 and begun work on Tasks
8 and 9. This report documents the results of our efforts.

2. Tonospheric Total Electron Content Studies

Investigations of ionospheric Total Electron Content (TEC) are being performed based
on current data acquired from the Air Force Ionospheric Measuring System (IMS) stations
being deployed globally, as well as other measurement systems deployed on a temporary or
permanent basis. Previously acquired data also are being processed and analyzed to inves-
tigate ionospheric conditions at alternative times and locations. The sources of ionospheric
measurement data utilized during this period of study encompass the following:

1. IMS stations deployed at Otis Air National Guard Base (ANGB), Massachusetts, and
Croughton Royal Air Base, England;

2. A portable single-frequency Global Positioning System (GPS) receiver deployed for an
ionospheric study campaign at Agua Verde, Chile, in September and October 1994;

3. Data sets previously recorded at Shemya, Alaska, during 1992 by the Real-Time TEC
Monitor developed by the University of Texas Applied Research Laboratory (ARL).

Part of this effort was conducted by RDP, Incorporated, under subcontract to Northwest
Research Associates, Inc. (NWRA). Appendix A to this report includes the full text of the
final report provided by RDP describing the results of their work. Some of this information
is repeated in the body of this report where pertinent.

2.1 General Analysis. Support for satellite and receiver bias calculations was provided
using the error-minimization search algorithm and software that were developed during the
summer of 1994 [Bishop et al., 1994]. Earlier results were re-evaluated in an attempt to
resolve discrepancies between PL Hanscom and JPL Westford data for the same dates (94-
114), but no definitive conclusions were obtained. A procedure was developed to plot derived
vertical Total Electron Content (TEC) profiles for a set of adjoining latitude bands as part
of this investigation. An example of these latitude-band plots is shown in Figure 1.

The database generation, bias calculation, and TEC plotting procedure was standardized
for general applicability to multiple receiver sites, using site-specific information in separate

files when necessary.

A refined method for bias calculations was developed, replacing the earlier minimization
search process by a system of coupled linear equations. The refined method requires only

2




<
10 1® 2¢

EG VER TE

€0 VER TEC LAY EQ VER TEC LAY €0 VER TEC LAY
10 .15 2032 M 0 s 10 15 208 4 0 s 10 s 26y, % o
e S EARRN RS

LAT
0 s 03 » 0

YT YT TTTrT YT

€0 VER TEC
(4 s

LAT

. % 2

ARL ~UT-RUSTIN

ARL-UT-ISTIN

|OAT < 94119 LT 30.4 LW -87.7 . . & [GAF < 94113 (AT 30.4 LON -87.7
AlL DATA s 3 30-31° Lat
. e r N e
3 PVANSS
e F =7
F /
C S
- A\

P VS NI G I U VU VS DS AP SN A Y

I o

- PRI ANV/A' T A\ ERVAANE At t
1I'l‘l'l"l‘l'l‘l‘l.'l‘l'l"g LA I I LR LR SN AN S ONLI IR A
[OAY = 84113 LAT 30.4 LON -37.7 [GAY ~ 94113 LAT 30.4 LON -97.7

C 35-34° Lat : ¥ 29-30° Lat ,

C e - Foox
" L \ /

L —— N v

- -~ |2 F 4

: - - - 2.,

:— \45‘\ ’ "':— - N

PV P GRUR O RO P PR PR BEPUN PO PO P Y o:l,L‘Llj_LLJ_LJ.l.l.J,n,I.r
F N IN 7 NV AN AX
o . o A

- X K s~ /SN :'

L . A0 0 0 S . L 0 W LI
[GAY = 34119 LAT 30.4 LON ~57.7 OV & 34115 LAT 30.9 LoN =577

g 33-35° Lat Y\ 2aP-21° Lat RN
- LI o " -
C - - [ 4

- - “~ler \ ,,

; N _/ E 1-: _»‘. .

- N RN S »

T I I I W T WP P T W T o:.t/.\)\.]%A_LU.NLLAI\A1/L\L1L11\\LLI.\1411~
L . L \

F =/ XNIVANA N\ 5

S N S A R S S S T S 0 S A S S A U L N AR L e
[GAY = 94113 LAT 30.4 LON -37.7 g [0AY\ 94119 AT 30.4 LON -97.7

3 \‘\ 32-33°Lat+ JE 2-29% Lot A\
- e |- /- ~
s . C 4

3 r/" . b \ "

C Vi o * ’

- -~ o o N ’

?' \’\.,_,‘_Wl "é‘ ,_\/\/.\-

SRR TS IS I R R T B I o: /Liy7\‘4y[\Lill\\;l\{[1<\LIL\1yl/xi
NN R N e L s by
ﬁv,.,.....,.1..;,.,.,,,.g A A B R Tt B A e B T B B

oa\. 94119 LAT 30.4 LON -97.7

’ 3!—32"-4"’

i '~/ \)<,/‘-.~

FOAY a 94119 AT 30.4 LON -97.7

BELow 26° Lat

J

Y]

TTTTTTY
i T

y/ .°.: \\ /
o~ / L "\ L
&\\—‘(/‘J u:— \{}\ £/
| SIS VS IS W S PR A TS SN | a :n’lxlAn\lxl3},\-‘1%‘;.11!.1/.&];\
= /X BRI VA AN/ KW E E \ AN
: ] '--

ETLTETEITI T4 b e
~1PP LOCAL TIME

o & % & d ITITETITRTETL TR
TinE

1PP LOCAL

Figure 1: Latitude-band plots of equivalent-vertical TEC data for day 119, 1994, collected
by Applied Research Laboratories, University of Texas at Austin.




one pass through the data to determine the coefficients and inhomogeneous terms of the
linear equations, and significantly reduces the time required to perform the calculation. The
refined method was applied to data from the IMS operating at Otis ANGB, to validate its

operation.

Further developments were pursued regarding the refinement of the bias calibration
method using a wider latitude range. Examination of the standard TEC slant factor, based
on the assumption of an infinitesimally thin ionosphere, in comparison to numerical models
for 2 Chapman ionospheric profile indicated an increasing error at lower elevations. Thus,
an elevation cut-off of 35°was incorporated into the bias calculation method, together with
the wider latitude band and the weighting parameters that emphasized apparent satellite

conjunctions in local time and latitude.

The bias-determination process for receiver system calibration was run for day 94-121
data, collected by Applied Research Laboratories at the University of Texas at Austin (ARL).
This was an active day (high K,) and proved difficult to calibrate. The first calibration used
the method that constrains measurements in the three-degree overhead latitude band (29°-
32°) to agree, if they are close in Ionospheric Penetration Point (IPP) local time. The second
run shifted the latitude range for agreement to the less disturbed north (32°-35°). A third
run emphasized agreement of satellite measurements at conjunctions over the full range of
observation latitudes (11°-49°). While the conjunction approach yielded better results, the
disturbed nature of the day and a variety of data anomalies prevented a successful calibration

of these data.

Day 94-119 data were obtained from ARL and calibrated using the conjunction method.
This calibration resulted in a reasonable diurnal profile for the data, but a few small data
segments did not align with the rest of the data. FEach data segment was then plotted
and examined for data quality, specifically: continuity, duration, elevation, and multipath
content. Small segments of less than one and one-half hours duration, low-elevation segments,
and high-multipath segments were removed. The absolute levels of these types of segments
are often incorrect due to the multipath component of the group delay biasing the phase-
averaging process. The calibration results of the edited data are shown in Figure 2. These
agree well with ARL’s independent calibration of the same system.

A package of software with the potential capability of allowing remote access and remote
control of a Windows-NT microcomputer was acquired and tested. The remote-access capa-
bilities were encouraging, but the remote-control capabilities were inadequate. Acquisition
and implementation of such a software package with both capabilities would allow Windows-
NT to be the standard operating system for the remote PC data-collection stations as well

as for the local data-processing systems.

The standard plotting program for displaying diurnal vertical TEC profiles was enhanced
to allow individual colors to be used for identifying the satellites observed during the day.
Because of the limited selection of available colors, compared to the larger number of satellites
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observed, a review of the observing pattern for satellites was performed to ensure that
satellites with overlapped time coverage were displayed with distinct colors. This plotting
format was used to diagnose apparent anomalies in the diurnal profiles derived from GPS

observations.

This plotting program was also adapted for use with single-frequency TEC databases
and was utilized to plot abutting segments of consecutive days of dual-frequency TEC data
for an Ashtech receiver operated at Phillips Laboratory at Hanscom (PLH) in April 1994,
where each day was associated with its own bias determination. The transitions in equivalent
vertical TEC at the day boundaries were seen to be continuous.

2.2 Ionospheric Measuring System (IMS). A number of investigations were performed
to evaluate the results from the IMS at Otis and to improve the processing of data from
that system. The general data-listing program was modified to report the satellite and
receiver biases in nanoseconds of delay, with provisions to select any of the three data record
types (raw data, 1-minute data, or 15-minute data) individually or jointly. This program
was utilized to determine the cause of anomalously high TEC values appearing in the 15-
minute reports being transmitted to the Air Weather Service, and to validate the usage of
the satellite and receiver biases in the reported slant and vertical TEC values.

As a consequence of these investigations, the satellite and receiver biases were added
as output values to the conversion program that generates the initial data files for the bias
determination process, although the complete utilization of these biases has not yet been
implemented. Some of the anomalous TEC values were attributed to significant initial dis-
crepancies in the measured differential group delay, contributing to a major phase averaging
error, which diminished with time, but other unusual TEC values were associated with spu-
rious satellite observations, which provisionally have been dubbed “ghosts”. A preliminary
characterization of these has been developed, but further investigation is required.

A set of satellite and receiver biases was defined for the Otis IMS on 13 February 1995,
using measurements performed on 23 January 1995. A plot of data employing these biases
is shown in Figure 3. These biases were derived using the bias-determination method to
calculate correction values for the initial biases established for the IMS, with the appropriate
transformation for transmitter group delay being applied to the satellite biases. The resulting
TEC values were monitored on several subsequent dates, using procedures similar to those in
processing the data for bias determinations, and the results were generally reasonable. Data
files for 3 April 1995 were retrieved from the IMS at Otis and were used to further evaluate
the performance of the earlier bias definitions for the Otis IMS and to calculate corrections
and revised bias values for installation on the Otis IMS. These data have also been reviewed
for anomalous and spurious TEC measurements, as part of the continued assessment of the

IMS performance.

UNIX scripts were developed for manual daily data-file transfers from the IMS to its
companion PC and for automated real-time transfers from the IMS to the PC. The real-
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time transfer process was tested for about three weeks at Otis ANGB, and requires some
refinement to interact reliably with the PC FTP server.

Data continue to be collected by the IMS at Otis ANGB, MA. Data files for the period
97 December 1994 to 27 June 1995 were transferred from the Otis IMS to the companion PC
for that site, and files up to 25 June 1995 have been archived to tape for transfer to PLH.

The IMS at Croughton RAF base in England has been checked since returning to func-
tional status on 2 June 1995. The companion PC for that site was not initially operational,
requiring a reconfiguration of the network software before data-transfer operations could
occur. On-line data file-storage procedures were installed on the IMS, to preserve data files
in the absence of an operational UNIX tape-archiving process.

An extensive review has been performed for the Otis IMS 15-minute data, using files
from days 93, 94, 106, and 157 of 1995 (3 April, 4 April, 16 April, and 6 June). Plots of
the TEC data were generated, showing the occurrence of extreme outliers [several hundred
TEC units (one TEC unit = 10'° electrons/m?), positive or negative]. The outliers were
essentially eliminated by excluding the first three 15-minute samples of each satellite pass,
as well as by excluding all negative TEC values.

Data collected in 1995 from days 001-004, 006, and 008-014 collected by the IMS sys-
tem at Otis ANGB were processed for comparison to concurrent radar measurements. The
quality of every pass was examined, and the data were edited to remove short segments,
low elevation segments, and outliers. Each day was calibrated using the bias algorithm em-
phasizing satellite conjunctions. Files containing date, time, azimuth, elevation, and slant
TEC were generated from the calibrated data. These files contain data from time intervals
concurrent with the radar observations, with an additional half-hour of data on each end
of the interval. The calibrated data files for days 013 and 014 have been made available
to personnel working for PL/GPIM, and the remaining data will be delivered soon. The
associated radar data files, originally obtained from MITRE, were also delivered.

The detailed data examination of the January 1995 Otis IMS data revealed the occur-
rence of a “ghost” GPS satellite immediately prior to the data record for an actual GPS
satellite (PRN-12) at about 12:00 UT on 12 January 1995. The “ghost” for PRN-12 initially
appears at high elevation, at the same location as PRN-26, after which the data sequence
makes an abrupt change to the actual location for PRN-12, near the horizon, with a con-
tinuous differential phase delay but a jump in the differential group delay. Other “ghost”
GPS satellites were observed at about this time, as indicated by reported ephemeris param-
eters. The mechanism for “ghost” occurrence remains to be determined, but the occurrence
and general nature of the “ghost” GPS satellites have been reported to the original IMS

development team at Draper Laboratories.

A spreadsheet was prepared to summarize the bias-calculation results for the January
1995 data that was processed from the Otis IMS. An overall variation of about 3 TEC units
was observed for the 12 days processed, with a standard deviation of about 0.9 TEC units.
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Investigations are in progress to determine whether this is a true instrumental variation, a
consequence of data anomalies, or a limitation of the analysis.

As a potential remedy for the overseas IMS data-report transmission difficulties, a PC
program was developed to generate Total Electron Content and Scintillation Code (TELSI)
messages from the 15-minute data files, and a supervisory script for this program was also
created, to initiate the generation of a TELSI message upon arrival of a new data file at the
PC from the network connection to the associated IMS. A dialup capability to the PC would
then allow the TELSI message to be acquired by a domestic PC and transmitted using the
domestic weather network. Sporadic difficulties with the automated data transfer from the
IMS to its companion PC, as well as the lack of a direct dialup line and local network port
for this purpose, have impeded further development of this procedure.

To facilitate the examination of data from the IMS, a program was developed to plot the
one-minute data samples for differential group delay or differential phase delay. This program
was used in an interactive mode to examine the data sets used for the radar comparison study.

To enable a more extensive review of the 15-minute IMS data reports, the data-listing
program was augmented to include the average equivalent vertical TEC, in addition to the
maximum and minimum TEC values. The ephemeris data reporting was also augmented
and incorporated as a separate option, to facilitate the examination for “ghost” satellite

occurrences.

A summary log has been developed for the IMS at Otis, primarily to monitor the duration
of operations for each of the two UNIX computer systems in the IMS. This log has been
regularly reviewed and updated, and a recent version was presented to the original IMS
development team at Draper Laboratories.

2.3 Model Comparisons for Shemya Data. The bias-determination procedure was
applied to a number of days of data from Shemya, AK, from 1992 to test the method for
ionospheric characteristics for this site and to corroborate earlier results derived by a different
technique. Some parametric revisions for the Ionospheric Penetration Point (IPP) latitude
range and observation-conjunction weighting were required to appropriately associate mea-
surements from all of the observed GPS satellites, but the method produced excellent results.

These Shemya data were collected using the TI-4100 four-channel GPS receiver deployed
as the ARL Real-Time Monitor. The data files required conversion from the four-channel
format to pass-file format for input to the bias-determination process. Once calibrated by
this process, these data were used in a comparative assessment of the measured TEC versus

TEC as predicted by the Bent model.

2.4 Single-Frequency Ionospheric Measurements. The differential carrier phase and
differential group delay data from the Otis IMS GPS measurements were used in a simulation
of single-frequency bias determination. The slant TEC from differential carrier phase, which
is only a measure of relative slant TEC, was input to the single-frequency calibration process.




The resulting diurnal profile for equivalent vertical TEC was within approximately 2.5 TEC
units of that derived from phase-averaged data, which utilizes the absolute differential group
delay as a reference. A similar experiment was performed using slant TEC from differential
group delay, which is significantly contaminated by noise and multipath, and therefore more
closely simulates the single-frequency data in this regard. These data were smoothed using a
sliding-average process to decrease noise and multipath and were then input to the calibration
process for single-frequency data, as individual satellite passes. Despite a resultant noise level
of about 6 TEC units, a rough diurnal profile is apparent, although quantitative agreement
with the dual-frequency TEC calculation is only 3-5 TEC units, with a total diurnal TEC
modulation of only about 15 TEC units.

Data collected with the Trimble Pathfinder single-channel GPS receiver were used to
study the adaptation of the bias-determination process for use with single-frequency GPS
measurements. Relative slant-path TEC can be determined according to the following equa-

tion:

p—
S

TEC(t) = 5 (R—SQ - % A Af(T)dT) :

where R is the pseudo-range, Af is the Doppler frequency, ¢ is the speed of light, f; is the
carrier frequency, and & is a conversion factor (time delay to TEC units) which is equal to

1.845 TEC units/nanosecond.

The time tag on the data as extracted from the binary records using Trimble’s utility
program for conversion to ASCII was not precise enough to produce data that could be
used for these studies. Trimble provided us with a new program to extract ASCII records
from the binary data, giving the time to three decimal places. A program to read this new
ASCII format data and extract individual satellite pass files was written, and the slant TEC
was recalculated and plotted. These results were compared to slant TEC calculated from
dual-frequency differential data, and the values for some satellite observations were found
to diverge, although others showed good agreement. Analysis of this problem is continuing,
but a jitter in the reported time tags is suspected.

Trimble data collected during September and October 1994 were examined to determine
if scintillation can be seen. These data contain multipath effects from the receiver antenna’s
environment. The template method is being used to remove the multipath content. First, a
quiet day of data is chosen to be used as the template. A processing program is applied that
reads a Trimble satellite pass file, converts the signal-to-noise ratio in antenna measurement
units (AMU) to decibels, smooths the data by taking a sliding average over a user-specifiable
number of points, and converts from decibels back to AMU, writing the data to an output
file. These data become the multipath template for that satellite. The template is applied to
another pass with apparent scintillation signatures. A second program applies the template
to a subject file by time-shifting the template to align with the time of the subject file,
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and removes the multipath, point by point, by subtracting the template from the subject
file. If the time correspondence of the two files is not exact, this program will interpolate
a template value from the existing template points that bracket the subject data point in
time. A sample of the original signal profile is displayed in the upper frame of Figure 4,
while the same data with the multipath effects removed are displayed in the lower frame of

Figure 4.

Two days of Trimble signal data recorded during the Chile campaign of September-
October 1994 (94-274, 94-276) were processed for multipath compensation, using the adjacent
days (94-273, 94-275) to generate the multipath template. Except for isolated instances of
severe multipath signal attenuation, the results were excellent.

A further analysis of the 1994 Chile data was performed in which the pseudo-range and
Doppler data were utilized to calculate relative slant TEC, over the same intervals as the
signal amplitude data which was corrected for multipath. Although the long-term variation of
the slant TEC values being calculated is believed to contain significant errors, the short-term
variation is regarded as reliable. A significant temporal correlation was observed between
the occurrence of scintillation in the signal amplitude data and TEC depletions along the
same line-of-sight.

3. Analysis of Equatorial Scintillation Data

The objective of study area #1 is to determine whether the slope of the PDS [on a
log(PSD) vs. log(f) plot] is steeper at scale-sizes on the order of a few tens of kilometers
than over the scale-size range covered in the original analysis of Wideband data collected at
Ancon and Kwajalein. The original analysis fit the spectra over the frequency range of 0.5
to 10.0 Hz and found that the slope of the PDS in this range is roughly 2.5. The impetus for
the present work was a set of spectra collected in the equatorial region that showed slopes
on the order of 3.5 to 4.0 over a range of scales corresponding to spectral frequencies below
the frequency range covered in the Wideband analysis [W. Brown, private communication].
The goal of this effort is to reconcile these observations, if possible.

There are several possible sources/explanations for this disagreement:

1. The phase-scintillation PDS may steepen at frequencies below the range covered by
the Wideband analysis. Evidence of this has been found in previous studies aimed at
reconciling results from the HiLat satellite with those from Wideband. (See Section

3.1 in Fremouw et al., [1989].)

2. Problems in the processing employed in the original Wideband analysis (spectral leak-
age) led to underestimation of the spectral slope during periods of intense scintillation
[ibid]. All of the steep-slope examples were taken during times of severe scintillation,
situations in which the Wideband processing would have produced slopes that were

too shallow.
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3. The in-situ spectrum of the plasma-density irregularities that are the cause of scintilla-
tion may be anisotropic in much the same way in which the shapes of the irregularities
are. All of the Wideband data were collected in passes that scanned north-south (night)
or south-north (day), approximately along the geomagnetic meridian. The data from
which the steep slopes were derived were taken from a system with a velocity vector at
an appreciable angle to the local geomagnetic meridian. Given the fact that the large
depletion-plume structures that cause the severe post-sunset scintillation are aligned
with the geomagnetic field direction, it would not be surprising that the spectrum,
particularly at the large-scale end, was anisotropic.

4 The Wideband satellite was sun-synchronous, with the night passes at Ancon and
Kwajalein occurring four to five hours after local sunset. In our recent upgrade to
WBMOD [Secan et al., 1993], we found that the equatorial scintillation has a sharp
onset shortly after local sunset, reaches its peak levels within an hour or so, and is
in decay by four to five hours after sunset. It is certain that the spectrum evolves
with time, and may look quite different in its decay phase (when it was sampled with
Wideband) than in its growth and peak phases. It appears that at least a few of
the steep-slope examples were from times just after local sunset [W. Brown, private
communication].

It was our intent to address as many of these issues as possible given the constraint that no
further data may be collected.

The plan of attack was to reprocess a selected sub-set of the Wideband data collected at
Ancon and Kwajalein and all of the data collected from HiLat and Polar BEAR during the
1986 and 1988 DNA-sponsored PEAK campaigns at Kwajalein. The data were all processed
using a common set of procedures distilled from the original processing procedures used for
these data. The raw Wideband data (including all 12 channels of beacon data) were provided
by Mission Research Corporation (Dr. Dennis Knepp) and constitute a set of 49 passes (21
from Ancon, 28 from Kwajalein). The raw HiLat and Polar BEAR data from the two PEAK
campaigns were taken from the NWRA archives, and constitute a set of 40 HiLat passes (13
from PEAK 86; 27 from PEAK 88) and 28 Polar BEAR passes (all from PEAK 88). A full
listing of the passes used in this analysis is given in Appendix B.

All of the raw pass files from all three satellites (Wideband, HiLat, and Polar BEAR)
and the software required to retrieve, reformat, and process the data have been written to a
long-term archive on optical read/write disks. In addition, the data and software have been
archived on Exabyte 8mm disks in Unix tar format.

3.1 Data Processing. The initial processing was designed to put the data into common file
structures and to generate a first look at spectral behavior at the low-frequency end of the
phase spectrum. Software was developed to (1) read the various raw data files (Wideband
and HiLat/Polar BEAR), (2) separate out the intensity and phase data for a single channel
and resample the data to a common data rate of 125 Hz (Wideband from 500 Hz and
HiLat/Polar BEAR from 250 Hz), (3) detrend the VHF phase data by subtracting a trend
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Figure 5: Scatter plot of the slope of the low-frequency PDS fit (p) as a function of the log of
the intercept of the fit (T). The linear fit results relating p to log T' were obtained by fitting

over the range —2.0 < log T' < 2.0.

derived from the output of a low-pass Butterworth filter with a low-frequency cutoft at 60s
(Wideband processing used a 10s cutoff; HiLat/Polar BEAR processing used a detrending
procedure equivalent to a 15-20s cutoff), (4) generate spectra from the detrended phase (60
second samples taken every 30 seconds) using a 30% cosine-taper window, and (5) calculate
slopes and intercepts for two frequency ranges (lower: 0.03 to 3.0 Hz; upper: 3.0 to 16.0+
Hz). The high-frequency cutoff of the upper section was determined using an algorithm for
finding the noise floor of a power-law spectrum used in the HiLat/Polar BEAR processing.

The scatter plot in Figure 5 is representative of the results of this initial processing.
This shows the variation of the slope, p, as a function of log(T') from the low-frequency fits
for the entire data set (354 data points). Also shown is the average slope for the entire set
(2.26) and the equation for a linear least-squares fit to the set. This shows no evidence of
a steeper slope at larger scale sizes (lower spectral frequencies). In fact, the average slope

14




is significanlty shallower than the value currently used in WBMOD (2.5). This led us to a
complete re-evaluation of the methods we were using to process the data to ensure that we
were not masking the effect we were looking for by the way in which the data were being

processed.

After extensive experimentation, we settled on the following changes to our processing
scheme:

1. Open up the detrender from 60 s to 192 s. This was accomplished by removing a linear
trend from each sample of undetrended data, constructed by fitting a straight line to
the first and last points in the sample (end matching), and then removing the mean of
this “detrended” sample from all points in the sample (mean removal).

2. Generate spectra from 192-s samples.

3. Generate linear fits to the spectra (in log PDS and log frequency) over two frequency
ranges: 0.01 to 0.1 Hz and from 0.1 to 1.0 Hz. The resulting slope and intercept
parameters are denoted 7; and p; for the first (low frequency) range and T} and px for
the second (high frequency) range. Note that we have defined the intercept parameters
as the power spectral density (PSD) values at frequencies in the center of the (log) range
of the fits. Thus, T} is the PSD at log f = —1.5 as derived from the fit to the low-
frequency section, and T}, is the PSD at log f = —0.5 from the fit to the high-frequency
section.

We also determined that we needed to move from VHF to L band, which limited us to the
Wideband passes as both HiLat and Polar BEAR used L band for the phase reference so
that only intensity data are available at L band from these data sets. Before presenting the
new results, we will discuss the basis for the changes made in the processing procedures.

The move from VHF to L band was initially to move closer to the frequencies at which
the Brown data were taken. As we will show later, this move also removed propagation
effects from the phase spectra (diffraction and strong scatter). We will present results from
both VHF and L band, but the analysis will focus on the L band results. This also limited
us to the Wideband data (roughly half of the data available), but this did not prove to be a
problem in terms of the goal of this task.

The use of a longer data sample and a longer period on the detrender is somewhat self-
explanatory. Qur goal in this analysis is to look at the largest scale sizes that we can without
seriously compromising our assumptions of stationarity in each data sample. The selection of
a 192-s sample size was a trade-off between a desire to open the detrender as wide as possible
and the requirement for nominal stationarity within each sample. This also permitted us to
have between four and seven spectra from each pass (overlapping 192-s samples).

We were concerned about the impact of various steps in the data processing on the slopes
of the spectra, particularly to the low-frequency regime. The processing steps invariably
involve a trade-off between altering the data as little as possible (to avoid the introduction
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Table 1: Results of the processing analysis. The values listed for T and p are the average
over the set + one standard deviation. The entries in the “Detrend” column denote the
Jow-pass filter detrend (LP) or the end-match/mean-removal detrend (EMMR).

Low-frequency Regime

Case Detrend Window T P
1 LP YES 6.92 £ 8.0 3.56 £ 0.90
2 EMMR YES 9.78 £ 6.7 4.18 £ 0.98
3 EMMR NO 9.91 £ 6.6 3.99 +0.74

High-frequency Regime

Case Detrend Window T; Dk,
1 LP YES -20.95 £ 9.8 2.91 £ 0.65
2 EMMR YES -20.94 + 9.8 2.91 + 0.65
3 EMMR NO -20.25 + 9.0 2.95 £ 0.62

of artifacts) and the need to isolate the signal of interest as cleanly as possible. In order to
assess the impact of various processing alternatives, we looked in detail at two of the steps
used in the processing: (1) the removal of the phase trend (using a low-pass filter detrender
or using an end-matched linear trend), and (2) windowing the data prior to generating the

spectra (yes or 1no).

All of the Wideband L band data were processed using three combinations of these two
steps: low-pass filter (LP) and window (denoted Case 1), end-match /mean removal (EMMR)
and window (Case 2), and EMMR and no window (Case 3). The resulting values for the
slopes and strengths are shown in Table 1. The results in the high-frequency regime are
nearly identical among the three methods. Unfortunately, although not surprisingly, the
largest differences between the various combinations are in the slopes in the low-frequency
regime, the parameter in which we are most interested. Figures 6 and 7 show these results
in a bit more detail. These compare the results obtained for each of the four parameters

between Case 1 and Case 2 (Figure 6), and Case 2 and Case 3 (Figure 7).

One of our concerns with using the LP (low-pass filter) detrender is its effects on the
lowest few spectral bins in the PDS. If the sample size used in creating the PDS is comparable
to the cutoff used in the low-pass filter, the lowest-frequency bins in the PDS may be too
low. We have seen this effect in several previous analyses of Wideband and HiLat data, and

it is apparent again in the lower values for p; for Case 1.

A second concern is in possible effects, again on p;, of the windowing procedure. The
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windowing process involves multiplying the data sample to be passed to an FFT by some
function that forces the data sample (and, depending on the window function, its first few
derivatives) to zero at the ends of the sample. This is done to avoid spectral leakage, a
problem identified in the original Wideband processing [Fremouw et al., 1989]. In doing
this, however, there is the possibility of introducing spurious power at the largest scales in
the spectrum (ie., across the size of the window). ‘

The comparison between Case 2 and Case 3 in Figure 7 (windowed versus non-windowed)
shows the two to be very similar, with the exception of (1) a tendency for the p; values from
the windowed analysis (along the y axis) to be higher than those from the non-windowed
analysis (along the z axis) for the steepest observed slopes (pr > 5.0), and (2) a tendency
for the windowed T} values to be lower than the non-windowed 7T}, values. A more detailed
analysis showed that nearly all of the spectra that showed steeper slopes also showed lower

values of Tj.

In looking at individual spectra, this effect is seen almost exclusively in spectra from
samples in which there is very little scintillation. There is a very steep slope in the low-
frequency section of the spectrum, with the high-frequency section at, or very near to,
the noise floor. In comparing spectra from the windowed and non-windowed processing, it
became apparent that the difference in slopes was due to spectral leakage from the very
largest (almost DC) scales, which is most severe in the non-windowed spectrum. In the
extreme case (no scintillation), the resulting spectrum is strongly dependent on the spectrum
of the window, and any analysis of the spectral slopes will be contaminated by the shape of
the spectrum of the window used.

Our final decision was to use the end-matched, mean-removal detrending method and to
window the data. In order to remove contamination from the window as described in the
previous paragraph, we excluded all results for cases where Ty, was below -33dB (set based on
inspection of Figure 7). With these spectra removed, the average values for the parameters
given in Table 1 are T; = 11.0£5.7, p = 4.00£0.79, Ty, = —18.6+ 7.1, and pp = 2.94£0.65.

The results presented in the remainder of this report are based on this processing procedure.

Our selection of the frequency ranges over which to calculate the spectral fits was deter-
mined in an iterative process. It was initially based on visual inspection of L-band full-pass
spectra generated for all of the Wideband passes available. Figure 8 shows an example of
a full-pass PDS, in this case for a fairly disturbed pass (KW-18112 on 30 June 1979). The
phase data were detrended using the Butterworth filter with a 180-s detrend period [the
effect of the detrender can be seen clearly in the steep roll-off in the low-frequency end of the
PDS plot (at log f < —2.0)]. We noticed that there appeared to be a noticeable “break” in
many of the full-pass spectra near 0.1 Hz. Thus, we set the fit range to separate the two fits
at this frequency. Figure 9 shows the PDS plot with the two fits plotted over the full-pass
spectrum from Figure 8 and the results of the fits (T" and p from both fits) listed on the plot.
We then moved on to look at other aspects of the processing using 0.1 Hz as the separation
frequency for the two fits.
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Figure 8: Detrended phase (upper plot) and phase spectrum (lower plot) for Wideband pass
KW-18112. The numbers below the PDS plot are scale sizes corresponding to the frequencies
on the z axis directly above them, calculated from the pass-averaged effective scan velocity
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Figure 9: PDS plot from Figure 8 showing the results of the two PDS fits.

When we settled on other aspects of the processing, we returned to the issue of the fit
ranges. Although developing an algorithm to find breaks in the spectra was beyond the scope
of this effort, we did develop a simple algorithm based on the technique used in the original
HiLat and Polar BEAR processing for locating the noise floor in spectra. The algorithm 1s
fairly straightforward:

1. Resample the PDS at 50 points equally spaced in log /.

2. Step through the PDS frequency range, generating a linear least-squares fit from equal-
length (in log f) subsets of the resampled PDS. In other words, if the number of log f
bins used in the subsets is N, the first fit is generated using the PSD values from bins
1 through N, the second fit from bins 2 through N + 1, and the i-th fit from bins 2
through 1 + N — 1.

3. Track the slopes of the subsample fits (denoted p;). If the magnitude of the slope
begins to decreasc (p is less negative), flag the frequency of the last PDS bin used
in the subset that produced the most recent fit as the break frequency. Using the
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notation from the previous paragraph, if p; > pi—1, then the break frequency is set to

the frequency corresponding to bin 2 + N — 1.

4. The break frequency is converted to a break scale size using the average v.;; [calcu-
lated at the 500 km ionospheric penetration point (IPP)] over the sample size used to

generate the original spectrum.

While no attempt was made to fine-tune this algorithm, we did check for the effects of
altering the length of the PDS subsets (ie., number of bins in the resampled PDS) used, and
settled on 10 after a short study. We also did not conduct a rigorous test to ensure that this
algorithm was stable over a wide range of spectral shapes, but in the few cases examined in

detail the algorithm performed well.

Figures 10 and 11 show histograms of the break frequency and break scale, respectively,
derived from analysis of 252 L-band spectra (192-s samples, not entire passes). (The gaps
in Figure 10 are due to the discrete frequencies in the PDS’s from which the f, values were
derived.) The average value for log f, from the full set of 252 spectra was -0.96 with a
variance of 0.11, and the average for x;, was 5.5 km with variance 2.7 km.

As a result of this analysis, we decided to continue to use 0.1 Hz as the separation
frequency for the upper and lower spectral fits. The selection of 0.01 Hz as the low-frequency
end of the lower-region fit and 1.0 Hz as the high-frequency end of the upper-region fit were
based on visual inspection of a number of spectra. The criteria used were to avoid problems
with detrender (and window) effects at the low-frequency end and to avoid the noise floor

and the first Fresnel null at the high-frequency end.

The next issuc is the definitions of 7; and T}, the PSD strengths derived from the two
least-squares fits. The original Wideband-derived T' parameter was defined as the power
spectral density at 1.0 Hz, ic., the intercept from the fit to log PSD as a function of log f.
Since the Wideband processing fit the spectra over the frequency range from 0.5 to 10.0 Hz,
this placed the frequency at which 7' was defined within the fit range. In the current process-
ing, our fits are over frequency ranges of 0.01 to 0.1 Hz and 0.1 Hz to 1.0 Hz, respectively. If
we were to define T; and T}, at 1.0 Hz, which is well outside the range of the low-frequency fit
and at the high-frequency limit of the high-frequency fit, a “lever-arm” effect of extrapolating
along the slope derived from the fit to 1.0 Hz could introduce a spurious correlation between
the slope and the spectral strength. This same effect led us to redefine the height-integrated
strength parameter used in our modeling from a scale size of 2 meters to 1.0 kilometer
[Robins et al., 1986]. We have therefore chosen to define these two strength parameters at
the frequencies in the center of the log f range over which the fits are performed. Thus, 1)
is defined at log f = —1.5 and T}, is defined at log f = —0.5.

3.2 Data Analysis. The primary goal of this task was to seek evidence for steeper slopes
in the Wideband phase records than were found in the initial analyses of these data. As
can be seen in both Table 1 and Figures 6 and 7 in the previous section, we have indeed
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such evidence. The average spectral slope found in the low-frequency spectral regime
(=2.0 < logf < —1.0) is 3.99, and the average in the high-frequency spectral regime
(—1.0 < log f < 0.0) is 2.96, both significantly steeper than the value of 2.5 used in the
present. WBMOD model. When the same analysis procedures were used to reprocess the
VHF data, we obtained average slopes of 3.91 in the low-frequency regime and 2.23 in the
high- frequency regime. In this case, the average slope in the high-frequency regime is closer

to the WBMOD value.

The plots in Figure 12 summarize the results of our analysis. These plots show the
spectral slope as a function of spectral strength in the low- and high-frequency regimes for
both L band (upper plots) and VHF (lower plots). The solid lines in the plots are from a
least-squares fit of the data, with the resulting equation shown in the upper right of each plot
and the correlation coefficient in the lower left. The two plots from the low-frequency regime
show little correlation between the slope and the strength at both L band and VHF. In the
high-frequency regime, however, the L band results show only a slight correlation between
slope and strength, while the VHF results show a significant correlation between the two.

This correlation between spectral slope and strength was first noted in Livingston et al.
[1981]. based on analysis of Wideband VHI' spectra. Figure 13 shows results reported in
that paper (their Figure 11) and the VHF high-frequency regime results from the present
analysis plotted on the same axis ranges. Note that the T}, values used inthis figure differ
from those in Figure 12 in that they have been redefined from log f = -0.5tolog f =0.0,
the spectral frequency at which the Livingston et al. [1981] T values were defined. The
equation of the least-squares fit to the Livingston el al. [1981] data is p = —0.037 + 2.1,
which is nearly identical to that obtained in the present analysis (p = —0.0317" + 1.91).
Thus, the results we have obtained in the high-frequency regime of the VHF phase spectra
are in general agreement with earlier analyses of (essentially) the same data. The average
slope of 2.5 reported in Livingston ef al. [1981] was one input to the original decision to set
p = 2.5 in the equatorial region in the WBMOD model.

We believe that the shallower slopes seen in the VHF data and the apparent correlation
between p and 7' in Figure 13 are caused by diffraction effects on the high-frequency section
of the phase spectra. Since the analyses leading to the selection of a spectral slope of 2.5 used
fits to the high-frequency sections (0.5 to 10.0 Hz) of the VHE spectra, that selection was
strongly biased by the effects of diffraction (effects which the WBMOD model is not designed
to include). The dependence of p on T'is apparently a transition from spectra dominated by
weak-scattering effects (with characteristic slopes ~4.0) to spectra increasingly contaminated
by diffraction effects as conditions move into the strong-scatter regime (with characteristic
slopes ~ 2.0). Our decision to use only the L-band data in our analysis was based on our
desire to minimize these diffraction effects on our final result.

There was some concern about diffraction effects on the phase spectra during the early
analysis of the Wideband data, but studies of the p and T data generated from the standard
Wideband processing appeared to show that the effects were small [Rino et al.. 1978]. In
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preparing for the HiLat satellite launch, we found that there were shortcomings in the routine
Wideband processing that could contaminate the spectra from which p and T were derived.
Two of these, inadequate tracking of phase “ramping” (cycle slips) and not windowing the
detrended phase records prior to processing them with an FFT, resulted in spectral-leakage
problems that led to underestimates of p and over-estimates of T' [Fremouw and Secan, 1982].
It is quite possible that these processing shortcomings masked the diffraction effects we have

found here.

With regard to the objective of this task, we have confirmed that the Wideband data
support steeper slopes in the phase spectra, with an average slope ~ 4.0 at larger scales
(> 10 km) and ~ 3.0 at smaller scales (ignoring diffraction effects). This is in agreement
with the Brown data that prompted this study.

3.3 Development of Two-Regime Spectrum Model. Development was begun on a two-
regime power-law PDS model for implementation in WBMOD at some future time. Models
for the parameters required to characterize the two-regime PDS for WBMOD are to be
derived from a more detailed analysis of data from the various latitude regimes (equatorial,
mid-latitude, high-latitude) similar to that described in the previous section.

We take the 3-D spectrum of plasma density, which comprises a total variance ((AN(,)z),
to be the sum of two power-law components. The first, containing variance ((ANE)fL), 1s a
high-frequency component defined by its PSD, Ci, evaluated at a cross-field (and cross-b)
wavenumber of x; = 27/10° rad/m and by a logarithmic slope p;, + 1. The other, containing
variance ((ANP)IQ), is a low-frequency component defined analagously by a slope p; + 1 and
a strength, C), defined at a wavenumber k; = 27/10* rad/m as follows:

f

pi—2
H:O

o
~—

r
C = 87r3/2F—<—i_l<(ANe):2>

2 . +1)/2 7
B (w2 + 7))

where &, is an outer-scale wavenumber.

The temporal spectrum of phase, P(f), then becomes the sum of the following two

components:

2 2\pi/2

B(f)=ﬂ% ,and (3)
2 2\pn/2

Puf) = Ty e LI (4)

VESETE
where T}, is defined at f, = 1 Hz and where
f=V.k/2n , and
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with V. being the effective (ie., cross-field and cross-b) velocity.

Proceeding in a fashion analagous to Appendix A of Robins et al. [1986], we define T at
= 1/60 Hz = 16.67 mHz, as follows:

2/\2 (mi+2)/2
v L (pi/2) [90(9(’(1(" + i)

V=1 (5)
(2m ) (1) p <m+l> (f2 + fl )714/2

b

T, =

where all variables not defined herein carry their usual definitions. With a = 10° m and
r; = 21/10% rad/m we have r, < k1, fo < fi and, with good approximation,

(607 /7 T (p1/2)
(104) (pi+1) r ( 1)

T = (re))? ('secav;“"—”C,L . (6)

If we impose a cutoff at f. = 1/180 Hz = 5.556 mHz, we have f, < f. < fi < fi, and.
from [3] and [4].

N N IR ) ok ]
=2 [T’<.f3+f2w2*T”'<.ﬁ3+f2w2 ‘” )

oo . oo 2T Pl ZT le)h, i
agzszff’/fc Fdf 4 2T f /f [ = = = 1+ph_h1ffi_1 NES

In practice, we do not have access to the two spectral components separately. To measure
T, and T, directly from the component spectrum, we must assume that T; = Fu(/fi) and
Ty ~ Pu(fn), which requires that Pi(fi) > Pu(fi) and Py(fn) > P(fr). The practical
requirement corresponding to the conditions Fi(f;) > Pu(f1) and Pu(fn) > P(fu) is as

follows:

lo (]{;) <—;—10g (;Z) for Pl(fl) >>P],(f1) , (9)
and
fl 1 71 i |
log (fh) < —Elog <Th> for Puy(fr) > P(fn) . (10)
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Figure 14: Samples of the two-regime PDS model with f; = 0.0167 Hz, p; = 4.0, and p, = 2.5.
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Figure 15: Example of the result of fitting the two-regime PDS model (heavy solid curve)
to an observed L-band phase PDS (light solid curve).




Since we expect that p; > ps, meeting [9] ensures that [10] is met.

Three examples of two-slope spectra, with p; = 4.0 and pp, = 2.5 and with different values
of the ratio T;/T%, appear on Figure 14. The composite spectra are represented by heavy
solid curves, and their corresponding low-frequency components are indicated as dotted
lines. The dashed curve represents the high-frequency component. Note that the condition
Pu(fn) > Pi(f») is barely met for the upper curve (corresponding to T,/T; = 10°) and that
the condition P(f;) > Pu(f)) is not fully met for the middle curve (T/T, = 10°) and is
definitely violated for the lower curve (T}/T), = 10*). Thus, 1} and T}, should be measured on
component fits obtained from frequency ranges as low and as high, respectively, as possible
rather than directly from the composite spectrum. Moreover, we should employ an f; as much
below f, (1 Hz) as possible. Note that the plot also illustrates a working definition of break
frequency, f;, as the frequency at which P and P are equal, or Py(fs) = Pi(fy) = Ps(fs)/2.

We have also developed an initial algorithm for fitting this two-regime model to observed
spectra. An example of the result of such a fit is presented in Figure 15, which shows an
L-band spectrum (light solid curve) with the two-regime model fit plotted over it (heavy solid
curve). This algorithm starts with the T and p values derived from linear fits to the upper
and lower sections of the PDS, and then uses a non-linear least-squares fitting technique to
achieve the best fit of the two-regime model to the spectrum.
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Appendix A. Final Report From RDP.

This appendix contains the verbatim text of the final report received from RDP, Incor-
porated, describing the work they completed on this project under subcontract to NWRA.
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Description of the Problem

Ranging signals from satellites of the Global Positioning System (GPS) are subject to
both local and distant environmental influences, as well as transmitter and receiver effects,
which affect the utilization of this system. An algorithm has been developed for determining
combined satellite and receiver bias values using ionospheric measurement data, while also
generating an accurate representation of the ionospheric Total Electron Content(TEC) in
location and time (Bishop, et al.) !. This algorithm has been applied to TEC measure-
ments from a number of different sites, and to GLONASS observations as well as those GPS
satellites. The validity and robustness of the algorithm has been demonstrated, but there
are a few deficiencies for large-scale processing of data from many sites. Among these are
the extensive computational time required by the method for evaluating a day of data, the
numerous manual preparatory steps for processing the data, the sensitivity of the method to
occasional discontinuities in the measurements, and reliance of the algorithm on the quasi-
stationary behavior of the ionosphere. The principal efforts were to make algorithm and
processing refinements to help remedy these deficiencies.

Description of the Effort

Initial support was provided for satellite and receiver bias determinations using the algo-
rithm and software developed during the summer of 1994. Earlier results were re-evaluated
in an attempt to resolve discrepancies hetween PL Hanscom and JPL Westford data for the
same dates. but no definite conclusions were obtained.. A procedure was developed to plot
derived vertical TEC! profiles for a set of adjoining latitude bands as part of this investigation.

The database generation, bias calculation, and TEC profile plotting procedure was stan-
dardized for general applicability to multiple receiver sites, using site-specific information in
separate files when necessary. A refined method for bias calculations was developed, replac-
ing the earlier minimization search process by a system of coupled linear equations. The
refined method requires only one pass through the data to determine the coefficients and
inhomogenous terms of the linear equations, and significantly reduces the time required to
perform the calculation. The refined method was applied to the Ionospheric Monitoring
System (IMS) operating at Otis Air National Guard Base, to validate its operation.

A number of investigations were performed to evaluate the results from the IMS at Otis
and to improve the processing of data from that system. The general data listing program was
modified to report the satellite and receiver biases in nanoseconds of delay, with provisions
to select any of the three data record types (raw data, l-minute data, or 15-minute data)
individually of jointly. This program was utilized to determine the cause of anomalous high
TEC values appearing in the 15-minute reports being transmitted to Air Weather Service,
and to validate the usage of the satellite and receiver biases were added as output values
to the conversion program which generates the initial data files for the bias determination

!Bishop, G. J. and Holland, E. A.. Apparent (iood Temporal Stability of the GPD Group Correction
Term Seen in Two Large Sets of lonospheric Delay Data, American Geophysical Union, December 1993.
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process, although the complete utilization of these biases has not yet been implemented.
Some of the anomalous TE(! values were attributed to significant initial discrepancies in
the measured differential group delay, contributing to a major phase averaging error, which
diminished with time, but other unusual TEC values were associated with spurious satellite
observations, which have provisionally been dubbed “ghosts”. A preliminary characterization
of these was developed, but further investigation was required.

A set of satellite and receiver biases was defined for the Otis IMS on 13 February 1995,
using measurements performed on 23 January 1995. These biases were derived using the
bias determination method to calculate correction values for the initial biases established for
the IMS, with the appropriate transformations for transmitter group delay being applied to
the satellite biases. The resulting TEC' values were monitored on several subsequent dates,
employing procedures similar to those used in processing the data for bias determination,
and the results were generally reasonable, although some further bias adjustments were

considered.

A significant disruption to the standard Otis IMS processing and maintenance was the
termination of the tape archival process due to an error status. This also disrupted the
regular data transfer to the disk archival directory, so immediate intervention was required
to preserve the existing data, and an interim procedure was developed to re-establish the
disk archive. This procedure is still operational, but requires a manual initialization after

each restart.

Support was provided for the installation and testing of a second IMS and associated
mini-computer at Croughton, England. The bias determination procedures were augmented
by procedures for data pre-processing and ephemeris conversion, and all procedures were
installed. tested. documented. and demonstrated to convert the results obtained from the
bias determination to the appropriate quantities and format for utilization by the IMS.
Further procedures were implemented to process data from a receiver and notebook PC
system obtained from Applied Research Laboratories at the University of Texas, Austin, to
be operated concurrently with the Croughton IMS during the initial testing period. Remote
communications were established with both the IMS and the mini-computer during their
initial operation at Croughton.

The bias determination procedure was applied to a number of days of data from Shemya
for 1992, to test the method for the ionospheric characteristics for this site and to corroborate
earlier results derived by a different technique. Some parametric revisions for the Ionospheric
Penetration Point latitude range and observation conjunction weighting were required to
appropriately associate measurements from all of the observed GPS satellites, but the method
produced excellent results.

A preliminary investigation was performed to apply the bias determination method to
single-frequency GPS measurements. For this investigation, a new data pre-processor was de-
veloped to derive slant TEC' measurements from single-frequency pseudo-range and Doppler
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measurements, and the bias calculation program was revised to retain distinctions between
different pass segments of the same satellite. The processing of true single-frequency data
was unsatisfactory, apparently due to lack of accuracy in the time tags assigned to the mea-
surements samples, but a similar procedure applied to unreferenced differential phase data
produced very good results for the derived ionospheric diurnal profile.

Further analysis was performed to evaluate the errors associated with the Total Electron
Content (TEC) calculation for a single-frequency GPS receiver, and plots were generated
demonstrating the correlation of TEC errors with variations in the time tag for the data
samples. A memorandum describing the analysis and conclusions was drafted for the vendor

of the receiver.

Recent data were retrieved from the lonospheric Monitoring System (IMS) at Otis. These
data were used to evaluate the performance of the current bias definitions for the Otis IMS
and to calculate corrections and revised bias values for installation on the Otis IMS. These
data were also reviewed for anomalous and spurious TEC measurements, as part of the
continued assessment of the IMS performance.

Specifications were defined for possible improvement of the bias determination algorithm,
using parametric values which emphasize apparent lonospheric Penetration Point (IPP) con-
junctions in latitude and local time for different GPS observations, in contrast to the current
values which apply nearly uniform weighting over all IPP observations in a narrow latitude

band.
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Appendix B. Pass Tables.

The tables in this appendix summarize information for the satellite data used in the
analysis described in Section 3. The passes are ordered by satellite (HiLat, Polar BEAR, or
Wideband), location (Kwajalein or Ancon), and date. The first column shows the designator
for a pass, which includes the location (KW or AN) and the GMT date/time (DDDHH) at
the start of the pass. For each pass, these tables list the date of the pass, the start and end
times of the pass (GMT), the length of the pass (m:s), and the maximum elevation angle for

the entire pass (degrees).
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Table 2: Summary of passes included in the analysis.

Pass Start Pass Maximum
Designator Date | Time (UT) | Time (LT) Length Elevation
HiLat Passes — Kwajalein
KW-19911 860718 11:38:23 22:41:14 14:15 88.4
KW-20011 860719 11:12:19 22:33:47 14:00 56.1
KW-20110 860720 10:46:30 22:26:49 12:45 33.8
KW-20210 860721 10:20:56 22:20:22 11:15 20.8
KW-20212 860721 12:02:26 22:20:51 11:45 26.1
KW-20311 860722 11:35:11 22:10:58 13:45 42.6
KW-20411 860723 11:08:48 22:02:51 14:15 71.1
KW-20510 860724 10:43:17 21:56:32 13:30 70.9
KW-20610 860725 10:17:19 21:49:17 13:15 42.4
KW-20709 860726 09:51:19 21:41:58 11:45 25.9
KW-20711 860726 11:33:46 21:44:19 5:45 20.9
KW-20811 860727 11:10:14 21:41:50 8:30 33.8
KW-20910 860728 10:39:35 21:25:17 12:45 56.2
KW 21612 | 880803 12:58:41 00:23:35 8:00 59.5
KW-21712 880804 12:32:03 00:15:09 4:30 34.8
KW-21913 880806 13:21:24 00:01:23 8:00 40.3
KW-22012 880807 13:01:21 00:07:34 1:15 9.9
KW-22112 880808 12:29:54 23:48:29 7:00 70.7
KW-22212 880809 12:03:10 23:40:02 6:00 42.2
KW-22412 880811 12:52:39 23:26:38 6:30 31.9
KW-22512 880812 12:25:57 23:18:17 5:45 54.7
KW-22611 880813 11:59:09 23:09:42 6:30 87.9
KW-22711 880814 11:34:23 23:05:17 5:45 42.1
KW-22811 880815 11:07:40 22:56:53 5:45 29.0
KW-22912 880816 12:21:53 22:47:51 2:00 26.5
KW-23011 880817 11:55:07 22:39:20 6:45 44.1
KW-23111 880818 11:30:24 22:35:04 5:45 53.1
KW-23211 880819 11:03:37 22:26:31 6:30 56.5
KW-23309 880820 09:48:58 19:58:20 4:45 19.5
KW-23310 880820 10:37:50 22:20:03 5:30 32.1
KW-23410 880821 10:10:09 22:09:39 6:00 22.4
KW-23411 880821 11:51:05 22:09:02 7:00 21.4
KW-23511 880822 11:26:20 22:04:41 6:00 32.4
KW-23610 880823 10:59:53 21:56:51 5:45 51.3
KW-23710 880824 10:32:52 21:47:50 6:30 75.6
KW-23810 880825 10:06:09 21:39:26 7:00 46.0
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Table 2: Summary of passes included in the analysis (cont).

Pass Start Pass Maximum
Designator Date | Time (UT) | Time (LT) Length Elevation
KW-23909 880826 09:41:29 21:35:17 4:30 23.2
KW-24010 880827 10:55:37 21:26:05 6:15 28.0
KW-24110 880828 10:29:19 21:18:34 6:15 45.7
KW-24210 880829 10:02:05 21:09:07 7:15 83.9

Polar BEAR Passes — Kwajalein
KW-21410 880801 10:54:19 21:16:57 7:15 27.5
KW-21610 880803 10:06:21 21:08:28 12:15 68.1
KW-21710 880804 10:37:10 21:04:23 9:00 29.8
KW-21809 880805 09:20:23 21:00:15 12:45 49.8
KW-21909 880806 09:51:29 20:56:13 11:30 73.7
KW-22010 880807 10:22:02 20:52:05 9:30 32.2
KW-22109 880808 09:04:53 20:47:54 11:30 46.0
KW-22209 880809 09:35:29 20:43:48 11:30 79.4
KW-22310 880810 10:07:17 20:39:50 6:15 34.9
KW-22408 880811 08:49:19 20:35:32 12:15 42.6
KW-22509 880812 09:18:38 20:31:14 10:00 85.3
KW-22609 880813 09:49:37 20:27:11 11:00 37.8
KW-22708 880814 08:34:32 20:23:17 11:30 39.5
KW-22809 880815 09:02:49 20:18:50 12:15 88.7
KW-22909 880816 09:34:37 20:14:54 9:15 40.9
KW-23008 880817 08:20:44 20:11:08 9:30 36.6
KW-23108 880818 08:47:29 20:06:31 11:00 82.7
KW-23308 880820 08:03:25 19:58:34 11:00 34.0
KW-23408 880821 08:31:39 19:54:07 13:00 77.0
KW-23708 880824 08:16:01 19:41:45 9:00 71.4
KW-23719 880824 19:46:31 07:40:44 10:15 34.3
KW-23721 880824 21:31:37 07:40:27 7:45 19.5
KW-23820 880825 20:16:12 07:36:30 10:45 77.5
KW-23920 880826 20:46:04 07:32:17 10:15 47.7
KW-24019 880827 19:31:02 07:28:23 9:00 31.7
KW-24021 880827 21:15:55 07:28:04 8:30 21.1
KW-24120 880828 20:00:45 07:24:09 10:30 71.8
KW-24220 880829 20:30:32 07:19:56 10:15 51.5
Wideband Passes — Kwajalein
KW-18912 770708 12:54:12 23:46:37 10:45 41.2
KW-20912 770728 12:14:05 23:42:48 9:30 80.5
KW-21212 770731 12:27:49 23:46:24 12:15 74.7




Table 2: Summary of passes included in the analysis (cont).

Pass Start Pass Maximum
Designator Date | Time (UT) | Time (LT) Length Elevation
KW-21613 770804 13:23:50 23:45:23 8:15 22.0
KW-22400 770812 00:20:20 11:32:57 12:00 67.0
KW-22404 770812 11:42:04 23:50:09 11:00 35.5
KW-22610 770814 11:19:19 23:37:35 8:45 23.2
KW-22613 770814 13:02:29 23:47:05 10:30 35.2
KW-22812 770816 12:36:59 23:47:01 11:45 61.6
KW-22911 770817 11:33:20 23:40:12 10:15 32.3
KW-22913 770817 13:17:40 23:47.00 9:15 25.5
KW-23211 770820 11:47:30 23:42:37 11:15 45.0
KW-23412 770822 11:23:30 23:38:34 9:30 25.8
KW-23512 770823 12:02:00 23:44:08 11:45 62.8
KW-23713 770825 13:22:30 23:47:06 8:45 23.3
KW-23812 770826 12:16:30 23:45:58 12:15 85.8
KW-24112 770829 12:31:30 23:46:28 11:45 70.4
KW-25011 770907 11:32:07 23:39:48 10:45 32.0
KW-16212 790611 12:37:40 23:56:14 11:45 75.0
KW-17012 790619 12:39:50 23:56:40 11:45 71.6
KW-17312 790622 12:53:49 23:57:20 - 10:15 52.4
KW-17812 790627 12:42:10 23:56:35 11:45 68.4
KW-18112 790630 12:56:10 23:56:59 11:15 50.0
KW-18312 790702 12:30:30 23:55:51 11:45 87.5
KW-18413 790703 13:10:20 23:56:57 10:45 36.5
KW-20212 790721 12:48:40 23:57:07 11:45 59.8
KW-21111 790730 11:46:30 23:51:03 10:45 34.8
KW-21113 790730 13:31:10 23:57:24 9:00 23.9

Wideband Passes — Ancon
AN-04004 770209 04:41:29 23:28:46 12:45 55.0
AN-04204 770211 04:16:29 23:27:41 13:15 86.5
AN-04903 770218 03:42:09 23:24:50 12:00 39.8
AN-06304 770304 04:15:49 23:28:09 13:15 84.5
AN-07404 770315 04:35:59 23:28:05 10:45 63.9
AN-07503 770316 03:32:29 23:23:18 10:15 30.6
AN-07604 770317 04:10:59 23:27:27 12:00 75.0
AN-07803 770319 03:46:39 23:25:13 11:15 42.7
AN-07904 770320 04:25:49 23:27:58 12:00 80.1
AN-08003 770321 03:22:49 23:21:53 9:15 24.5
AN-08005 770321 05:06:09 23:28:00 10:30 32.5
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Table 2: Summary of passes included in the analysis (cont).

Pass Start Pass Maximum
Designator Date | Time (UT) | Time (LT) Length Elevation
AN-08104 770322 04:01:09 23:25:40 11:45 60.4
AN-08204 770323 04:40:39 23:28:36 11:45 58.4
AN-08305 770324 05:21:39 23:28:10 9:15 24.0
AN-08504 770326 04:55:49 23:28:23 11:15 41.2
AN-08803 770329 03:27:19 23:21:36 9:45 27.7
AN-08805 770329 05:10:59 23:28:35 10:15 29.9
AN-08904 770330 04:05:40 23:26:18 12:15 66.9
AN-09603 770406 03:31:40 23:21:33 10:30 31.4
AN-10304 770413 04:39:50 23:29:24 12:15 60.4
AN-10403 770414 03:36:10 23:22:10 11:00 34.8
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