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RADAR INVESTIGATIONS OF BREAKING WATER WAVES 
AT LOW GRAZING ANGLES WITH SIMULTANEOUS HIGH­
SPEED OPTICAL IMAGERY 

M.A. Sletten, Code 7255, Naval Research Laboratory, Washington 
DC 20375 
J.H. Duncan, University of Maryland, College Park MD 
J.C. West, Oklahoma State University, Stillwater OK 

Radar scattering experiments were recently carried out at the wavetank 
facility at the University of Maryland-College Park. Spilling and plunging 
breakers with a water wavelength of approximately 80 cm were generated by 
means of a chirped wave packet, and were then imaged with a high-speed 
camera in conjunction with a laser sheet. Simultaneously, the radar backscat­
ter generated by the breakers at a nominal grazing angle of 12 degrees was 
measured by an ultrawideband, dual-polarized radar with a range resolution 
of approximately 4 cm and usable frequency content in the 6-12 GHz band. In 
addition to providing both quantitative profiles of the evolving water surface 
and the corresponding ultra-high resolution radar backscatter, this experimen­
tal setup also included a moving instrument carriage that allowed the sensors 
to follow the breakers throughout their entire evolution. 

An analysis of the results shows that for the spilling breaker, over 90 
percent of the horizontally polarized (HH) energy scattered back to the radar 
is generated during the initial stage of breaking by the small bulge near the 
wave crest. For vertical polarization (VV), the initial breaking stage produces 
about 50 percent of the backscattered energy. The Doppler velocity associated 
with this energy is slightly higher than that of the phase speed of the dominant 
wave in the water wave packet. For VV, the remainder of the backscattered 
energy is generated by the turbulent, post-breaking surface, and in fact a close 
correlation is observed between increases in the VV backscatter amplitude and 
the shedding of turbulent cells of vorticity after the wave breaks. The Doppler 
velocity associated with this VV energy steadily decays from a velocity near 
that of the dominant wave phase speed down to a velocity close to that of 
the wave orbital motion. For the plunging breaker, the initial feature on the 
crest, an overturning jet, generates 30 to 40 percent of the total backscattered 
energy for both HH and VV. Initial Doppler velocities are again slightly higher 
than the dominant wave phase speed, particularly for HH polarization, and 
the spread in measured velocities is higher than for the spilling case. 

Polarization ratios (HH/VV) near 10 dB are observed during the initial 
breaking stage of the spiller and near 20 dB in the case of the plunger. Nu­
merical simulations of the backscatter that use the measured profiles as inputs 
show that these large polarization ratios are due only in part to multipath 
scatter off the front face of the wave. 
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AIRBORNE KA-BAND POLARIMETRIC MEASUREMENTS 
DURING THE SHOALING WAVES EXPERIMENT 

V. Irisov* 
Zel Technologies, LLC 
NOAA/Environmental Technology Laboratory 
L. Fedor 
CIRES 
University of Colorado 
NOAA/Environmental Technology Laboratory 
V. Leuski 
CIRES 
University of Colorado 
NOAA/Environmental Technology Laboratory 
B. Patten 
NOAA/Environmental Technology Laboratory 

The Shoaling Wave experiment was conducted in November-December 
1999 off the coast of North Carolina. It involved numerous ship, aircraft, and 
buoy measurements of the atmospheric and oceanic parameters in an area of 
steadily increasing water depth. Smooth sea-bottom topography is well-suited 
for the purposes of sea wave transformation study. 

The NOAA Environmental Technology Laboratory installed and oper­
ated three microwave radiometers on a CIRPAS (Center for Interdisciplinary 
Remotely-Piloted Aircraft Studies) Twin Otter aircraft: a 37 GHz (Ka-band) 
cross-track scanning polarimeter, a 60 GHz scanning radiometer, and a dual­
frequency 23/31 GHz zenith/nadir looking radiometer. 

Now we present the results obtained by the cross-track scanning Ka­
band polarimeter. The radiometer measured the intensity of the microwave 
radiation at three linear polarizations: -45 deg., 0 deg., and 45 deg., which 
allowed us to retrieve the first three Stokes parameters at various incidence 
angles. Scanning was produced by a 45 deg. mirror controlled by a stepping 
motor. Ka-band polarimeter was able to observe sky and ocean radiation al­
most from zenith to nadir. It provided an opportunity to use tip-cal calibration 
technique during a flight. 

Beside calibration the atmospheric part of the scans was used for com­
pensation for downwelling radiation from the clouds. As a result an absolute 
calibration of the order of 1 K was achieved. Wind dependence of the bright­
ness temperature at vertical and horizontal polarizations was obtained for 
nadir incidence angles from 17 deg. up to 80 deg. During the experiment wind 
speed varied from 2 to 14 m/s. Parabolic approximations of the brightness 
temperature wind dependence were derived for a variety of incidence angles. 
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PASSIVE POLARIMETRIC MEASUREMENTS OF FOAM 
AND ROUGHNESS EFFECTS ON MICROWAVE EMISSIVITY 

S.C. Reising*, K.A. Horgan, E.J. Knapp 
113 Knowles Engineering Bldg., Univ. of Massachusetts 
Amherst, MA 01003-4410, USA 
W.E. Asher 
APL, Univ. of Washington, Seattle, WA 98105-6698, USA 
L.A. Rose, K.M. St. Germain, P.W. Gaiser, D.J. Dowgiallo 
Naval Research Laboratory 7223, Washington DC 20375, USA 

Accurate retrieval of ocean wind speed and direction from spaceborne 
microwave radiometers requires knowledge of how changes in surface properties 
affect microwave emissivity. Foam caused by whitecaps on the ocean surface 
dramatically increases the sea surface emission. In addition, wind roughening 
is a key mechanism allowing spaceborne microwave radiometers to remotely 
sense wind speed and direction. Near-surface measurements are needed to 
improve quantitative knowledge of the effect of changing surface conditions, 
including foam and roughness, on microwave emissivity. 

This paper presents results from three near-surface measurement cam­
paigns completed during 2000-01. First, in May 2000, two polarimetric ra­
diometers operating at 10.8 and 37 GHz were deployed at the Naval Research 
Laboratory's Chesapeake Bay Detachment ( CBD) to measure foam emissiv­
ity. A foam generator was used to create a stable foam layer on the flat 
water surface of the bay, covering 95% of the radiometers' fields of view. 
The brightness temperatures of the sea surface (with and without foam) and 
of the downwelling radiation were measured at 10.8 (X-band) and 37 GHz 
(Ka-band). Microphysical measurements were used to characterize the foam 
thickness, bubble size distribution and void fraction of the foam, important 
parameters for initializing electromagnetic models of the microwave emissivity 
of foam. 

Second, we present results from coordinated radiometric and video 
observations during the Fluxes, Air-Sea Interaction, and Remote Sensing 
(FAIRS) experiment, conducted from the U.S. Navy's R/P FLIP, off the coast 
of California during September and October 2000. Two polarimetric radiome­
ters were deployed with boresighted video to observe the ocean surface for wind 
speeds of up to 15 m/s with concomitant large-scale breaking waves. These 
radiometric data of dynamic breaking waves demonstrate that the emission 
depends upon the time dynamics of wave breaking and decay as well as on the 
viewing angle. Third, we present preliminary results from Wind and Salinity 
Experiment, WISE 2000, on the Casablanca oil platform in the Mediterranean 
Sea, 40 km offshore from Tarragona, Spain. A 37 GHz (Ka-band) polarirnetric 
radiometer measured sea surface and sky emission for wind speeds up to 12 
m/s, at incidence angles from 35° to 65°. 
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TWO-SCALE SCATTERING MODEL APPLICATION TO 
RADAR "SEA-SPIKES" AND POLARIZATION RATIO 

Fuks,I.M., Smirnov, A.V., 
ZelTech, LLC/NOAA, Environmental Technology Laboratories, 
Boulder, CO 

Many studies shows that at low grazing angles there are appeared the 
pulsed enhancements mostly at horizontal polarization. These enhancements, 
known as "sea-spikes", are observed with a narrow polar diagram, producing 
the spikes, and in narrow space-time bands. We suggest that under low graz­
ing angles, and in cross-wind environment, it might be realized such radar 
geometrical condition when very steep surfaces result in the polarization in­
version. 

Following the main idea of two-scale scattering model, we introduce 
the large-scale ( compare to the radar wavelength A) plane facets on the sea 
surface, covered by the small-scale Bragg-scattering ripples. The scattering 
cross sections O"i H and O"iv in the Cartesian frame of reference, where axis 
Oz is directed to zenith and xOz is the plane of incidence, can be expressed 
as follows: 

ciO"hh + /3 2
0"vv, O"iv = ciO"vv + /3 2

0"hh, 

cos 'l/Jo cos '"Y - sin 'l/Jo sin '"Y cos cp f3 = sin '"'( sin cp 
sin0 ' sin0 · 

where 0 is an angle between wave vector k (-k cos'lf;o, 0, -k sin 'l/Jo) and vector 
N (sin"( cos cp, sin '"Y sin cp, cos '"Y) normal to the facet, and O"hh and O"vv are the 
radar backscattering cross sections in the local reference frame . From these 
equations follows that for small grazing angles 'l/Jo, the positive "sea-spikes" 
of O"iH are caused by the steep facets with normal N located in the plane 
perpendicular to the plane of incidence ( cp,.,,, 1r /2), and they are accompanied 
by the negative "sea-spikes" of O"iv- For polarization ratio K(f{f = O"iH;O"iv 

it follows: 

KHH ('If;)_ vv +w _ sm'"'(smcp K hh (0) ( . . )2 
vv 

O 
- 1 + w . K~t ( 0) ' w - cos 'l/Jo cos '"Y - sin 'l/Jo sin'"'( cos cp ' 

where K{;{; (0) = O"hh/O"vv is the polarization ratio in local reference frame. It 
is seen that for cross-wind direction ( cp ,.,,, ±1r /2) can exceed essentially that 
one for the up/ down wind direction ( cp = 0, 7r) . 

In such consideration, even "sea-spikes" are result of resonant, Bragg 
scattering on the steep surfaces of waves carrier the small-scale perturbations. 
The effect was found in the data from the Coastal Ocean Probing Experiment 
(COPE) and was confirmed from other earlier published experiments. 
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EFFECTS OF SLOPE MODULATION ON THE POLARIZA­
TION DEPENDENT SCATTER CROSS SECTIONS OF RAN­
DOM ROUGH SURFACES-STATIONARY TWO-SCALE FULL 
WAVE APPROACH 

Bahar, E., *Crittenden, P., EE, MS, CEO, Univ. of Nebraska, 
Lincoln 

Using the small height/slope perturbation solution, it is shown that 
the vertically and horizontally polarized backscatter cross sections of random 
rough surfaces have a significantly different dependence upon the incident an­
gle. Thus, for highly conducting surfaces, the ratio of the two cross sections 

a.PP (P=Vertical, Horizontal) is ;~~ = I 1~;;;i;1.11 2
. As the incident angle 0 ap­

proaches 90°, this ratio becomes very large. The corresponding expressions for 
the physical optics solutions are polarization independent. The physical optics 
and perturbation solution for the backscatter cross sections are in agreement 
only for normal incidences ( specular scatter). 

Ample experimental data, however, indicates that the backscatter cross 
section O"P P ( P = V or H) can be of the same order of magnitude and also 
significantly larger than the values predicted by both physical optics and per­
turbation theory. 

A unified full wave approach is used to express the backscatter cross 
sections as weighted sums of two cross sections. One is associated with the 
larger scale surface cross section, mulitiplied by the magnitude squared of 
the smaller scale surface height characteristic function. The second is the 
cross section associated with the smaller scale surface height, modulated by 
the slopes of the larger scale surface. When the composite rough surface 
is characterized by a continuous surface height spectral density function, it 
becomes necessary to judiciously separate the smaller scale surface from the 
larger scale surface. It is shown that this can be done reliably using the full 
wave approach by seeking stationary solutions to the cross sections over a wide 
range of mean square values for the small ( or large) scale surface heights. These 
stationary values for the polarization dependent backscatter cross sections can 
be practially equal and also significantly larger than the corresponding physical 
optics and perturbation results. 
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BACKSCATTER CROSS SECTIONS FOR A SUPERPOSITION 
OF PEARSON-MOSKOVITZ RANDOM ROUGH SURFACE 
EXPRESSED AS A STATIONARY WEIGHTED SUM OF TWO 
CROSS SECTIONS 

*Crittenden, P., Bahar, E., MS, EE, CEO, Univ. of Nebraska, 
Lincoln 

Superpositions of two Pearson-Moskovitz surface height spectral density 
functions are used to characterize composite random rough sea surfaces. Using 
a unified full wave approach, the backscatter cross sections of the random 
rough surfaces are expressed as weighted sums of two cross sections. The 
first, associated with the larger scale component of the surface is reduced 
by a factor related to the smaller surface height characteristic function. The 
second, associated with the smaller scale component of the surface accounts for 
slope modulation by the larger scale surface. Unlike the conventional hybrid 
perturbation/physical optics solutions, the unified full wave approach is not 
restricted by the small Releigh parameter (/3 = 4k5h; << 1, where ko is the 
free space wave number and h; is the mean square height of the small scale 
surface). 

The total surface height spectral density function is expressed as a sum of 
larger and smaller scale surface spectral density functions (without specifying 
a discrete spatial wave number for spectral decomposition) and the ratio of the 
mean square height of the small scale surface and the total surface h;/h2 can 
be varied from zero to unity. Thus, in the limits, the total composite surface is 
regarded as a large scale surface (associated with the physical optics solution) 
or as a small scale surface (associated with the original full wave solution). 
It is shown that the unified full wave solutions for the scatter cross sections 
are stationary over a very wide range of values for h;/h2 and the results are 
not significantly dependent on spectral decomposition of the composite rough 
surface. 

228 



GI 

Session Gl, 13:35--Wed. 

RADAR TECHNIQUES 

Chairperson: J. Foster 

229 



G1 

230 



Gl-1 

PROPOSAL FOR THE DETERMINATION OF A RELATION­
SHIP BETWEEN SE SPECTRA AND THEIR ANGULAR 
DIRSTRIBUTION 

LaHoz,C. 
The Auroral Observatory, PO Box 952 
9001 Troms!ll, Norway 
Hagfors, T. ,Rietveld,M. 
MPAe, Max Planck Strasse 2 
37191 Katlenburg Lindau, Germany 
Isham,B. 
EISCAT 
9027 Ramfjordbotn, Norway 

With strong irradiation of the ionosphere with electromagnetic waves the 
various modes in the magnetoionic plasma interact nonlinearly creating E.M. 
waves escaping from the ionosphere. These waves have been termed Stimu­
lated Electromagnetic Emission or SEE for short. The frequency spectra of 
the radiation has been studied in great detail, and a number of characteristic 
spectral features have been identified and related to particular processes in 
the ionosphere. Great importance is associated with the separation in fre­
quency between the pump and harmonics of the local electron gyro-frequency, 
and the spectral properties and the amount of induced anomalous absorp­
tion are both affected by this separation. Waves created in the ionosphere of 
non-electromagnetic nature do not propagate away from the ionosphere and 
can in some cases be observed by the electron density fluctuations associated 
with them. These density fluctuations are sometimes referred to as plasma 
turbulence, sometimes as parametric decay. The association of these density 
fluctuations and the properties of the SEE phenomenon is by no means simple, 
and not well understood. 

Plasma density fluctuations have been the subject of scattering observa­
tions at EISCAT with antennas scanning a number of positions corresponding 
to different angles between the wave propagation direction and the geomag­
netic field and a preference of some phenomena for the field aligned direction 
was identified. Other phenomena such as heater-excited artificial aurora and 
the generation of field aligned irregularities seem to also show a preference 
for the field aligned positions. In view of this evidence of angular structure 
in heater-induced disturbances it is of interest to investigate experimentally 
whether similar angular structure is present in the various spectral features 
the SEE signals and to compare the results with radar observations of plasma 
turbulence. To this end we propose and describe a simple two element inter­
ferometer experiment, and if available, some experimental data. 
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ANOMALOUS ION LINE SPECTRA ASSOCIATED WITH EN­
HANCED PLASMA LINES OBSERVED DURING AURORAL 
PRECIPITATION 

B. Isham* 
EISCAT Scientific Association, Norway 

C. La Roz 
University of Troms0, Norway 

M. T. Rietveld 
EISCAT Scientific Association, Norway 
Max-Planck-Institute for Aeronomy, Germany 

T. Grydeland 
University of Troms0, Norway 

F. Forme 
CETP /UVSQ/IPSL, Velizy, France 

Anomalous incoherent scatter echoes are radar echoes from the F or up­
per E regions whose ion line spectral shape departs from that corresponding 
to thermal equilibrium. The scattered power is enhanced and the spectra can 
be symmetric or asymmetric with one or the other shoulder more enhanced. 
Several theories have been proposed which can be divided into two classes: 
(1) direct electron or ion beam instabilities that distort and enhance the ion 
line and (2) a beam-enhanced Langmuir wave which becomes the pump for a 
parametric decay into enhanced daughter Langmuir and ion acoustic waves; 
the beam-enhanced pump and the enhanced daughter waves may be observed 
as non-thermally enhanced incoherent scatter ion and plasma lines. Direct 
beam instabilities fail to explain one or another characteristic of the obser­
vations, for example they may require large currents or enhance only one ion 
line shoulder, contrary to observations showing enhancements of either or both 
shoulders, or both shoulders with a central peak. On the other hand, para­
metric instability mechanisms appear better positioned to explain most if not 
all of the observations. Since they also produce enhancements of the plasma 
lines, a decisive test is whether the anomalous ion line echoes are accompanied 
by enhanced plasma lines. Parametric instabilities, or Langmuir turbulence, 
can also explain the enhanced central ion line peak. Here we present recent 
measurements made with the EISCAT VHF (224 MHz) radar in northern 
Scandinavia of anomalous ion line spectra accompanied by strong plasma line 
enhancements. These measurements provide important evidence in support 
of the parametric decay instability, or, more generally, of natural Langmuir 
turbulence in the aurora. 
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ELIMINATION OF LARGE INTERFERERS FROM PULSE 
RADAR AND OTHER SPREAD SPECTRUM DATA 

Bibl,K. *, Cheney, G .P. 
Center for Atmospheric Research 
University of Massachusetts-Lowell 
600 Suffolk St. 
Lowell, MA 01854 

Although Spread Spectrum Systems are designed to minimize distur­
bance by coherent interference, they are sometimes overwhelmed by inter­
ference which easily can be larger than 40 dB above the wanted pulse sig­
nal. Years of studies have led to the development of a new spectrum analysis 
method, called the Iterative Spectrum Analysis. By a simple calculation, the 
exact frequency and then the exact amplitude and phase of the largest spectral 
line in the spectrum is determined from the complex amplitudes of adjacent 
spectrum lines. The corresponding complex sine wave is subtracted in the time 
domain and a new spectrum created. This process is repeated until the data 
are sufficiently cleaned. Iterative Spectrum Analysis can reduce even a large 
number of coherent interferers by at least 20 dB without affecting the broad­
band signals significantly. On the contrary, the method unveils the correct 
amplitude and phase which is corrupted by the interference. 

Interference elimination by punching out lines of large amplitudes in 
the spectrum is a well known and often patented method. But if the actual 
frequency is in between the sampled Doppler frequencies, the residual tail can 
be up to 30 maximum amplitude and cover and modify a large range of the 
pulse spectrum. 

Although requiring a significant amount of computing effort, a safe 
method has been found to decrease interference by at least 20 dB, even in 
cases of substantial multiple interference with strong modulation without a 
carrier. But because of the substantial increase in Digital Signal Processing 
power, it is possible to pre-process a multitude of data in real time. 

A computer program has been developed to pre-clean the raw data for 
the whole of each pulse period independently before the standard pulse com­
pression and spectrum analysis of each range and highly interfered actual data 
have been cleaned successfully. 
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MILLSTONE HILL E REGION COHERENT SCATTER 
EXPERIMENTS: NEW PERSPECTIVES ON THE MID­
LATITUDE POLARIZATION JET ELECTRIC FIELD AND 
ITS VARIABILITY 

P. J. Erickson, J.C. Foster, F. D. Lind 
Atmospheric Sciences Group 
MIT Haystack Observatory 
Westford, MA 01886 USA 

The Millstone Hill 440 MHz UHF radar facility with its 46 meter steer­
able antenna, megawatt-class transmitter, and -170 dBW receiver sensitivity 
can detect not only weak incoherent scatter returns from the background iono­
sphere, but also intense 34 cm irregularities from northward directions where 
aspect angles are nearly perpendicular to the geomagnetic field. Whenever am­
bient electric fields exceed the Farley-Buneman two-stream irregularity thresh­
old of 15-20 m V /m, geomagnetic field topology allows reception of coherent 
backscatter over 2-4 degrees of geomagnetic latitude. 

Millstone Hill has been pursuing studies of the characteristics of E re­
gion mid-latitude irregularities and the interrelationship of backscatter cross­
section, phase velocity, and electric field strength for more than a decade [ e.g. 
St. Maurice et al, JGR, 94, 6771-6798, 1989; Foster and Tetenbaum, JGR, 
96, 1251-1260, 1990]. Recent experiments have led to the significant discov­
ery of a linear relation between backscattered power and driving electric field 
amplitude at 34 cm wavelength [Foster and Erickson, GRL, 27, 3177-3180, 
2000]. This fact can be combined with enhancements in radar system tech­
nology, allowing one-second temporal and one-kilometer spatial resolution, to 
produce very detailed information on the electric field in the mid-latitude sub­
auroral ionosphere. In particular, the fine-scale structure in the vicinity of 
the polarization jet and SAID ( sub-auroral ion drift) exhibits dramatic vari­
ability. Observations show uniform electric fields which rapidly transition into 
superimposed multiple instances of narrow (0.1 degree), intense (~60 mV /m), 
SAID configuration fields having lifetimes as short as 1.5 minutes and equa­
torward gradients as large as 4 mV/m per km [Erickson et al, Rad. Sci., in 
press, 2001]. 

We present an overview of Millstone Hill coherent backscatter capabil­
ities and discuss the insights gained into the highly complex nature of the 
mid-latitude polarization jet and SAID region. In particular, new rapid scan­
ning modes allow imaging of the entire coherent irregularity backscatter sen­
sitivity region on minute time scales, while fixed-position experiments allow 
simultaneous E region coherent echo and F region background electric field de­
terminations. We present examples of polarization jet structure obtained with 
these observational modes, and describe future plans for enhanced experiments 
with the new MIDAS-W workstation based radar system. 
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MEASURING THE COMPLETE INCOHERENT SCATTER 
SPECTRUM AT ARECIBO 

Sulzer, M.P., Gonzalez, S.A. 
Arecibo Observatory 
HC 3 Box 53995 
Arecibo PR 00612 
Behnke, R.A. 
National Science Foundation 

The purpose of the work described here is to make significant improve­
ments in the measurements of parameters determining the incoherent scatter 
spectrum in the topside of the Arecibo ionosphere. Under different condi­
tions the spectrum is best described as a continuous function of frequency 
or a set of discrete components. The latter description is appropriate in the 
F region where most useful component is the low frequency ion line, while 
the much weaker high frequency plasma line is useful only when enhanced by 
photo-electrons. The third component is the extremely weak and infrequently 
measured gyro line. The first description becomes appropriate for low electron 
number densities when the electrostatic plasma resonance becomes weak com­
pared to the thermal spreading force. In the limit of very small density the 
spectrum is Gaussian and contains information only about the electron tem­
perature, but at higher densities when the ion line is present but the plasma 
resonance is still broad, the shape of the spectrum contains the usual infor­
mation in the ion line and the high frequency portion contributes additional 
information about the density and electron temperature. 

Our first measurements during the July 2000 Bastille day storm and the 
recovery period demonstrated the practicality of these measurements given ad­
equate data acquisition and computational facilities. These facilities improve 
each year, and soon these measurements will become as routine as ion line 
measurements alone. Therefore it is important that we verify the usefulness 
of the data by comparisons to the theory. The result from the measurements 
of last summer is that the data do not agree with theory. 

Since then we have made additional measurements under normal iono­
spheric conditions using different data acquisition equipment. These spectra 
are in agreement with the earlier ones, and so the disagreement with theory 
is still unexplained. We also have made measurements of the ion and gyro 
lines in the lower F region. These latter measurements are in agreement with 
theory, and thus our only problem is with the weak transition spectra in the 
topside. 
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THE HAARP VHF RADAR 

Djuth, F.T.* 
Geospace Research, Inc. 
El Segundo, CA 90245, USA 

In May 2001, a new VHF radar system was installed at the HF Ac­
tive Auroral Research Program (HAARP) site in Gakona, Alaska. The pur­
pose of the radar is to monitor naturally occurring phenomena in the atmo­
sphere/ionosphere above HAARP as well as modifications to the ionosphere 
brought about by the HAARP high-power, high-frequency modification fa­
cility. The radar transmitter is capable of operating from 135 to 143 MHz. 
However, from a practical standpoint, the radar is typically tuned between 
139.0 MHz and 140.5 MHz. The bandwidth available for transmission is lim­
ited by the matching network of the co-linear, coaxial dipole antenna, known 
frequency bands containing interfering signals, and the frequency range as­
signed for radar operations. The maximum and minimum pulse widths are 2 
milliseconds and 0.5 microseconds, respectively, and the maximum duty cycle 
is 10 %. Each of these three parameters is checked on a pulse to pulse basis as 
part of an autonomous protection system. As currently configured, the radar 
employs sixteen transmitter modules to generate between 32 and 40 kW peak 
power. Eight transmitters are assigned to each quadrant of the antenna, and 
the pulse phase of each quadrant is computer-controlled. Circulators are used 
as a buffer between the transmitter and the transmit-receive switches, and 
serve as an effective means of dumping transmitter power to a load bank in 
the event that the antenna and/ or the transmission lines are damaged while 
the radar is in operation. The radar receiver has four channels and employs 
analog circuitry to mix the radar signals down to an intermediate frequency 
(IF) band of 10 MHz +6/-8 MHz. Each of the four IF channels is digitized 
at 40 megasamples per second with 12-bit resolution. Digital downconverting 
receivers having multiple channels are used to filter and decode radar signals. 
Range-gated, raw-voltage data is stored on a hard disk drive, and a range-time­
intensity plot of the radar backscatter is shown in real time. In the future, the 
radar will be operated in a stand-alone mode, and the results will be available 
in real-time on the Internet. To date, the radar has been used to monitor 
Polar Mesosphere Summer Echoes and interesting new phenomena related to 
auroral particle precipitation. The wide variety of techniques available with 
this new system is described in the presentation along with details of the radar 
architecture. 
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32-BIT COMPLEMENTARY AND STAGGERED PULSE 
CODES 

K. Bihl*, G P.Cheney 
Center for Atmospheric Research 
University of Massachusetts-Lowell 
600 Suffolk St. 
Lowell, MA 01854 

Binary multi-chip codes are used for many coherent Radar applications. 
Very often Barker Codes are chosen because they have minimum leakage for 
single pulses. But when the expected Doppler frequencies are not too high 
(Doppler periods larger than the pulse period), then complementary pulse 
pairs can be used. They have even lower leakage under those conditions. 
There are still substantial limitations for those complementary codes: leakage 
is only small if the whole system, including the transmitter power amplifier, is 
linear; the receiver bandwidth, matched to the chip-width of the transmitter, 
will produce different amplitudes, dependent on how often the chips change 
their phase; also there is the problem of cross-talk between adjacent pulses. 
From 40 different 16-chip complementary pulse pairs, a pulse pair has been 
found which has the distinct minimum cross-correlation of 4 or less when one 
is moved incrementally over the other, while the auto-correlation is 3 or less. 
These two phase codes are interlaced with each other while the second one is 
shifted by +90 degrees. Then the complement is formed where the second code 
is shifted by -90 degrees. Thus a 32-bit complementary pulse pair is formed 
where each pulse has a maximum of 32 and no leakage in the real part of its 
auto-correlation, but a complementary leakage of 5 or less in its imaginary 
part. These leakages cancel each other if the Doppler is small. This 32-chip 
complex complementary code with one-half chip-size (to keep the total pulse 
length the same) has substantial advantages compared with the 16-chip code: 
1) It narrows the received signal by almost a factor of two in spite of the 
same receiver bandwidth. 2) It improves the signal/noise by about 2 dB and 
often much more for coherent interferers. 3) Each of the 32-chip pulses has a 
leakage of 5/32 instead of 3/16 and a cross-talk of 6/32 instead of 4/16. 4) 
Although the resulting amplitude is 1 dB below the signal from the 16-chip 
code because of the frequent switching, its amplitude over the whole pulse 
changes only by 1 dB while the amplitude of the 16-chip code, dependent on the 
receiver bandwidth, changes by more than 3 dB. Staggered Pulse Codes have 
the property that very short and long ranges can be monitored simultaneously. 
For them, similar advantages can be achieved when each chip of the staggered 
pulse code is split into two and a quasi-random + or - 90 degree phase-shift 
is applied to one of the two halves. 
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PASSIVE INCOHERENT SCATTER RADAR 

F.D. Lind 
MIT Haystack Observatory 
Route 40 
Westford, MA 01886, USA 
J.D. Sahr 
Department of Electrical Engineering 
University of Washington 
Seattle, WA 98195-2500, USA 

Passive radar is a technique for exploiting transmitters of opportunity to 
make radar observations. The application of this technique to the observation 
of coherent scatter from E-region irregularities has recently been demonstrated 
using the Manastash Ridge Radar and FM radio signals. Although the cross­
section for incoherent scatter is many orders of magnitude smaller than that of 
coherent scatter targets we evaluate the feasibility of passive incoherent scatter 
radar. We demonstrate that for a wideband digital beamforming passive radar 
it is possible to achieve positive signal to noise ratio incoherent scatter obser­
vations. This can be done using FM radio or Digital Television broadcasts for 
reasonable integration times and resolutions. We compare the performance of 
this technique to currently operational incoherent scatter radars and highlight 
the benefits of the new approach. We show that passive incoherent scatter 
radars should be able to perform as well as or better than current incoherent 
scatter radar designs. These radars would also have the fundamental advan­
tage of always being active due to the CW nature of many transmitters of 
opportunity. Passive incoherent scatter radars should also have relatively low 
construction and operations costs compared to active systems. We also dis­
cuss the difficulties of this approach including clutter limitation, site selection, 
data management, and the extraordinary computational burden of the data 
processing. Finally, we discuss the Low Frequency Array (LOFAR) and its 
potential application as a passive radar for the demonstration of passive inco­
herent scatter. This system is a newly proposed radio telescope that will be 
sensitive to signals in the 10-240 MHz range. It will consist of 13,000 dipole 
antennas clustered in approximately 100 stations and distributed over an area 
of 400km. 
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MEASURING F REGION ION AND ELECTRON TEMPER­
ATURES AT JICAMARCA USING INCOHERENT SCATTER 
RADAR: RESULTS AND THEORY INCLUDING COULOMB 
COLLISIONS 

*Sulzer, M.P., Aponte, N., Gonzalez, S.A. 
Arecibo Observatory 
HC 3 Box 53995 
Arecibo, PR 00612 

The measurement of ion and electron temperatures is one of the ba­
sic functions of the incoherent scatter radar. We describe the technique for 
measuring these temperatures at Jicamarca using our new library of func­
tions including the effects of Coulomb collisions. We also review the theory 
needed to generate the library and summarize measurements confirming the 
new technique. 

Measurements made during almost the last forty years at Jicamarca have 
been questioned because the results often show that the apparent electron 
temperatures are less than the apparent ion temperatures. This violates the 
physics of the region: energy flows from the electrons to the ions during the 
day, and equilibrium exists at night. The problem resulted from the omission 
of the effects of electron-ion and electron-electron collisions in the equations 
for the incoherent scatter spectrum. 

A numerical solution including the effects of the collisions gives spectra 
which imply equal temperatures when expected. The collisional effect is far 
greater than simple models such as Langevin's equation or the BGK approx­
imation imply when observations are made looking vertically, or nearly so, 
with the Jicamarca radar. It is necessary to include the effects of both types 
of collisions with high accuracy since the resulting effect is dependent upon 
the interaction between the two and is unlike either alone. 

The numerical simulations show the following results: First, the rapid 
decrease of the collisional coefficients with increasing electron speed plays a 
very important role in the resulting IS spectral shape. Second, electron-ion 
collisions, affecting the direction, but not significantly affecting the speed of 
the electrons, would alter only the central part of the IS spectrum. Third, the 
inclusion of electron-electron collisions, which affect both direction and speed, 
alters the spectrum more than one might expect based on the relatively small 
size of the coefficients. 
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HIGH LATITUDE IONOSPHERIC TOMOGRAPHY 

G.S. Bust*,T.L. Gaussiran II, C. Coker, D.S. Coco 
Applied Research Laboratories 
The University of Texas at Austin 
Austin, TX 78713, USA 

Applied Research Laboratories, The University of Texas at Austin, de­
ployed a four receiver ionospheric tomography array to Greenland in Septem­
ber of 2000, and have now collected more than a years worth of data. In 
addition, in collaboration with Northwest Research Associates and the Geo­
physical Institute, University of Alaska Fairbanks, we have been collecting 
data from a six receiver tomography array in Alaska since October 2000. 

We will present results based upon our analysis of tomographic inver­
sions obtained from selected data sets for both the Greenland and Alaska ar­
rays. The first results from the Greenland array will focus upon comparisons 
between tomography inversions and results from the Sondestrom incoherent 
scatter radar {ISR). The objective of comparing tomography results to the 
ISR is to develop a quantitative understanding of the accuracy of the tomo­
graphic inversions in a high latitude environment. Validation results for both 
the F-region and the E-region of the ionosphere are presented. 

The second set of results we will present will focus on the high latitude 
ionospheric structure and dynamics inferred from the tomographic inversions 
of electron density. The presented results will include imaging F-region struc­
tures and the response of the Greenland ionosphere to the ionospheric storm 
on March 31 - April 1 2001. We will also present results cross-comparing 
the Alaska and Greenland arrays, and the ionospheric response of both arrays 
during the March 31- April 1 storm. 

In addition ot the above results, we will present intial results from two 
tomographic world days. The international tomographic research community 
has agreed to make September 19-20 2001 and December 12-13 2001 tomo­
graphic world days. For these days the tomogrpahic community will collect 
data, process and perform inversions on their data in a timely fashion. We 
will present initial results from at least the first world day. 
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RADAR OBSERVATION OF TOPSIDE DENSITY AS A 
PROXY FOR IONOSPHERIC TEC 

J. C. Foster*, P. J. Erickson 
Atmospheric Sciences Group 
MIT Haystack Observatory 
Westford, MA 01886 
A. J. Coster 
MIT Lincoln Laboratory 
Lexington, MA 

North-South elevation scans with the Millstone Hill incoherent scatter 
radar provide ionospheric plasma density latitude/ altitude observations of the 
mid-latitude ionosphere between 35 and 65 invariant latitude and altitudes 
between 150 km and 800 km. The Millstone Hill radar has been in opera­
tion through three solar cycles (since 1979 using the fully steerable 150-foot 
diameter antenna) and these long-term operations have built up a database 
of radar elevation scans which sample a span of 15 - 25 latitude with bet­
ter than 1 latitude resolution and 35 km altitude resolution. F-region total 
electron content (TEC), can be determined by integrating the electron con­
centration between altitudes 150 km to 800 km at each degree of latitude. 
GPS observations of TEC made with good (30-s) time resolution from a grid 
of observing sites across the continental United States have been used to con­
struct two-dimensional maps of TEC during the major disturbances ( e.g. July 
15/16, 2000). Plasma advection from lower latitudes brings a swath of storm­
enhanced density (SED) [Foster, J. Geophys. Res., 98, 1675-1689, 1993) with 
total electron content (TEC) 100 TEC units into the region immediately equa­
torward of the trough during such conditions. Communications and navigation 
systems relying on trans-ionospheric propagation must be able to compensate 
for the effects of such sharp gradients in total electron content in the North­
eastern American sector. In our initial study of SED, it was noted that this im­
portant feature could be identified and monitored in the topside ionosphere by 
examining the mid-latitude plasma density data at constant altitude. Recent 
work by Su et al. [GRL, 28, 111-113, 2001)has indicated that ionospheric SED 
maps to detached plasmaspheric regions in the magnetosphere and that the 
single-altitude radar observations can be used to identify and monitor these 
large-scale field-aligned TEC structures. In this paper we examine the ob­
served relationship among total line-of-sight TEC observed by GPS, F-region 
TEC derived from the radar elevation scans, and topside density at constant 
altitude from single-point radar observations. Our objective is to establish 
a basis for using the historical database of topside plasma observations as a 
proxy for TEC in the important mid-latitude magnetosphere-ionosphere cou­
pling region during disturbed conditions. 
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IONOSPHERIC TOMOGRAPHY AND DATA ASSIMILATION 
MODELS 

R. W. Schunk*, L. Scherliess, J. J. Sojka 
Utah State University 
Center for Atmospheric and Space Sciences 
4405 Old Main Hill, SER 246 
Logan, UT 84322-4405 USA 

Ionospheric weather disturbances can have detrimental effects on a vari­
ety of civilian and military systems and operations. They can affect over-the­
horizon ( 0TH) radars, HF communications, surveying and navigation systems, 
surveillance, spacecraft charging, power grids, pipelines, and the FAAs Wide­
Area Augmentation System (WAAS). In an effort to mitigate the adverse ef­
fects of the ionosphere on these systems/operations, a major effort is being de­
voted to developing improved specification and forecast models. An approach 
that has recently gained prominence is a data assimilation technique that is 
based on a Kalman filter and a physics-based ionospheric model. The filter 
provides an efficient means for assimilating different data types into a time­
dependent, physics-based, numerical model, taking into account the uncertain­
ties in both the model and data. Some of the data to be assimilated include in 
situ density measurements from satellites, ionosonde electron density profiles, 
occultation data, ground-based GPS TECs, TECs between ground stations 
and LEO satellites with radio beacons, and line-of-sight UV emissions from 
selected satellites. However, an important aspect of a data assimilation model 
is the need to acquire high-resolution measurements of weather features, and 
ionospheric tomography is a powerful way of obtaining 2-dimensional (usually 
altitude versus latitude) images of ionospheric variations at selected locations. 
Currently, tomography chains exist in the United States, South America, Eu­
rope, Russia, Greenland, and Asia. Although tomography is relatively new to 
our field, this technique has already been successful in reconstructing several 
different ionospheric density structures, including the main trough, boundary 
blobs, traveling ionospheric disturbances, and the Appleton anomaly. The 
current status of tomography and data assimilation methods will be reviewed. 
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DEVELOPMENT OF A PHYSICS-BASED REDUCED STATE 
KALMAN FILTER FOR THE IONOSPHERE IN GAIM 

L. Scherliess*, R. W. Schunk, J. J. Sojka, D. C. Thompson 
Utah State University 
Center for Atmospheric and Space Sciences 
4405 Old Main Hill, SER 246 
Logan, UT 84322-4405 USA 

A physics-based data assimilation model of the ionosphere is under de­
velopment as the central part of a DoD MURI funded program called GAIM 
(Global Assimilation of Ionospheric Measurements). With the significant in­
crease in the number of ionospheric observations that will become available 
over the next decade, this model will provide a powerful tool towards an im­
proved specification and forecasting of the global ionosphere, with an unprece­
dented accuracy and reliability. The goal of this effort will be specifications 
and forecasts on spatial grids that can be global, regional, or local (50 km x 50 
km). The specification/forecast will be in the form of 3-dimensional electron 
density distributions from 90 km to geosynchronous altitudes (35,000 km). 
The main data assimilation in GAIM will be performed by a Kalman filter. 

In this paper we present a practical method for the implementation of 
a Kalman filter using a new physics-based ionosphere/plasmasphere model 
(1PM). This model currently includes 5 ion species (Ot, Nt, NO+, o+, and 
H+) and covers the low and mid latitudes from 90 km to about 20,000 km al­
titude. A Kalman filter based on approximations of the state error covariance 
matrix is developed, employing a reduction of the model dimension and a lin­
earization of the physical model for the propagation of the error covariance ma­
trix. These approximations lead to a dramatic reduction in the computational 
requirements. To develop and evaluate the performance of the algorithm we 
have used an Observation System Simulation Experiment (OSSE). In this pa­
per, we will initially present the physics-based ionosphere/plasmasphere model 
(1PM) used in GAIM, and demonstrate its use in the reduced state Kalman 
filter. Initial results of the filter in one longitudinal plane using synthetic 
measurements will also be presented. 
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VALIDATION OF A GLOBAL IONOSPHERIC DATA ASSIMI­
LATION MODEL 

B. Wilson* 
JET PROPULSION LABORATORY 
California Institute of Technology 
4800 Oak Grove Dr. 
Pasadena, CA 91109 
G. Hajj, C. Wang, X. Pi, I.G. Rosen 
Dept. of Mathematics 
University of Southern California 
Los Angeles, CA 90089-1113 

A fully 3-dimensional Global Assimilative Ionosphere Model (GAIM) is 
currently being developed by a joint University of Southern California and 
JPL team as part of a DOD effort funded by a Multidisciplinary University 
Research Initiative (MURI). GAIM uses a first-principles ionospheric physics 
model (forward model) and Kalman filtering or a 4DVAR technique to not 
only solve for densities on a 3D grid but also estimate key driving forces which 
are inputs to the theoretical model, such as the ExB drift, neutral winds, 
and production terms. The driving forces are estimated by using the adjoint 
equation to compute the required partial derivatives, thereby greatly reducing 
the computational demands compared to other techniques. For estimation of 
the grid densities, GAIM uses an approximate Kalman filter implementation in 
which the portions of the covariance matrix that are retained ( the off-diagonal 
elements) are determined by assumed but physical correlation lengths in the 
ionosphere. By selecting how sparse or full the covariance matrix is over 
repeated Kalman filter runs, one can fully investigate the tradeoff between 
estimation accuracy and computational speed. 

Although GAIM will ultimately use multiple datatypes and many data 
sources, one can perform a first test of quantitative accuracy by ingesting GPS­
derived TEC observations from ground and space-based receivers and then 
comparing the retrieved density field to independent ionospheric observations. 
A series of such GAIM retrievals will be presented and validated by compar­
isons to: vertical TEC data from the TOPEX altimeter, slant TEC data from 
ground GPS sites that were not included in the assimilation runs, and global 
ionosonde data (FOF2, HMF2, and bottom-side profiles where available). By 
presenting animated movies of the GAIM densities and vertical TEC maps, 
and their errors computed as differences from the independent observations, 
we will characterize the reasonableness and physicality of the climatology de­
rived from the GAIM forward model and the quantitative accuracy of the 
ionospheric weather specification provided by the assimilation retrievals. 
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DETERMINING A 'BREAK-EVEN' POINT FOR KALMAN 
DATA ASSIMILATION IN THE IONOSPHERE 

J. J. Sojka*, R. W. Schunk, L. Scherliess, D. C. Thompson 
Utah State University 
Center for Atmospheric and Space Sciences 
4405 Old Main Hill, SER 246 
Logan, UT 84322-4405 USA 

Although data assimilation modeling is still in its infancy in the iono­
spheric field, the determination of a break-even return is worthy of discussion. 
In this context, break-even is defined as: under what conditions will an assimi­
lation model of the ionosphere provide equivalent, and then superior specifica­
tion and possibly forecast, results to what is currently available? This question 
is closely related to the availability and quantity of measurements that can be 
made available in real-time. This paper will discuss the break-even point by 
using a Kalman data assimilation model for traveling ionospheric disturbances 
(TID). The model will enable the issues of data quantity and quality to be 
explored while still being able to determine how present-day techniques of 
identifying a TID would perform. 

TIDs will be launched from the auroral region equatorward, traveling at 
a constant speed. This permits making a one-dimensional model assumption, 
with the velocity as a free parameter. The USA east-coast longitude sector will 
be simulated with an initial selection of ionosonde stations that correspond to 
actual observatories. A TID is assumed to be a coherent structure on top of 
the normal ionospheric F-layer and, hence, is modeled as a perturbation in 
F-layer density with noise associated with an observational capability. Hence, 
the simulated observations contain 20% to over 100% noise. In the study, the 
number of stations and the TID amplitude-to-noise level will be parameters 
that are varied; the objective being to find a minimum requirement on the 
number of stations, which will also be dependent upon noise level, that are 
required to ensure that the Kalman filter 1-D TID model can correctly identify 
the TID. This, in turn, is compared to what present-day identification schemes, 
mainly visual inspection such as an expert system, require. 
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DATA ASSIMILATION WITH DATA FROM SSUSI AND GUVI 
- WHAT UV !MAGERS CAN CONTRIBUTE 

Paxton, L. J., Morrison, D., Zhang, Y. Kil, H. Wolven, B., Meng, 
C-1. 
JHU/APL 
11100 Johns Hopkins Rd. 
Laurel, MD 20723 

The Special Sensor Ultraviolet Spectrographic Imager (SSUSI) is set to 
launch on the DMSP F16 spacecraft in the Fall of 2001. In the same time­
frame the Global Ultraviolet lmager (GUVI) on the NASA TIMED spacecraft 
will launch. These two instruments are far ultraviolet imagers that image the 
dayglow, nightglow, and aurora in 5 colors. These colors are the HI 121.6 nm 
line, 01 130.4 nm, 01 135.6 nm line, and two N2 Lyman-Birge-Hopfield bands 
(140-150 nm and 165-180 nm). From these five color bands the SSUSI and 
GUVI science data algorithms produce environmental data records (EDRs). 
These EDRs from the SSUSI instrument are set to be assimilated by the Pa­
rameterized Real-time Ionospheric Specification Model (PRISM). The SSUSI 
instrument provides a wide variety of ionospheric parameters at high spatial 
resolution. These include NmF2, HmF2, and TEC on both the dayside and 
the nightside on a global basis. In addition, in the auroral region, NmE and 
HmE as well as Eo effective and Q effective are produced. Both of the auro­
ral boundary location (poleward and equatorward) are provided. Both SSUSI 
and GUVI will provide O/N2 ratios on the dayside disk as well as N2, 02, 
and O neutral density profiles in the dayside limb and a proxy for the solar 
EUV flux shortward of 40 nm. In this paper we will discuss how this data will 
be used by PRISM and how the data from GUVI and SSUSI can be used as 
inputs by other assimilative models to provide near real-time ionospheric and 
neutral atmospheric specification. 
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USING VARIOUS KALMAN FILTERING TECHNIQUES FOR 
NEUTRAL COMPOSITION FORECASTING 

Minter, C.F., Fuller-Rowell, T.J., Codrescu, M.V. 
Cooperative Institute for Research in Environmental Sciences 
University of Colorado, Boulder 

To determine the propagation parameters of high-frequency radio, an 
accurate forecast of the ionosphere is desirable. Until recently, obtaining 
a real-time and precise description of neutral atmospheric composition has 
acquired less consideration in comparison to other parameters such as iono­
spheric and neutral density. However, forecasting the ionosphere, especially 
during geomagnetic storm times, is strongly dependent on perturbations in 
the neutral composition. Because of this coupling between the ionosphere and 
neutral atmospheric chemistry, accurate knowledge of the neutral composition 
is critical in forecasting the ionosphere. The more accurate description of the 
neutral atmospheric composition is then used to supplement input parameters 
for ionospheric modeling. 

In the research presented here, data assimilation techniques are applied 
to more accurately determine the neutral atmospheric species. The neutral at­
mospheric species are measured using remote sensing airglow data from polar 
orbiting spacecraft. Data is assimilated and noise from this data is reduced us­
ing filtering techniques in combination with a state propagation model. Meth­
ods for ingesting satellite data, predicting the state of the neutral atmosphere 
in the future, and filtering the data are investigated and then used simulta­
neously, utilizing the benefits of each, to reproduce the neutral atmospheric 
composition. 

Since data assimilation techniques have enormous computational re­
quirements for global forecasting, a significant amount of study is required 
to decrease the computation time while not decreasing accuracy. In this pre­
sentation, various methods are tested and compared in speed and accuracy 
in recreating a simulated data set and are documented as a benchmark for 
data assimilation of the neutral atmospheric composition as well as for other 
similar global systems. 
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APPLICATION OF EMPIRICAL ORTHGONAL FUNCTIONS 
(EOF) TO A DATA ASSIMILATION PROCEDURE 

Tomoko Matsuo, Arthur D. Richmond 
NCAR-HAO, PO Box 3000, Boulder, CO 80307, USA 

In this study we characterize dominant modes of the high-latitude elec­
tric field variability as a set of two-dimensional empirical orthogonal functions 
(EOFs), based on a sequential non-linear regression analysis of the electric 
field derived from plasma drift measurements during the Dynamics Explorer-
2 (DE-2) satellite mission (1981-1983). Together with the mean fields, 11 
EOFs are capable of representing 68% of the squared electric field, leaving 
only a fairly random component as a residue. While such mathematically in­
dependent EOFs do not necessarily represent physically independent modes 
of variability, each of the first two EOFs is actually related to a widely known 
physically prominent effect on the convection patterns. The variability asso­
ciated with the interplanetary magnetic field (IMF) By component emerges 
as the primary mode, and the IMF B z effect emerges as the secondary mode. 
The tertiary mode reflects variability in the cusp region, but is not significantly 
correlated with the IMF. 

Adapted to the dominant modes of the variability in the system, EOFs 
are ideal basis functions for data assimilation procedures. Not only do EOFs 
take account of the spatial coherence of the variability on large scales, so that 
even a data void area can be well constrained by using them as basis func­
tions, but the use of EOFs also reduces the required number of basis functions 
and makes the corresponding background error covariance decoupled ( diago­
nalized). In this paper we discuss application of the obtained EOFs to data 
assimilation using the Assimilative Mapping of Ionospheric Electrodynamics 
(AMIE) developed by Richmond and Kamide (J. Geophys. Res., 93, 5741-
5759, 1988). 

251 



G2-8 

WEB-BASED EMPIRICAL MODELS OF THE IONOSPHERE 
AND THERMOSPHERE USING INCOHERENT SCATTER 
RADAR DATA 

J.M. Holt*, S. Zhang 
MIT Haystack Observatory 
Westford, MA 01886 

Improved specifications and predictions of the ionosphere/thermosphere 
(IT) system are an important objective of the National Space Weather Pro­
gram. As a contribution toward meeting this objective, we have developed 
several empirical models of the average behavior and variability of key pa­
rameters which characterize the IT system. These models will be valuable in 
several ways to space weather studies and systems. Incoherent scatter radar 
data are available only a few days a month due to budgetary restrictions, but 
the models will always be available to provide a climatological representation 
of the state of the ionosphere and its variability for any set of conditions. The 
models covers a wide range of latitudes and altitudes and thus are useful for 
validation of global theoretical and empirical models. They will also be used 
in investigations of specific scientific problems, such as storm-time density gra­
dients and enhancements. Preliminary model results are now available over 
the World Wide Web (http://www.openmadrigal.org) for user-specified input 
parameters. 

The models are based on Millstone Hill incoherent scatter radar data 
from 1977 to the present. They include a local model of the E and F-region 
ionosphere over Millstone Hill; a regional model of basic and derived F-region 
scalar parameters as measured from Millstone Hill, including electron density, 
electron and ion temperature; and a model of the ExB plasma drifts and 
corresponding electrostatic potential patterns. The scalar models are keyed to 
solar and geomagnetic indices chosen by multiple regression, so that deviations 
of actual data from the model represent the remaining day-to-day variability 
due to such causes as tidal forcings, gravity waves and uncertainties in the solar 
EUV flux. The electric field model is keyed to the interplanetary magnetic 
field. It represents the average response to solar wind induced changes in the 
magnetospheric convection, thus providing a baseline from which more variable 
effects of substorms, storms and disturbed neutral winds ( the disturbance 
dynamo) can be isolated. 
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THE DESCENT OF SOLAR CYCLE 23 

J.M. Kunches 
NOAA Space Environment Center 
Boulder, CO 80305, USA 

Solar Cycle 23 is now in its post-maximum phase. The month of sunspot 
maximum was April 2000, with an associated smoothed sunspot number of 
120.7. Periods of significant activity have occurred in the past two years, and 
additional, though less-frequent, major events are anticipated during the next 
few years. GPS operations may be affected to varying degrees when space 
weather is disturbed. Both amplitude and phase scintillation conditions may 
prove troublesome in maintaining lock on the GPS signal. TEC variability, 
especially apparent during geomagnetic storms, may impact the ability of 
models used by single frequency GPS users to estimate the pseudorange error. 
These strong geomagnetic storms may still occur in the descending phase of the 
solar cycle, if past solar cycles can offer any guidance. Episodes of strong solar 
x-ray flares and solar proton events will become increasingly scarce as the solar 
cycle winds down. In general, these conditions are less problematic for GPS 
applications than are the severe geomagnetic storm events. A more chronic 
condition will occur during the post- maximum phase. The magnitude of the 
Extreme Ultraviolet solar emissions will dim gradually over time, resulting in 
smaller TEC values in the dayside ionosphere, and, in general, a more benign 
background ionosphere to be affected by the pulses of space weather. The less 
EUV flux coupled with a generally lower level of space weather events, means 
the promise of a more regular ionosphere and relative calm for GPS users. 
A summary of activity to date will be presented and a speculation of what's 
ahead for the remainder of Cycle 23 will be given. 
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BENEFITS OF GPS MODERNIZATION TO THE ATMO­
SPHERIC SCIENCE COMMUNITY 

A. J. Van Dierendonck 
AJ Systems/GPS Silicon Valley 
1131 Seena Avenue 
Los Altos, CA 94024-4925 
Anthea Coster 
MIT Lincoln Laboratory 
Millstone Hill Radar 
244 Wood Street 
Lexington, MA 02420-9108 

In March 1998, two major enhancements to the Global Positioning Sys­
tem directed at civilian users worldwide were announced. These were a second 
civil code on L2 and a third civil signal (later designated at L5 in 1999) for 
safety of life services. Since that time, the details of modernization have been 
largely worked out. The task of designing the new coding on L5 was assigned 
to representatives of the civil community by the GPS Joint Program Office 
(JPO) via the Department of Transportation (DOT). The civilian represen­
tatives met on the RTCA Special Committee SC-159, Working Group 1, for 
close to two years to develop the L5 codes. The result is a new signal that 
is more resistant to interference and that performs considerably better in low 
signal-to-noise environments. The complete modernized GPS signal structure 
includes the addition of the military's earth coverage and spot beam M-Codes 
on Ll and L2, the addition of the civil C/A (and/or R/C code) on L2, and 
the introduction of the entirely new civil frequency and code at L5. 

Aside from the obvious advantages of the increased signal power pro­
posed for all signals, it is the new civilian codes that will primarily benefit the 
atmospheric community. All existing geodetic receivers will perform without 
disruption as nothing will change on the current L2 P /Y Code and L 1 C / A and 
P /Y Codes. However, new receivers using new codes will perform significantly 
better. This paper will detail the specific benefits of these codes in estimating 
atmospheric parameters such as precipitable water vapor and the total elec­
tron content (TEC). It will also detail some of the current problems for GPS 
receivers in scintillation environments, and describe how the new signals will 
alleviate those problems. 

This work is partially sponsored by the Air Force under Air Force Con­
tract AF19628-00-C-0002 Opinions, interpretations, conclusions, and recom­
mendations are those of the author and are not necessarily endorsed by the 
United States Air Force. 
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GLOBAL IONOSPHERE MAPS AND RELATED PRODUCTS 
GENERATED BY THE CODE ANALYSIS CENTER OF THE 
IGS 

S. Schaer 
Astronomical Institute 
University of Berne 
Switzerland 

CODE, the Center for Orbit Determination in Europe, acts as one of 
currently five so-called ionosphere associate analysis centers of the Interna­
tional GPS Service (IGS) which produce global total electron content (TEC) 
maps on a regular basis. These maps are derived from data of the IGS tracking 
network, the primary product of the IGS. At CODE, a final, a rapid, and a pre­
dicted TEC map product are generated. The data format to provide the TEC 
information is the IONosphere map EXchange (IONEX) format as adopted 
by the IGS. GPS-based IONEX files may also contain estimates for Pl-P2 
code biases of the current GPS satellite constellation, which are obtained as a 
by-product of the TEC determination. 

We are able to present a unique, uninterrupted time series of global 
TEC data, meanwhile covering seven years. Some remarkable results of our 
ionospheric analyses could be retrieved due to the fact that we make use of a 
spherical harmonics expansion (referring to a solar-geomagnetic frame) to rep­
resent the global TEC distribution. The demonstration of a significant lunar 
impact on the Earth's TEC distribution may be considered as one highlight 
of these analyses. 

We give an overview of the ionosphere products regularly generated by 
the CODE analysis center: global as well as site-specific TEC maps, Pl­
P2 code bias values, but also values for satellite-related Pl-Cl code biases 
which may become relevant for single-frequency GPS users. Time series of 
particular TEC parameters and results concerning the two types of code biases 
are shown. Finally, CODE's latest ionosphere product, improved "Klobuchar­
style" ionospheric coefficients, a result of a "compression" of our global IONEX 
data, is introduced. 
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VALIDATION OF GLOBAL IONOSPHERIC TOTAL ELEC­
TRON CONTENT MAPPING USING A MULTI-SHELL AP­
PROACH 

Komjathy A., Runge T., Wilson B., Mannucci A., Reyes M. 
Jet Propulsion Laboratory 
California Institute of Technology 
4800 Oak Grove Drive, M/S 238-600 
Pasadena, CA 91109 

Dual-frequency transmissions from GPS satellites have been used for 
many years to measure and map ionospheric total electron content (TEC) on 
global scales. Global Ionospheric Mapping (GIM) software developed at the 
NASA Jet Propulsion Laboratoty (JPL) uses observations from about 100 
GPS sites, an extended shell model, and Kalman filtering to compute global 
maps of vertical TEC with 15-minute time resolution and about 5-degree spa­
tial resolution. Recently, the GIM algorithms have been enhanced to solve for 
parameters on a multi-shell grid, instead of using a single grid at a fixed iono­
spheric centroid height. Such multi-parameter models are designed to improve 
the accuracy of slant TEC retrievals and the ability to calibrate slant TEC 
measurements for arbitrary propagation paths. The extra parameters allow 
GIM to better model horizontal gradients and variations in peak height, while 
still retaining a simple, constrained fitting model as compared to a full tomo­
graphic density solution which is vastly underdetermined using only ground 
GPS data. 

We will present two methods to validate the multi-shell approach: miss­
ing site and missing satellite tests. The missing site approach uses a global 
network of dual-frequency GPS stations but excludes a handful as validation 
sites. The line-of-sight TEC at these "missing" sites is predicted, using the 
GIM coefficients along with estimated satellite and receiver differential bi­
ases, and then validated against the actual line-of-sight TEC observations. 
A similar approach can be used for individual GPS satellite tracks in which 
line-of-sight TEC is predicted using only data from other GPS satellites and 
then validated against the observations. A series of comparisons using several 
days of data will be presented using both the conventional single-layer and the 
new multi-shell approaches. It is expected that the multi-shell approach will 
provide better slant TEC accuracy at low elevation angles along with more 
consistent bias solutions. Several versions of the multi-shell approach which 
use shells at different altitudes will be examined to see which one yields the 
best slant TEC prediction accuracy. 
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MONITORING IONOSPHERIC RESPONSE TO GEOMAG­
NETIC STORMS OVER THE SOUTH AMERICAN SECTOR 
USING GPS TOTAL ELECTRON CONTENT MEASURE­
MENTS 

M. Fedrizzi*, INPE-DAE, Brazil 
Visiting Grad. Student, GRL, Univ. New Brunswick, Canada 
R. B. Langley, M. C. Santos, GRL, Univ. New Brunswick, Canada 
A. Komjathy, Jet Propulsion Laboratory, USA 
E. R. de Paula, I. J. Kantor, INPE-DAE, Brazil 
W. D. Gonzalez, INPE-DGE, Brazil 

Despite the fact that much has been learned about physical, dynamical 
and chemical processes that drive ionospheric storms, understanding the ef­
fects of geomagnetic storms on the neutral and ionized upper atmosphere is 
still one of the most challenging topics remaining in the physics of this atmo­
spheric region. In order to investigate the magnetospheric and ionospheric­
thermospheric coupling processes, many researchers are taking advantage of 
the dispersive nature of the ionosphere to compute total electron content 
(TEC) from Global Positioning System (GPS) dual-frequency data. Currently, 
there are a large number of GPS receivers in continuous operation. However, 
these stations are unevenly distributed, being situated mostly in the Northern 
Hemisphere. The relatively smaller number of GPS receivers located in the 
Southern Hemisphere and, consequently, the reduced number of available TEC 
measurements, cause ionospheric modelling to be less accurate in this region. 
In this paper, GPS data from the Brazilian Network for Continuous Monitor­
ing by GPS (RBMC) have been used along with data from the International 
GPS Service (IGS) network to investigate the response of the ionosphere over 
the South American region during geomagnetic storms. For this study, we are 
using the University of New Brunswick (UNB) Ionospheric Modelling Tech­
nique, which uses a spatial linear approximation of the vertical TEC above 
each station using stochastic parameters in a Kalman filter estimation to de­
scribe the local time and geomagnetic latitude dependence of the TEC. The 
utilisation of the RBMC GPS data to monitor the ionosphere over the South 
American sector will provide more accurate and representative regional and 
global ionospheric models and help us to obtain a better understanding of the 
physics and dynamics of the low-latitude and equatorial ionosphere during 
geomagnetically disturbed periods. 
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IONOSPHERIC REMOTE SENSING WITH THE IONO­
SPHERIC OCCULTATION EXPERIMENT (IOX): FIRST RE­
SULTS 

Paul R Straus* 
The Aerospace Corporation 
Mail Stop M2/259 
PO Box 92957 
Los Angeles, CA 90009 

The Ionospheric Occultation Experiment (IOX) is a dual-frequency GPS 
receiver with a single Earth-limb viewing antenna. Ionospheric remote sensing 
is possible during occultation events in which the line of sight to a GPS satel­
lite being tracked by IOX sets through the Earth's limb. IOX is one of four 
experiments to be flown as part of the United States Air Force Space Test Pro­
gram's PICOSat mission, with launch anticipated in early September of 2001. 
PICOSat will be placed into a 68 degree inclination, 800 km altitude orbit, 
enabling IOX to make ionospheric measurements at all local times under near­
solar maximum conditions over the course of its mission. The IOX instrument 
will be described together with initial observations obtained from this mission. 
Plans for data analysis and scientific studies will be discussed. These include 
(1) cross-validation of UV ionospheric remote sensing techniques through com­
parisons with data from sensors on TIMED and DMSP F16 (both of which are 
also expected to launch sometime late in 2001); (2) potential observations of 
equatorial scintillations using an occultation sensor; (3) evaluation of aspects 
of the occultation data relevant to space weather prediction or assimilation 
into ionospheric specification models; and ( 4) detailed analysis of ionospheric 
structures through enhanced ionospheric tomography. Enhanced ionospheric 
tomography evaluations are possible through a combination of IOX data with 
ground-based observations of a dual-frequency beacon that is one of the other 
three experiments on PICOSat. Ground-based receiver chains will provide 
information on horizontal structures which can be combined with occultation 
measurements of vertical structure to provide a more complete picture of the 
local ionosphere than is possible with beacon measurements alone, as has been 
done on previous missions. 

260 



G3-7 

TOTAL ELECTRON CONTENT VARIABILITY AT SOUTH­
ERN LATITUDES OVER BRAZIL USING GPS SIGNALS. 

Mendes da Costa, A.* 
Space Geophysics Division 
National Institute for Space Research 
Sao Jose dos Campos, SP 12901-970. Brazil 
Fonseca Junior, E.S. 
Geodetic and Topography Laboratory 
Univ. of Sao Paulo 
Sao Paulo, SP 05424-970, Brazil 
Vilas Boas, J.W 
Astrophysics Division 
National Institute for Space Research 
Sao Jose dos Campos, SP 12901-970, Brazil 

Some specific characteristics of ionospheric total electron content (TEC) 
obtained through GPS propagation signals received in Presidente Prudente -
Brazil (22 078; 51 22W) from 1997 to 2001 are described. TEC daily hourly 
averages during four and a half consecutive years are analyzed and the diur­
nal, seasonal and solar activity variations are discussed. The effects of the 
South Atlantic Magnetic Anomaly (SAMA) in the ray-paths are discussed us­
ing TEC values measured at different GPS stations of the Brazilian GPS Con­
tinuous Monitoring Network. This is a geodetic reference network composed at 
present, by thirteen stations, two of them take part in the International GPS 
Service (IGS). All the data have been processed with the 4.2 version of the 
BERNESE software developed by the University of Bern (Switzerland). This 
software is specially addressed to the development of permanent networks, to 
a quick development of GPS small surveys in Ll and in L2, to the combination 
of different types of receivers and simulations. To study the ionosphere, two 
distinct models are used to describe the its deterministic component: a local 
model based in the bidimensional expansion of Taylors series and a global or 
regional model based in the spherics harmonics expansion. TEC measurements 
seem to show a high efficiency in detecting moderate to intense geomagnetic 
storms, as well as the ionization produced by specific meteor showers. The 
relative importance of the protonosphere contribution to the total ionization is 
also investigated. Finally, an attempt is made to study the latitudinal behav­
ior of TEC over Brazil and the results are compared to TEC values measured 
at different southern longitudes. 
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UNDERSTANDING THE EFFECTS THE PLASMASPHERE 
HAS ON IONOSPHERIC STUDIES UNDERTAKEN WITH GPS 
TEC MEASUREMENTS 

P.A. Webb* 
NAS/NRC/Goddard Space Flight Center 
Greenbelt, Maryland 20771, USA 
E.A. Essex 
Cooperative Research Centre for Satellite Systems 
Department of Physics, La Trobe University 
Bundoora, Victoria 3086, Australia 

The plasmasphere is formed from the flow of topside ionospheric plasma 
up the Earth's closed magnetic field lines, which are located at low and mid 
geomagnetic latitudes. When studying the ionosphere using Total Electron 
Content (TEC) derived from Global Position System (GPS) signals, the over­
lying plasmasphere is often disregarded. For example, in ionospheric studies 
a mean ionospheric height around 400 km is used when converting slant TEC 
to vertical TEC, such as when using the single thin shell approximation to the 
ionosphere. The justification for this approach is that the electron densities in 
the plasmasphere are several orders of magnitude lower than in the ionosphere 
and will, therefore, make only a small contribution to the TEC. However, TEC 
measurements depend on the integral of the plasma density along the ray path 
between the GPS satellite and the GPS receiver. Because the GPS satellites 
orbit at an altitude of 20,200 km the plasmaspheric contribution to the TEC 
measurement can, at times, be of a similar magnitude to the ionospheric con­
tribution. In this case the assumption of a mean ionospheric height of 400 
km can be in error and, consequently, the resulting vertical TECs may be 
incorrect. 

The Global Plasmasphere Ionosphere Density (GPID) model has been 
developed to model the global scale evolution of the electron densities in the 
plasmasphere. Combined with the most recent version of the International 
Reference Ionosphere (IRI2001), GPID can calculate the electron densities 
along any arbitrary ray path, from which the TEC can be determined. Us­
ing GPID it is possible to investigate the effects that the plasmasphere has 
on the calculation of TEC derived from GPS signals. This presentation will 
demonstrate several examples of these effects, and will show when excluding 
the plasmasphere from an analysis will most likely produce significant error. 
Further, GPID can be used to predict the TEC obtained from ionospheric 
occultations undertaken by GPS receivers on Low Earth Orbit (LEO) satel­
lites. Examples of these occultations will be shown, as well as comparisons 
to direct TEC plasmaspheric observations also obtained from GPS-equipped 
LEO satellites. 
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MEASUREING IONOSPHERIC SCINTILLATION EFFECTS 
AND TEC USING GPS SIGNALS 

A. J. Van Dierendonck 
GPS Silicon Valley 
Los Altos, CA 94024-4925 

Over the last few years, GPS receivers have been used as a means for 
measuring ionospheric scintillation effects on a global basis. This was not 
widely possible during the last solar activity peak. Some of the GPS receivers 
have the capability to sample wide bandwidth signal phase and amplitude at 
relative high rates (50 Hz). The importance of the wide bandwidth is that 
scintillation parameters, such as spectral content, can be computed, not just 
the effects of the scintillation on GPS receiver performance. 

The majority of the current wide bandwidth monitoring is being done us­
ing a commercial off-the-shelf NovAtel GPS receiver implemented with special 
software - the GSV4000 GPS Ionospheric Scintillation Monitor (GISM) and 
redecessor prototype units. Now, GPS Silicon Valley customers have fielded 
the new GSV4004 GPS Ionospheric Scintillation and TEC Monitor (GISTM) 
receiver. This receiver, a NovAtel EUR04 dual-frequency receiver with special 
firmware, comprises the major component of a GPS signal monitor, specifically 
configured to measure amplitude and phase scintillation from the Ll frequency 
GPS signals, and ionospheric TEC from the Ll and L2 frequency GPS sig­
nals. This scintillation and TEC monitoring receiver is housed in a NovAtel 
GPStation4E housing along with a low-phase noise oscillator, and provides 
true amplitude, single frequency carrier phase measurements and TEC mea­
surements from up to 11 GPS satellites. It will also track one SBAS (WAAS, 
EGNOS or MSAS) satellite, providing Ll measurements and data, instead of 
the 12th GPS satellite. The unit comes with complete software that allows the 
automatic measurement and computation of all major scintillation parameters 
and TEC. A variety of antennae, with or without choke rings and cables, are 
available as options. 

In this paper, the wide bandwidth monitoring capabilities of these re­
ceivers will be described and performance test results will be presented. This 
is followed by the presentation of data collection from a selection of recorded 
scintillation events. 
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EQUATORIAL SCINTILLATION CLIMATOLOGY: IMPLICA­
TIONS FOR GPS NAVIGATION AND SATELLITE COMMU­
NICATIONS 

K. M. Groves, S. Basu, J.M. Quinn, H. Kuenzler 
Air Force Research Laboratory 
Space Weather Center of Excellence 
Hanscom AFB, MA, 01731, USA 
W. J. McNeil, R. C. Caton 
Radex, Inc., 3 Preston Ct., Bedford, MA, USA 

The routine occurrence of equatorial post-sunset Spread F and radio 
wave scintillation is a well-known phenomenon. VHF and GPS scintillation 
observations over the past five years at a number of low-latitude stations per­
mit us to quantify the spatial and temporal climatology of strong scintillations 
as well as to study their effect on GPS navigation and satellite communication 
systems. Observations in the VHF band have shown that the entire region 
encompassed within 15 to 20 degrees of the magnetic equator experiences se­
vere scintillation activity caused by electron density irregularities associated 
with large-scale plasma bubbles. The occurrence frequency and intensity of 
this activity has a strong dependence on solar flux and consequently exhibits 
a dramatic solar cycle variation. For example, the occurrence frequency of 
strong VHF scintillation decreases by a factor of 2-3 as the solar cycle varies 
from maximum to minimum. At L-band frequencies the relative variation 
is even more severe as strong scintillation is essentially absent at solar mini­
mum. Moreover, L-band scintillation shows a marked meridional dependence 
correlated with variations in electron density from the magnetic equator to 
the anomaly regions at approximately 15 degrees magnetic latitude. The re­
sults indicate that significant impacts on GPS navigation may be limited to 
anomaly regions around the solar maximum period. It is also shown that the 
offset between the geographic and geomagnetic equators combined with the 
GPS constellation geometry render certain longitude sectors more vulnera­
ble to impacts on GPS positioning accuracy. VHF satellite communications 
systems may be impacted throughout the solar cycle and across the entire 
equatorial belt. When scintillation activity is characterized by the S4 param­
eter ( the normalized standard deviation of the signal intensity) alone, VHF 
scintillations appears to show little meridional variation within the equatorial 
region. However, when additional parameters of the signal fluctuations, such 
as the intensity decorrelation time, are examined, the nature of VHF scintil­
lations is found to exhibit significant differences with latitude. Specifically, 
fluctuations near the anomaly are found to have much shorter decorrelation 
times, and presumably reduced coherent bandwidths, than occur at the mag­
netic equator. These results may impact the design of future communication 
systems that seek to mitigate scintillation effects through frequency or time 
diversity strategies. 
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GPS PROXY MODEL FOR REAL-TIME UHF SATCOM SCIN­
TILLATION MAPS FROM THE SCINTILLATION NETWORK 
DECISION AID (SCINDA) 

R.G. Caton*, W.J. McNeil 
Radex, Inc. 
3 Preston Ct. 
Bedford, MA 01730 
K.M. Groves, S. Basu 
Air Force Research Laboratory 
Hanscom AFB, MA 01731 

In order to increase the region of coverage and provide a more reliable 
situational awareness of scintillation impacts on users of space-based commu­
nication/navigation systems, L-Band scintillation measurements from GPS 
satellites are ingested, in real-time, to the Scintillation Network Decision Aid 
(SCINDA) model. 

SCINDA is a real-time, data driven communication outage forecast and 
alert system developed by Air Force Research Laboratory, at Hanscom AFB 
and made operational through a joint effort between the US Air Force and US 
Navy. UHF and L-Band scintillation parameters are measured, modeled, and 
propagated in time to provide a regional specification of the scintillation en­
vironment in an effort to mitigate the impacts on the satellite communication 
(SATCOM) community. 

In previous implementations of the SCINDA model, while data collected 
on links to various geosynchronous satellites were used to produce a graphical 
representation of the "plume" structures responsible for the observed scin­
tillation, GPS scintillation data were limited to being displayed as spheres 
at the 300 Km ionospheric penetration point and colored to indicate the level 
activity on a given link at a given time. With their three-dimensional represen­
tation, the modeled "plumes", based on the geosynchronous data, could then 
be mapped to the ground from the location of a selected satellite location pro­
ducing a "Scintillation Specification Map" detailing "outage" regions on the 
globe. In an effort to provide UHF SATCOM users with a more consistent 
estimation of scintillation impacts on their systems, GPS sensors, measuring 
84 at L-Band frequency are now used as a supplement to the stationary UHF 
links dramatically increasing the region coverage at each individual station, 
particularly those located outside the anomaly crest regions. 

In this talk, we will present results from our validation effort of the GPS 
proxy model and demonstrate its usefulness as an adjunct to the SCINDA 
model in producing nowcast and forecast UHF scintillation products that are 
useful in providing the most accurate specifications available. 
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REGIONAL GPS MAPPING OF STORM ENHANCED DEN­
SITY 

Anthea J. Coster 
M.I.T. Lincoln Laboratory, Millstone Hill Radar 
244 Wood Street, Lexington, MA 02420-9108 
John C. Foster, P.J. Erickson 
M.I.T. Haystack Observatory 
Off Route 40, Westford, MA 01886 
F. J. Rich 
Air Force Research Laboratory 
Hanscom Air Force Base, Lexington, MA 

During geomagnetic disturbances, intense storm-time electric fields of 
magnetospheric origin extend across mid-latitudes and redistribute the iono­
spheric plasma through advection across both latitude and local time. Strong 
increases and sharp spatial gradients in total electron content (TEC) char­
acterize the ionospheric storm response, and these features can significantly 
impact Global Positioning System (GPS) performance. Sharp gradients in 
TEC are also difficult to model, and their presence can degrade radar metric 
accuracy in satellite tracking. TEC measurements from GPS receivers scat­
tered throughout the eastern and southeastern parts of the U.S., including a 
few located in the Caribbean, are used to monitor the ionospheric response to 
several geomagnetic storms. A time history of TEC perturbations in two di­
mensions has been constructed using the GPS data. The data typically show 
plasma advection from the lower latitudes bringing in storm-enhanced den­
sity (SED) [Foster, J. Geophys. Res., 98, 1675-1689, 1993] with total electron 
content (TEC) 100 TEC units coming into the region immediately equa­
torward of the trough. This plasma is transported to higher latitudes and to 
earlier local times - approaching the noon meridian. Additional maps of the 
storm-induced ionospheric perturbations observed with the Millstone Hill in­
coherent scatter radar, spanning the mid-latitude ionosphere between 35 and 
65 invariant latitude, further support the GPS observations. In-situ DMSP 
satellite observations of electric fields and particle precipitation are used to 
study the structure and dynamics of solar-induced geomagnetic storms. This 
paper specifically analyzes the TEC enhancements from both major (Kp val­
ues greater than 7) and minor geomagnetic storms (Kp values greater than 
4). These storms are compared in terms of impact and strength of the storm 
enhanced density observed. 

This work is sponsored by the Air Force under Air Force Contract 
AF19628-00-C-0002 Opinions, interpretations, conclusions, and recommenda­
tions are those of the author and are not necessarily endorsed by the United 
States Air Force. 
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EFFECTS OF HF HEATER-PRODUCED IONOSPHERIC 
STRUCTURES ON THE DUCTING OF VLF TRANSMISSIONS 

M.J. Starks* 
Space Vehicles Directorate 
Air Force Research Laboratory 
Hanscom AFB, MA 01731 

Comprehensive three-dimensional ray tracing studies show that local 
ionospheric density perturbations caused by the HF heater at Arecibo can 
significantly affect the amount of power from up-going 28.5 kHz VLF trans­
missions that is coupled into plasmaspheric ducts on nearby magnetic field 
lines. The formation of large density depletions perturbs the ray paths of up­
going VLF and may enhance or reduce the total amount of power in a local 
duct by up to 18 dB. Small perturbations at ionospheric heights are magnified 
as rays propagate toward plasmaspheric ducts, thereby altering the L-shell 
distribution of ducted power. The effect is highly dependent on duct loca­
tion, and altitude variations in the duct entrances of as little as 40 km may 
determine whether ducted power is enhanced or reduced. 

This effect has immediate consequences for experimental efforts. The 
natural cross-L drift of plasmaspheric ducts has been measured at tens of m/s, 
and a duct may drift in altitude by tens of km in less than one hour. This 
motion can slowly move a duct from a region of enhanced power flux to one of 
reduced flux. The effects on the power distribution are also highly dependent 
on the extent of the density depletion created by the heater. This in turn is 
partially controlled by the drift of ionospheric plasma over the heater beam. 
The complex interplay of these factors may therefore explain the difficulty in 
obtaining consistent experimental observations of heater-enhanced or heater­
suppressed local VLF ducting from day to day, or even from hour to hour. 

The ray tracing studies also show that meridional irregularity sheets 
produced by the HF heater affect ducted power to a lesser extent by guiding 
upgoing VLF rays in the ionosphere and subsequently randomizing their group 
velocity vectors. 

The enhancement of available VLF energy in the lower ionosphere due 
to scattering from heater-produced bottom-side irregularities strongly affects 
the magnitudes of both mechanisms. 
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USING TOMOGRAPHY RECEIVERS FOR SCINTILLATION 
IN GREENLAND 

C. Coker, G.S. Bust, T.L. Gaussiran II 
Center for Ionospheric Research 
Applied Research Laboratories 
University of Texas at Austin 
Austin, TX 78713-8029 USA 

The capabilities and results of using the Coherent Ionospheric Doppler 
Receiver (CIDR) for observing ionospheric scintillation are presented. Mea­
surement capabilities of the receiver were verified on the bench in Austin, 
Texas, by simulating phase scintillation. Specifically, the Doppler and phase 
error measurements from 150 and 400 MHz signals are examined. Data from 
a chain of CIDR tomography receivers along the West Coast of Greenland are 
examined, with emphasis placed on the January 2001 scintillation campaign 
time frame and other selected dates. The utility of phase scintillation mea­
surements from individual and differential frequencies is examined. Periods 
of increased scintillation activity were observed during periods of increased 
magnetic activity. 

As the low-earth orbiting satellites pass over an individual station, small 
scale spatial structures can be observed in the F-region over a large geographic 
region ( ~ 15 degrees of latitude). From Sondrestrom during magnetically quiet 
periods, the field of view includes the auroral zone as well as portions of the 
polar cap and mid latitude ionosphere. During disturbed periods the oval 
expands towards the equator, so that the field of view is primarily in the 
polar cap with the auroral zone to the south. Scintillation was observed in 
the polar cap and auroral zone from Sondrestrom. The chain of receivers in 
Greenland provides for multiple look-angles through the same ( or nearly the 
same) ionospheric structure generating the scintillation, allowing for studies 
of isotropy. The chain also expands the coverage area, providing for studies 
of the spatial distribution of scintillation, in the polar cap under disturbed 
conditions. 
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QUANTIFYING SPREAD F BY DIGITAL IONOSONDES 

J.W. Wright, NGDC, NOAA and CIRES, Boulder CO, USA 
N.A. Zabotin, Rostov State Univ., Rostov on Don, Russia 

The width of frequency-spreading {df/f) on ionograms has been shown 
{by comparison with OG0-6 Satellite observations) to be proportional to 
dN/N near the F-region peak. Thus even classical analog ionograms using 
logarithmic frequency scales were direct-reading for this important parame­
ter. 

Despite the common term "frequency spreading", Spread F is always 
and fundamentally range spreading: the phenomenon occurs when multiple 
scattering, aided by refraction, produces a multiplicity of echoes ( or "glints") 
along the range axis. What distinguishes classical "frequency spreading" from 
classical "range spreading" is the extent of frequency- ( and temporal-) corre­
lation within this fundamental range spreading. When spread-echo range is 
highly correlated over a broad frequency bandwidth, the result is commonly 
called "range spreading"; conversely, narrow correlation bandwidths in fre­
quency lead to the common term "frequency spreading". This perspective 
permits a digital ionosonde to recognize spread echo automatically, and, if 
wanted, in real time. We quantify Spread F (more generally, "spread echo") 
by two simple steps: 

(a) Construct a count of closely-spaced echoes resulting from individual 
pulses {or "pulsets", by the dynasonde) in bins of constant width in d{log(f)) 
disposed near the classical penetration frequencies foE, foF2, fxF2, etc.; 

(b) Compute the weighted mean and weighted variance of d{log{f)), us­
ing the bin counts as weights. Twice the resulting variance is an estimate of the 
standard deviation, 2delta{log{f)) 2df/f dN/N. The weighted means convert 
to mean plasma frequencies (e.g., 'sfoF2', sfoE, the 's' signifying "spread") and 
are arguably a better representation of the layer peak plasma frequencies than 
the conventional parameters (e.g. foF2, foE) in spread echo conditions. 

Data sequences from three Dynasonde installations illustrate application 
of automated spread echo quantification in the auroral, mid-latitude and equa­
torial ionospheres. The existence of "Spread E" is itself a new and potentially 
important feature, not previously discussed in ionogram literature. The equa­
torial case receives special consideration because some implicit assumptions of 
the method may not apply there. 

Spread F quantification joins a suite of diagnostic methods by which the 
digital ionosonde can monitor irregularity parameters over scales ranging from 
lO's of meters to thousands of kilometers, and intensities dN/N from 0.1 to 
100 percent. We compare, in particular, our spread F results with those of the 
"Phase Structure Function" of another paper presented here. 
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DYNAMICS OF IONOSPHERIC IRREGULARITY SPECTRA 
FROM DYNASONDE ECHO STRUCTURE FUNCTIONS 

N.A. Zabotin 
Rostov State Univ. 
Rostov on Don, Russia 
J.W. Wright 
NGDC, NOAA and CIRES 
Boulder CO, USA 

In modern HF pulse sounding using research ionosondes the phase and 
amplitude of each echo are measured precisely and frequently; the 'same echo' 
can be identified from one time to the next. Thus, such values form con­
tinuous temporal series permitting comprehensive statistical processing. The 
most informative tool for these analyses is the Structure Function (SF), which 
is defined as the square of the difference of a random function, averaged over 
all pairs of points a certain distance (or 'lag', T) apart. It can be used to ex­
press both temporal echo parameter variations and spatial ionospheric electron 
density irregularities. 

A theoretical relation between structure functions of phase variations 
and small-scale ionospheric irregularities has been obtained for a model of 
frozen irregularities moving with a drift velocity, on the assumption that the 
irregularity spectrum is described by a power law. A remarkable property of 
the SF behavior in the small-lag regime is its log-log-linear character: it is well 
approximated by a linear dependence, log(SF) =SIA+ SIB log(T). Structure 
indices SIA and SIB are related by the theory to the irregularity spectrum 
parameters. Dynasonde B-mode allows us to define a rudimentary structure 
function (RSF), containing only a few initial lags, but these are sufficient to 
determine SIA and SIB. Thus standard dynasonde ionograms, rather than 
dedicated time-series, become a practical resource for irregularity diagnostics. 
Details of this method are presented in Radio Science, 36, 757, 2001. 

In the present paper we apply this approach to dynasonde data ob­
tained in three main latitudinal regions, at Huancayo ( equatorial CONDOR 
campaign of 1983), at Bear Lake Utah (mid-latitude), and at Tromso (EIS­
CAT auroral-latitude observatory). The method reveals basic characteristics 
of these geophysical regions. By obtaining physical properties of small-scale 
ionospheric irregularities we may follow the dynamics of the irregularity spa­
tial spectrum. We expand this approach by investigation of echo amplitudes, 
and discover the same log-log-linear behavior of the amplitude SF with strong 
diurnal variations of corresponding structure indices. The diagnostic conse­
quences of this effect are to be considered. 
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INFLUENCE OF MAGNETIC DECLINATION ON THE LOW 
LATITUDE IONOSPHERE: DIGISONDE STUDIES AT FOR­
TALEZA, SAO LUIS AND JICAMARCA FOR A MAGNETI­
CALLY DISTURBED PERIOD 

F. Bertoni*, CNPq (Brazil) funded doctoral student at UML 
(l)Instituto Nacional de Pesquisas Espaciais, S.J. Campos, Brazil 
B. Reinisch 
(2)Center for Atmospheric Research, University of Massachusetts 
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I. Batista, M. Abdu 
(l)Instituto Nacional de Pesquisas Espaciais, S.J. Campos, Brazil 

Digital ionosondes are providing a large amount of data all over the 
world. Many stations around the globe use the Digisonde DPS-4 (Reinisch 
et al., Radio Sci., 32, 4, pp. 1681-1694, 1997) or the DGS256 since they are 
versatile systems that offer the possibility of auto-scaling ionogram data in 
real time. Ionospheric drift analysis software for post-processing software is 
also available (Scali et al. Radio Sci., 30, 5, pp. 1481-1498, 1995). 

In February 2001, a new DPS started operation in Fortaleza (3.8°S, 
38°W), Brazil; Fortaleza is ~10°south of the magnetic equator. In June of the 
same year, the DPS in Jicamarca (12°S, 77°W), Peru, resumed operation, and 
since September 1994 there is a DGS256 operating at Sao Luis (2.3°S, 44°W), 
Brazil. The magnetic declinations are very different, resulting in interesting 
ionospheric behavior at these stations. In Fortaleza and Sao Luis the declina­
tion is about 20°W and in Jicamarca, 2°E. Batista et al. (J. Geophys. Res., 
91, All, 12,055-12,064, 1986) studied the differences between the magnetic 
characteristics at Fortaleza and Huancayo, Peru. The authors pointed out the 
influence of magnetic declination on the F-layer. They used the .6. li1 F/.6. t 
method (Abdu et al., J. Geophys. Res., 86, pp. 11,443-11,446, 1981) in order 
to determine the vertical drift at nighttime. 

It is well known that magnetic storms can inhibit or stimulate the oc­
currence of equatorial spread-F. The inhibition or stimulation can be caused 
by different mechanisms. Electric fields, mapped from high to low latitudes, 
can influence the F-Layer dynamo electric fields and, consequently, the ExB 
vertical drift. This affects the pre-reversal peak height behavior. This paper 
analyzes ionogram and drift data obtained with these Digisondes during a 
magnetically disturbed day on 17 August 2001. 
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REFLECTION HEIGHTS OF LF RADIO WAVES IN THE 
IONOSPHERIC D-REGION 

R. Michael Jones 
CIRES 
University of Colorado 
Boulder, CO 80309-0216, USA 

In using radio wave reflection coefficients measured at various frequen­
cies f and angles of incidence io to estimate ionospheric profiles, it helps 
to arrange those measurements according to their relative reflection heights. 
(See NOAA Tech. Memo. ERL WPL-29, 1977, PB2763878, and the errata at 
http://cires.colorado.edu/people/jones.mike/pubs/errata4.htm.) We use the 
notation here that X = f'fv / f 2 = roc2 N / ( 7r J2) is the normalized electron 
density, Y = f H / f is the normalized gyrofrequency, and Z = v / w is the 
normalized collision frequency, where fN is the plasma frequency, ro is the 
classical electron radius, c is the free-space speed of light, and w = 21r f. At 
LF and VLF (3-300 kHz), the approximation Y » 1 is always valid. 

Whenever the radio waves reflect below the height h1 (65-70 km in 
mid-latitudes) where the collision frequency equals the gyro frequency (i.e., 
where Z = Y), then we can neglect the effect of the Earth's magnetic field 
on the propagation. In that case, the reflection height is that height where 
X = Z cos2 io. This is the height where 2roc2 N/v = f cos2 io, showing that 
reflection height increases with f cos2 io for that case. This case occurs only 
during the daytime, when the electron density is large enough. 

When f cos2 io is larger than 2roc2 N(h1)/v(h1), the wave will reflect 
above the height h1, so that the effect of the Earth's magnetic field must 
be taken into account. For frequencies less than the collision frequency (i.e., 
Z > 1), only the extraordinary wave has a significant reflection coefficient, and 
reflection occurs at the height where X = Y (1 - sin2 io cos2 'l,b) 112 cos i0 , where 
'l,b is the angle of the wave with the magnetic meridian. This is the height 
where roc2 N / ( 1r f H) = f ( 1 - sin2 io cos2 'l,b) 1/

2 cos io, showing that reflection 
height increases with f (1-sin2 io cos2 'ljJ )112 cos i 0 . This corresponds to f cos2 io 
for propagation in the magnetic meridian (North-South), and to f cos io for 
propagation normal to the magnetic meridian (East-West). 

For frequencies greater than the collision frequency (i.e., Z < 1), 
only partial reflection of the ordinary wave occurs at LF, and then only for 
nighttime profiles. The height of the partial reflection is the height where 
X = cos2 io/(1-sin2 iocos2 'l,b). This is the height where fN = (roc2N/1r) 1i 2 = 
f cos io(l - sin2 io cos2 'l,b )-1/ 2 . 
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D-REGION ELECTRON-DENSITY PROFILES FROM LF 
REFLECTION-COEFFICIENT MEASUREMENTS 

R. Michael Jones 
CIRES 
University of Colorado 
Boulder, CO 80309-0216 

For radio waves that reflect below the height where the collision fre­
quency equals the gyrofrequency (about 65 km in midlatitudes), the effect of 
the Earth's magnetic field can be neglected, and the reflection coefficient de­
pends on the conductivity profile fr(h) = 21rf'h(h)/v(h) = 2roc2N(h)/v(h), 
where c is the free-space speed of light and ro is the classical electron radius. 
A phase integral calculation ( which is very accurate for horizontal polariza­
tion, but only approximate for vertical polarization) shows that the log of the 
reflection coefficient times the cosine of the angle of incidence is a function of 
the wave frequency times the square of the cosine of the angle of incidence. 

r, 
ln R cos io = -2iw cos2 io/c lo [1 - iX/(Z cos2 i0 )]

112dh + .5i7r cos i0 , 

where w = 21rf is the wave frequency. For a monotonic N(h)/v(h) profile, 

ln R cos io = -41riF/c 1o-iF (1 - ifr/ F) 112 (dh/df,.)dfr + .5i1r cos io, 

where F = f cos2io, and fr(h) or h(Jr) gives the monotonic profile. For a 
smooth profile, the real part can be approximated by a real integral to give 

7r21f cos
2 io f 

lnlRlcosio~-- (1- f \. )-112 (dh/dfr)frdfr· 
C O COS ZQ 

This is an Abel integral, which can be inverted to give 

c /2roc2 N/v 1 1Y ( F ) 1/2 d(log IRI cos io) 
h=-- - -- -----dFdy 

7r3 y2 o y - F dF , 

which gives the shape of the profile, but not it's vertical displace­
ment. For fcos2 io < 2roc2N(h1)/wH, we can neglect the effect of 
the Earth's magnetic field, where h1 is the height where the collision 
frequency v equals the gyrofrequency w H. For f cos2 io greater than 
that, the propagation is more complicated. Calculated and measured 
reflection coefficients show that the transition can be easily recognized 
(NOAA Tech. Memo. ERL WPL-29, 1977. PB2763878. errata at 
http://cires.colorado.edu/people/jones.mike/pubs/errata4.htm). These for­
mulas are very accurate for horizontal polarization. They are approximate 
for vertical polarization. 
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LOW-LATITUDE NIGHTTIME ELECTRON DENSITY DIS­
TRIBUTION FROM ULTRAVIOLET LIMB OBSERVATIONS 

Thonnard, S.E., McDonald, S.E., Dymond, K.F., Budzien, S.A., 
McCoy, R.P. 
Space Science Division 
Naval Research Lab 
Washington, DC 20375, USA 

At night, the distribution of the O I 1356-Angstrom emission can be used 
to infer variations in the electron density in the upper atmosphere. Using a 
limb-scanning remote sensing technique, observations of this major nightglow 
emission can be used to determine the vertical electron density distribution. 
At low latitudes, the dominant variation in the 1356-Angstrom nightglow is 
due to the equatorial anomaly. These arc shape structures follow the magnetic 
dip equator and vary in intensity, height, and spatial separation. 

In February 1999, the Air Force Space Test Program launched the Ad­
vanced Research and Global Observation Satellite (ARGOS) in an 830km 
altitude, near-polar sun-synchronous orbit with a 2:30pm ascending node lo­
cal time. The ARGOS satellite contains several instruments that monitor the 
upper atmosphere of the Earth. One instrument, the Low Resolution Airglow 
and Aurora Spectrograph (LORAAS) is a prototype of a series of sensors that 
will be flown by the Defense Meteorological Satellite Program (DMSP) over 
the next decade. The LORAAS instrument has collected numerous spectra 
of Earth's airglow in the extreme ultraviolet and far ultraviolet regimes (800 
- 1700 Angstroms). Limb scans, atmospheric radiance profiles, in the satel­
lite's orbital plane are collected every ninety seconds. The intensity profiles 
associated with the equatorial anomaly were measured by LORAAS and in­
terpreted using analysis techniques developed for the DMSP. Additionally, a 
pseudo-tomographic technique was used to invert series of intensity profiles 
to specify the vertical and latitudinal electron density distribution about the 
anomaly region. 

These analysis techniques have been applied to an entire month, October 
2000, of LORAAS observations to determine the variability of the tropical arcs. 
The analysis results yield altitude verses latitude cross-sections of the night­
time ionosphere. From these ionospheric cross-sections, the separation and 
relative electron density distribution of the northern and southern anomaly 
crests were obtained. More than 85 
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REAL TIME SOLAR RADIO BACKGROUND/BURST EF­
FECTS (SORBE) PRODUCT UNDER DEVELOPMENT 

S. Quigley* 
Air Force Research Laboratory 
AFRL/VSBX c/o SMC Det 11/CIT 
Peterson AFB, CO 80914-2902 

The Air Force Research Laboratory (AFRL) and Detachment 11 of the 
Space Missile Systems Center (SMC) have combined efforts to design, de­
velop, test, and implement new graphical products for Air Force space weather 
operations. The newest product under development addresses the effect of 
background and event-level solar radio output on operational DoD systems. 
Strong bursts of radio wave emissions given off by the sun during solar events 
can detrimentally affect radar and satellite communication systems that have 
operational receiving geometries within the field of view of the sun. For some 
systems, even the background radiation from the sun can produce effects. The 
radio frequency interference (RFI) of interest occurs on VHF, UHF, and SHF 
frequency bands, usually lasting several minutes during a solar flare. While 
such effects are limited in time and area ( typically a few degrees in viewing 
angle), they can be quite severe in magnitude. The result can be significant 
lack in a radar systems ability to detect and/or track an object, and loss of 
a communication systems ability to receive satellite signals. Such negative ef­
fects on key systems has resulted in a requirement for an operational product 
that details the problem in real-time. To develop the product, several factors 
must be taken into account. The operating parameters of the observing solar 
radio telescopes (RSTN and SRBL systems for the USAF) must be known 
these include observed frequencies, sensitivities, and interpolation curves. In 
addition, some operating parameters of the affected radar and satellite com­
munications systems must be known these include specific systems threshold 
levels, bandwidth and range responses, and side-lobe specifications. A brief 
statistical and anecdotal history of solar radio burst events is presented, along 
with an overview of the current operational product under development at the 
joint SMC-AFRL Rapid Prototyping Center. 
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CHARGED AEROSOL COLLECTION INSIDE PMSE'S BY A 
MAGNETICALLY SHIELDED ROCKET PROBE 

B. Smiley, M. Horanyi, S. Robertson 
Dept. of Physics 
University of Colorado at Boulder 
Boulder, CO 80309, US 

A charged aerosol detector was flown during the MIDAS/SOLSTICE 
rocket campaign in June 2001 over Andoya, Norway. The probe is a graphite 
collection surface with a permanent magnet underneath to deflect electrons 
and light ions. This probe was first used on a sounding rocket over White 
Sands, NM in 1998, where it measured a thin positively charged layer 500 m 
thick at an altitude of 86.5 km, followed by a broad negatively charged layer 
which extended a few kilometers lower [Geophys. Res. Lett. 27, 3825 (2000)]. 
The flights aboard the two MIDAS payloads were the second use of the probes. 

The first MIDAS launch was into a triple layered PMSE that extended 
from 82 to 90 km. On both upleg and downleg, the detector saw finely detailed 
positive charge structures within the PMSE. These uniquely shaped layers 
were completely correlated with simultaneously collected positive ion data. 
On downleg, the probe measured a thin burst of negatively charged particles 
at 83 km. 

The second MIDAS flight was fired into a very strong single-layered 
PMSE. On downleg, thin bursts of negative charge were seen from 87 km to 
83 km. Also, a single thick layer of negative charge was measured at 82 km. 
This layer had a very sharp upper boundary and extended downward over the 
next km. 

During both flights the probe also measured a smooth, positively charged 
background which was well correlated with the positive ion probe. Also seen 
was a photoelectron signal due to solar UV. Cloud cover prevented lidar sup­
port for either launch. This work was funded by NASA. 
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METEOR HEAD ECHO MEASUREMENTS WITH THE SON­
DRESTROM RADAR 

C.J. Heinselman, J. J¢rgensen 
Center for Geospace Studies 
SRI International 
333 Ravenswood Ave. 
Menlo Park, CA 94025 

The Sondrestrom Incoherent Scatter Radar (ISR) routinely measures the 
natural high-latitude ionosphere. In addition to solar UV produced ionization, 
it regularly measures the influence of auroral precipitation on the ionospheric 
electron density profiles as well as the formation and dynamics of sporadic 
layers of metal ions in the E region. The material supporting these sporadic E 
layers comes from metal atoms released during meteoroid ablation. Especially 
at high latitudes, metal ions undergo significant transport as they are driven by 
the large magnetospherically generated electric fields. Previous high- latitude 
sporadic E studies have concentrated on this electric field driver but they 
have been only partly successful in describing the observed characteristics of 
the layers. A full description of the metal atom evolution must consider both 
the distribution of the source of the material and this transport. 

Recent software upgrades to the data acquisition system of the Sondre­
strom ISR allow the recording of unprocessed samples from individual radar 
pulses. This capability has been used to support several measurement cam­
paigns directed toward meteor head echo detection and characterization. The 
system's nominal operating frequency is 1.29 GHz - significantly higher than 
that used in the bulk of previously reported measurements. It also operates 
in a high latitude environment, which affects the properties of the upper at­
mospheric environment into which the meteoroids ablate. 

Initial analysis of a subset of the measurements shows, among other 
things, a relatively broad distribution of meteoroid velocities. Measurements 
have now been made from several different meteor showers. The characteristics 
of the meteor head echoes from these showers will be compared. Data will also 
be presented from non-shower periods and the characteristics contrasted with 
those from shower periods. 
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SCATTERING CHARACTERISTICS OF METEOR HEAD 
ECHOES COLLECTED USING ALTAIR 

S. Close*, S. Hunt, A. Coster 
MIT Lincoln Laboratory 
Lexington, MA 
M. Oppenheim, L. Dyrud 
Boston University, Center for Space Physics 
Boston, MA 

Meteor data were collected using radar and optical sensors at the K wa­
jalein Missile Range (KMR) during the peak of the Leonid 1998 storm. These 
data contain the only simultaneous observations of meteors using seven fre­
quencies (VHF, UHF, L-, S-, C-, Ka- and W-band) as well as optics. The pri­
mary sensor was the ARPA Long-Range Tracking and Instrumentation Radar 
(ALTAIR), due to its VHF and UHF operating frequencies. ALTAIR is highly 
calibrated and has interferometry (angle) and polarization capabilities, which 
gives the true position and shape of the meteor. During the peak of the 1998 
storm, ALTAIR detected approximately one head echo every two seconds, 
as well as numerous specular and non-specular ionization trails. This paper 
contains analysis of the scattering characteristics of the VHF and UHF head 
echoes and supports the theory that the head echo scattering mechanism is 
consistent with an overdense object. First, we present results that indicate 
that most head echoes have trajectories that are inconsistent with current 
"down-the-beam" theories and vary between O and 80 degrees from ALTAIR 
boresight. Next we examined the normalized polarization ratios of the head 
echoes by utilizing both the LC and RC returned signal at VHF and UHF. 
These data show a mean distribution that is consistent with a sphere-like re­
turn that is dependent upon maximum RCS but independent of aspect angle 
or altitude. An in-depth examination of the RCS data revealed that the RCS 
scales with the velocity and altitude. The RCS dependence on wavelength 
was determined, as well as an upper RCS cutoff that scales with the mean 
free path to wavelength ratio. Finally, we present the first three-frequency 
detection (VHF, UHF and L-band) of a head echo/non-specular trail pair. 

Prepared for the Department of the Army under Air Force Contract 
F19628-00-C-0002. Opinions, interpretations, conclusions, and recommenda­
tions are those of the authors and are not necessarily endorsed by the United 
States Air Force or Army 
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METEOR VELOCITY DETERMINATION USING THE AD­
VANCED RESEARCH PROJECT AGENCY LONG RANGE 
TRACKING AND INSTRUMENTATION RADAR 

Hunt, S.M.,Close, S. 
MIT Lincoln Laboratory 
Brown, P. 
University of Western Ontario 
Oppenheim, M., Dyrud, L., 
Boston University 

Abstract. During 1998-1999, the Leonid and Perseid meteor shower ac­
tivity was observed using radar and optical sensors at the Kwajalein Missile 
Range (KMR). Due to its large aperature, high-power and simultaneous op­
erating frequencies (UHF-160 MHz, VHF-422 MHz), the ARPA Long-Range 
Tracking and Instrumentation Radar (ALTAIR) is the KMR sensor best suited 
for detecting micro-meteors. ALTAIR transmits right-circular (RC) polarized 
energy and measures left-circular (LC) sum, RC sum, LC azimuth angle differ­
ence, and LC elevation angle difference receiver signal response. Meteor head 
echo detection rates as great as one per second were recorded and equate to a 
minimum detectable visual magnitude of +11 [Brown, 2001]. While collecting 
the meteor data using ALTAIR required no radar system modification, the 
task of reducing and calibrating the recorded data to support the analysis of 
meteor parameters is newly developed. This paper provides an overview of the 
techniques used to determine the meteor head echo position and velocity using 
ALTAIR data. The relative number of meteors encountering the atmosphere 
at UHF and VHF as a function of range rate and true velocity are presented. 
The ALTAIR head echo number distributions are corrected for the radar's 
tendency to detect faster-moving meteors (radar head echo ionization) and 
are normalized to ALTAIR's minimum detectable mass. These data present 
the corrected observational head echo velocity results and provide atmospheric 
velocity distributions for meteoroids at a constant mass limit. 

Prepared for the Department of Army under Air Force Contract F19628-
00-C-0002. Opinions, interpretations, conclusions, and recommendations are 
those of the authors and are not necessarily endorsed by the United States 
Department of Defense. 
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THE LINEAR PLASMA THEORY OF METEOR TRAILS AND 
IMPLICATIONS FOR RADAR MEASUREMENTS 

M. Oppenheim*, L. Dyrud 
Center for Space Physics 
Boston University 
725 Comm. Ave., Boston MA 02215 
S. Close, S. Hunt 
MIT Lincoln Labs and 
Center for Space Physics 

Radars probing the atmosphere between 75 and 130 km frequently re­
ceive echoes from plasma trails left by ablating micron-sized meteors. These 
echoes have proven useful in characterizing meteors and in estimating wind 
velocities and temperatures. Two distinct types of radar echoes return from 
meteor trails. First, strong "specular" echoes occur when the radar point­
ing direction lies perpendicular to the meteoroid's trajectory. Second, weaker 
"non-specular" echoes are measured by large-aperture radars when not point­
ing perpendicular to the trail's orientation. 

In two earlier papersa, we used simulations to show that non-specular 
echoes can easily result from the gradient-drift/Farley-Buneman (GDFB) in­
stability which rapidly develops into plasma turbulence. We also discussed 
the mechanism whereby this instability causes rapid anomalous diffusion. 

This paper further develops the plasma physics of meteor trail irregular­
ities and compares the results with simulations and observational data. This 
study helps us use radar data to better understand the composition of meteor 
trails and their interactions with the surrounding atmosphere. In particular, 
we can evaluate: (1) the criterion for the onset of the instability as a function 
of altitude, atmospheric temperature, and meteor trail composition and den­
sity; (2) the nature of the instability and the resulting waves; (3) the range 
of unstable wavelengths both perpendicular and oblique to the geomagnetic 
field; and (4) the growth rates at each wavelength. This analysis should en­
able us to better use meteor radar data to characterize meteors and the upper 
atmosphere. 

a M. Oppenheim, A. vom Endt and L. Dyrud, Electrodynamics of meteor trail evolution 
in the equatorial E-region ionosphere, GRL, 2000, 3173 and 
L. Dyrud and M. Oppenheim and A. vom Endt, The anomalous diffusion of meteor trails, 
GRL, 2002, 2775 
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RADIO SCIENCE ISSUES SURROUNDING HF /VHF /UHF 
RADAR METEOR STUDIES 

J. D. Mathews 
Communications Space Sciences Laboratory 
Penn State University 
University Park, PA 16802-2707 

Classical meteor radars depend on coherent (Fresnel) scattering from 
a meteor trail oriented perpendicular to the radar wave-vector at closest ap­
proach to the radar. Meteor trails viewed in this manner are described as clas­
sical radar meteors with under/over-dense trails. While meteor head-echoes 
are rarely seen with classical low-power, wide-beam meteor radars, they are es­
sentially always seen by large aperture (narrow-beam), high-power VHF /UHF 
radars. We discuss the expected radar scattering cross-sections (RCSs) of 
head- versus trail-echoes and how equilibrium concepts such as plasma fre­
quency are of limited use in describing the results. Particular attention is given 
to the frequency dependence of the RCS and how the frequency dependence 
may yield considerable new information regarding the plasma distribution in 
the coma surrounding the meteoroid. As the head-echo is directly associated 
with the meteoroid, instantaneous (single-pulse) Doppler observations are pos­
sible. In the case of classical trail-echoes, the time evolution of the RCS as 
a function of frequency may provide new information on the plasma diffusion 
rate and thus on atmospheric density and temperature. Information from the 
time evolution of the trail must however be considered in light of new results 
showing that the trail rapidly B-field-aligns in a manner apparently driven by 
plasma instabilities that develop in 10-100 msec after trail deposition. It is in 
the context of instability-driven B-field alignment of the trails that we discuss 
anomalous trail-echoes. The anomalous trail-echo is a range-spread, chaotic 
(non-classical) trail-echo derived from a meteor that travels at an arbitrary 
angle relative to the radar wave-vector. We present theoretical simulations 
illustrating these concepts. 
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MEASURING ALTITUDE PROFILES OF DIFFUSION FROM 
NON-SPECULAR METEOR TRAILS 

Dyrud, L.P., Oppenheim, M.M. , Close S., Hunt, S. 
Center for Space Physics 
Boston University 

Recent observations demonstrate that sensitive radars, such as Altair, 
Arecibo, EISCAT, Jicamarca and MU, are capable of detecting a 'new' type 
of meteor trail. These large aperture radars detect plasma generated from 
direct meteor entry (head echos) which are often followed by non-specular trail 
reflections over an extended range. We demonstrate a technique that uses non­
specular meteor trail observations to obtain instantaneous attitudinal profiles 
of diffusion rate. 

The exponential decay of traditional, specular meteor trails has, for 
decades, been used to characterize the the diffusion rate of the meteor trails 
based on the following power relationship, P(t) = P(O)exp 32l~Dt. Measure­
ments of diffusion are then used to derive neutral mesosphere temperatures. 
However, trail reflections from a specular trail yield a diffusion coefficient for a 
single altitude, or depending on trail orientation, return the diffusion averaged 
over the altitude spanned by the trail and beam intersection. Since individual 
non-specular trails are observed over 2-8 km range, they have the potential to 
yield diffusion rates over their entire observation range not just one altitude. 

We demonstrate a technique for measuring diffusion profiles from non­
specular trail observations, and discuss the advantages and caveats for this 
technique. Finally, we apply our findings to the issue of anomalous trail dif­
fusion perpendicular to ii [Dyrud et al., Geophys. Res. Lett., 31 ,2775, 2001]. 
This technique is ideally suited for studying geomagnetic influence on trail 
diffusion, because high power radars include interferometry information from 
the head echo, yielding trail orientation to ii within a few degrees. With 
this technique we can more accurately access any effect of inhibited cross-field 
diffusion. The initial cases studied from the ALTAIR radar data show that 
the meteor trail diffusion rate vs altitude is better represented by a uniform 
diffusion rate than a rate inhibited by slow cross field diffusion. 
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ELECTRON BEAMS FROM SPACE: ANOTHER KIND OF 
METEOR 

Raymond A. Greenwald 
Johns Hopkins University 
Applied Physics Laboratory 
Jan J. Sojka 
Center for Atmospheric and Space Sciences 
Utah State University 
Joe E. Borovsky 
Los Alamos National Laboratory 

In many instances, we are interested in relating phenomena observed in 
the Earth's magnetosphere with those observed in the conjugate ionosphere. 
Unfortunately, we have no way of doing this with any degree of precision. As a 
consequence, there has been an endless series of arguments on the connectivitiy 
of ionospheric phenomena with processes observed in the magnetosphere and 
our scientific understanding of magnetosphere-ionosphere coupling has been 
limited. In this paper, we consider a new method for finding and tracking the 
precise location of the ionospheric footprint of a magnetospheric spacecraft. 
Specifically, we consider the ionization products of a pulsed energetic electron 
beam emanating from the spacecraft along the magnetic field and impinging 
on the ionosphere. For nominal currents and pulse durations, this beam will 
produce overdense ionization patches in the conjugate D and lower-E regions 
that can be readily detected with the HF radars of the SuperDARN network. 
Very strong signal responses ( 40-60 dB above the radar noise level) will be 
observed for periods ranging from 1-2 seconds following each beam pulse. The 
detection of these signatures is quite similar to the detection of meteor echoes, 
although the signature decay for meteor echoes is through diffusion, whereas 
the decay for these echoes is through the slower process of recombination. This 
difference is due to the relative cross sections of a meteor and the electrom 
beam at ionospheric altitudes. By injecting a series of electron beam pulses 
every 1-2 minutes, it should be possible to track the ionospheric footprint of 
the spacecraft over many hours of universal and local time. Other possible side 
benefits of this approach include regular observations of meteor winds across 
extended longitude sectors and controlled observations of recombination rates 
at D-layer altitudes. 
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LEONID METEOR SPECTRA FROM 110 NM TO 900 NM AS 
OBSERVED FROM THE MSX SATELLITE 

Morrison, D., Carbary, J., Romick, G. 
Johns Hopkins Applied Physics Lab. 
11100 Johns Hopkins Rd. 
Laurel, MD 20723 

Spectra were recorded during the Leonid Meteor shower on November 
18, 1999 by the five Spectrographic Imagers on board the DoD Ballistic Missile 
Defense Organization Mid-Course Space Experiment Satellite (MSX). These 
are among the first complete spectra from the far ultraviolet (110 nm) to the 
near infrared (900 nm) ever obtained of a meteor entering the atmosphere. 
The spacecraft was pointed at a tangent altitude of 100 km with the tangent 
point at 37.24N and 78.15E at 00:23:36.2 UT. The slits (1° in length) were 
oriented parallel to the earth limb with the meteor passing downward through 
the center. The meteor spectra appear in one 0.5 second integration frame 
on two of the five spectrographic imagers. On three spectrographic imagers 
covering the wavelength range from 164 nm to 589 nm spectral enhancements 
appear in two successive frames at some wavelengths and four frames in other 
wavelengths. The spectra show enhanced 01 and NI lines in the near infrared 
and far ultraviolet and the 557. 7 nm 01 line ( decays in 4 frames) indicative of 
high speed, high temperature and high altitude meteors. The spectra are rich 
in atomic neutral and some ion lines of Fe, Ca, Mg, 0 and N with the most 
intense emissions occurring in the wavelength intervals between 230 nm and 
290 nm. Molecular bands of NO, 02, N2, CO, OH if present are very weak 
compared to the line emissions. This presentation will discuss the various 
emissions and their relative intensities and the implications on the composition 
of the meteor and atmospheric excitation. 
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STUDIES OF LIGHTNING AND LIGHTNING INDUCED 
IONOSPHERIC EFFECTS AT ARECIBO OBSERVATORY 

V.P. Pasko, J.D. Mathews 
CSSL Laboratory, The Pennsylvania State University, University 
Park, PA16802 
M. Stanley 
Department of Physics, New Mexico Tech, Socorro, NM 87801 
U. S. Inan, T. Wood 
STAR Laboratory, Stanford University, Stanford, CA 94305 
S. Gonzalez, Q. Zhou, M. Sulzer, C. Tepley 
Arecibo Observatory, Arecibo, PR 00612 

In August-September 2001 an experimental campaign has been con­
ducted in Puerto Rico to perform correlative studies of lightning and lightning­
induced ionospheric effects using the Arecibo Observatory (AO) UHF radar, 
a VHF radio interferometer, a VLF receiver and a low light video camera. In 
order to thoroughly study the 40-100 km atmosphere/ionosphere and lightning 
at lower altitudes at unprecedented resolution, we have recorded all data from 
each UHF radar pulse allowing utilization of well established short-integration 
time incoherent scatter radar (ISR) techniques at UHF as welt as a search for 
various non-thermal scattering processes and the sorting/averaging of data in 
non-traditional manners such as into bins depending on the radial range of the 
lightning discharge from AO. AO offers by far the most sensitive radar for these 
studies. In addition, we have measured lightning properties, location and time 
of occurrence ( with 1 microsecond resolution) using 27 4 MHz New Mexico Tech 
interferometer system complemented by a flat plate antenna allowing detec­
tion of the electrostatic field change and polarity of cloud to ground lightning 
strikes. We have also monitored lightning-associated lower ionospheric distur­
bances by recording a subionospherically propagating 40. 75 kHz VLF signal 
from NAU transmitter (Aguadilla, Puerto Rico) and performed broadband 
recordings of lightning sferics using a VLF receiver of Stanford University de­
ployed on Vieques Island. The observational program has been complemented 
by video recordings of lightning and large scale luminous phenomena above 
thunderstorms (i.e., sprites) using a SONY CCD camera equipped with GEN 
III intensifier. On September 3, 2001 several sprite events have been observed 
between 01 and 03 UT over Haiti/Dominican Republic thunderstorms. In this 
talk we will provide description of the experiment and will report results of 
preliminary analysis of the collected data. This program has been supported 
by Small Grants for Exploratory Research (SGER) program of National Sci­
ence Foundation. The GEN III intensifier has been provided by ITT Night 
Vision Industries. 
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DE-2 EVIDENCE OF LIGHTING INDUCED IONOSPHERIC 
MODIFICATION 

C.F. Keating 
Department of Physics 
University of South Dakota 
414 E Clark St 
Vermillion, SD 57069 USA 

Classical theory states that a shielding layer will develop between thun­
derstorms and the ionosphere. This shielding layer prevents any electric field 
effects from the storm system reaching the ionosphere or, at most, resulting in 
minor modification to the electric field in only the lowest regions of the iono­
sphere. But, what we see is that there is a discrepancy between theory and 
experimental evidence. Existing theories do not satisfactorily explain well­
documented phenomena such as upward lightning or gamma-ray and x-ray 
bursts associated with thunderstorms. Researchers consistently report sur­
prising results that do not fit the theory. This is an indication of how little we 
know and understand about the global electric circuit. While there is exper­
imental evidence to support the classical thought, there is also experimental 
evidence that is contrary to those same theories. Additionally, there are con­
sistent reports of observations that cannot be explained using current theories. 
Observations appear to show that upward lightning creates narrow paths with 
a high conductivity that act as conduits between the upper levels of thun­
derstorms and the ionosphere. These paths would make it possible for thun­
derstorms generated electric fields to penetrate and modify the ionosphere to 
much higher altitudes than previously theorized. The experimental evidence 
supports our contention that current theories are inadequate to explain all 
aspects of thunderstorm-ionosphere connection. The question remains: Do 
thunderstorm-generated electrical events result in modification of the middle 
ionosphere, or not? We will present preliminary results of our campaign to 
examine data collected by instruments on the Dynamics Explorer-2 (DE-2) 
satellite for evidence of ionospheric modification. 

292 



G/H2,3 

SPACE-BORNE OBSERVATIONS OF INTENSE GAMMA-RAY 
FLASHES 

Fishman, G.J. 
Space Science Department SD50 
National Space Science and Technology Center 
Huntsville, AL 35812 

Intense millisecond flashes of MeV photons have been observed with 
space-borne detectors. These flashes must originate at altitudes above at least 
30 km, in order to be observable by orbiting detectors. At least 70 events have 
been detected by the Burst and Transient Source Experiment (BATSE) aboard 
the Compton Gamma-Ray Observatory (CGRO) during its nine year lifetime. 
The most likely origin of these high energy photons is bremsstrahlung from 
electrons, produced by a rare type of high altitude electrical discharge above 
thunderstorm regions. As a discharge phenomenon above thunderstorms, they 
are likely related to jets and sprites. A detailed description of the observations 
will be presented. 

Intense millisecond flashes of MeV photons have been observed with 
space-borne detectors. These flashes must originate at altitudes above at least 
30 km, in order to be observable by orbiting detectors. At least 70 events have 
been detected by the Burst and Transient Source Experiment (BATSE) aboard 
the Compton Gamma-Ray Observatory (CGRO) during its nine year lifetime. 
The most likely origin of these high energy photons is bremsstrahlung from 
electrons, produced by a rare type of high altitude electrical discharge above 
thunderstorm regions. As a discharge phenomenon above thunderstorms, they 
are likely related to jets and sprites. A detailed description of the observations 
will be presented. 

Intense millisecond flashes of Me V photons have been observed with 
space-borne detectors. These flashes must originate at altitudes above at least 
30 km, in order to be observable by orbiting detectors. At least 70 events have 
been detected by the Burst and Transient Source Experiment (BATSE) aboard 
the Compton Gamma-Ray Observatory (CGRO) during its nine year lifetime. 
The most likely origin of these high energy photons is bremsstrahlung from 
electrons, produced by a rare type of high altitude electrical discharge above 
thunderstorm regions. As a discharge phenomenon above thunderstorms, they 
are likely related to jets and sprites. A detailed description of the observations 
will be presented. 
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TERRESTRIAL GAMMA RAY FLASHES AND ENERGETIC 
ELECTRON PRECIPITATION PRODUCED BY A CYCLONIC 
THUNDERSTORM IN CENTRAL AUSTRALIA 

lnan, U. S., STAR Laboratory, Stanford University, Stanford, CA 
Fishman, G. J. , NASA/MSFC, Huntsville, AL 
Blake, J.B., The Aerospace Corp, Los Angeles, CA 
Christian, H. J. ,NASA/MSFC, Huntsville, AL 
Bortnik, J., STAR Laboratory, Stanford University, Stanford, CA 

An unusual sequence of Terrestrial Gamma-ray Flashes (TGFs) were ob­
served by the BATSE/CGRO instrument on March 1, 2000 as CGRO passed 
over an intense and long enduring cyclonic thunderstorm in northeastern and 
central Australia. The TGF event consisted of seven bursts each of< 1 ms du­
ration and separated by ~ 2 ms in time, with the peak intensity of successive 
bursts increasing and then decreasing with time. Analysis of data from the 
Lightning Imaging Sensor (LIS) on the TRMM satellite documented the light­
ning rate and other characteristics of the thunderstorm which had an extent in 
the north-east direction of~ 400 km and persisted for nearly a day, exhibiting 
high flash rates. Although no lightning or sferics data was available at the 
precise time of the TGF event, the intensity of the storm and the fact that the 
TGF was observed while CGRO was overhead (with BATSE detectors viewing 
nadir direction showing the largest intensities) the storm center are consistent 
with a causative association. Analysis of energetic particle data from the low 
altitude SAMPEX satellite indicates that this same storm produced signifi­
cant precipitation of energetic (> 1 MeV) electrons from the Earth's inner 
radiation belts, as evidenced by a distinctive peak of enhanced electron flux in 
the drift loss cone observed at L=2.25, poleward displaced with respect to the 
thunderstorm as predicted for electron precipitation induced by non-ducted 
obliquely propagating whistler waves injected by lightning discharges. SAM­
PEX detectors sensitive to energies > 30 ke V and > 500 ke V exhibited even 
broader peaks, indicating that the precipitation induced by this thunderstorm , 
encompassed a broad region of L-shells ranging from L=l.5 to 2.4, much like 
that predicted by recent ray tracing analyses. In this paper, we report the 
characteristics of the singular TGF event and examine SAMPEX data from 
similar orbits on successive days to document the association of the drift loss 
cone enhancements with lightning discharges occurring within the cyclonic 
thunderstorm. We interpret the data in the context of recent ray tracing 
analyses to determine the expected L-dependence of the whistler-induced pre­
cipitation for direct comparison with satellite data. One of the implications of 
observations of TGFs at high altitudes above thunderstorms is the associated 
production of energetic runaway electrons beams, driven upward by intense 
quasi-static thundercloud fields. Such electrons beams have been predicted to 
produce optical emissions, ionization changes and gamma-rays in geomagnet­
ically conjugate regions. Experiments are currently underway to search for 
such conjugate effects. 
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MID-LATITUDE SPORADIC E, THUNDERSTORMS AND 
LIGHTNING: CAUSAL CONNECTIONS? 

J.W. Wright, STP /NGDC/NOAA and CIRES, Boulder 

Sporadic E ('Es') at mid-latitudes is well established as resulting from 
advection of long-lived (metallic, meteoric) ions into thin layers near conver­
gent nulls of magnetic field-aligned ion velocity induced by wind shear. Electric 
fields may contribute to, modify and sometimes even dominate this conver­
gence. On ionograms, where details of vertical structure are exaggerated by 
radio group retardation, Es is distinctive by its "thin-layer" appearance. It 
can exceed the background (photochemical) E-layer peak plasma frequency 
(foE) by large factors, and display highly variable spatial and temporal activ­
ity. Ionosondes are particularly sensitive to (frequency-dependent) conditions 
of total internal reflection; it is not uncommon that Es 'blankets' observations 
of the overlying F-region below a frequency 'fbEs', while echoes from the same 
reflection height extend to much higher radio frequencies ('foEs'). Moderate 
Sporadic E (with fbEs foEs foE) is more ubiquitous than intense events, 
and may not require a significant meteoric-ion inventory. 

Intense Es displays a local-summer maximum, of cause not confidently 
known although the thermospheric tidal wind system probably contributes a 
basic framework. 

Anecdotal evidence for an association of Sporadic E with thunderstorms 
is abundant in radio amateur discussions and publications on the WWWeb. 
Often Es enhancements, rather confidently inferred from incidents of VHF 
(and higher frequency) propagation, are claimed to be associated with partic­
ular storms and locations, and even with particular lightning strokes. 

In this paper, I examine the seasonal incidence of intense Es at a few 
mid-latitude ionospheric observatories in relation to the incidence of lightning. 
The focus is on seasonal patterns, rather than on individual events. There is 
a clear, general correspondence between the spring onset and autumn finale 
of the two phenomena, as summarized for 42 years of Boulder ionosonde ob­
servations. Data kindly made available by the National Lightning Detection 
Network (NLDN, Global Atmospherics Inc.), as summarized at NASA/MSFC, 
provide a more extensive basis for this comparison. I hope by these results 
to provoke some discussion of the existence and directions of causality among 
thunderstorms, lightning, and Sporadic E. 
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METEOROLOGICAL AND ELECTRICAL CHARACTERIS­
TICS OF HIGH PLAINS SPRITE- PRODUCING STORMS 

Lyons, W.A., Nelson, T.E. 
FMA Research, Inc, Fort Collins, CO 
Price., C. 
Tel Aviv University, Ramat Aviv, Israel 
S. Cummer 
Duke University, Durham, NC 
Williams, E.R. 
MIT /Lincoln Lab, Lexington, MA 
Stanley, M.A. 
New Mexico Tech, Socorro, NM 

After a decade of research, a general conceptual model of the meteoro­
logical characteristics of the storms which produce sprites had arisen. Also 
various assertions as to the characteristics of the unusual positive cloud-to­
ground ( +CG) lightning which yielded sprites had been made. Two recent field 
programs have allowed the collection of data which can begin to test these con­
ceptual models. The summer 2000 Severe Thunderstorm Electrification and 
Precipitation Study (STEPS), as well as the 1999 NASA Stratospheric Sprites 
Balloon campaign, have provided numerous excellent case studies. A wide 
variety of remote sensing tools were employed to investigate TLE-producing 
storms over the High Plains. These included several types of low-light video 
systems deployed at Yucca Ridge, the National Lightning Detection Network 
(NLDN), the NOAA NEXRAD radar network, GOES 8, the New Mexico Tech 
Lightning Mapping Array and several ELF transient recording sites distributed 
worldwide. Detailed analyses of MCS over the STEPS network revealed the 
sprite-producing +CGs tended to cluster near but not coincident with the 
coldest cloud tops. Two methods of calculating the charge moments of the 
TLE-parent +CGs confirmed that large values (averaging some 1000 C*km) 
are an apparent requirement for sprites. Detailed analysis of the radar echo 
evolution for sprite-producing storms show that with a few exceptions, the 
most consistent sprite producers are large (great than 20,000 sq. km.) with ex­
pansive stratiform precipitation regions. Continued analysis of the large MCS 
of 18 August 1999 show sprite-producing +CGs tend to congregate below the 
colder portions of the storms cloud shield within stratiform precipitation areas 
with relatively low radar reflectivities (25 - 40 dBZ). Five halos were associated 
with CGs by the NLDN. All five were associated with ELF slow-tails recorded 
at about 1000 km range. A new hybrid ELF /VLF technique used receivers 
in Israel to monitor sprite-related ELF transients originating in Nebraska, a 
range of 11 Mm. The conceptual models of sprite storms and lightning appear 
to be largely confirmed. 
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ROUND-THE-WORLD DETECTION OF AUSTRALIAN 
SPRITE LIGHTNING BY SCHUMANN RESONANCE METH­
ODS 

E. Williams, R. Boldi, A. Patel, MIT, Cambridge 
R. Dowden, C. Rodger, LF*EM Research Ltd, New Zealand 
Z. Kawasaki, Electrical Engineering, Osaka University, Japan 
Y. Hobara, LPCE/CNRS, Orleans, France 
M. Hayakawa, University of Electro-Communications, Tokyo, 
Japan 

The first documentation of sprites over the Australian continent oc­
curred on November 26, 1997*. Video cameras (with image intensifiers) posi­
tioned near Darwin, Australia in the Top End captured about 70 sprites over a 
mesoscale convective system 200-300 km to the southwest. Examination of the 
ELF archive of electromagnetic transients recorded in West Greenwich, Rhode 
Island has revealed ten events which line up in time with the sprite video im­
ages. These events have been geolocated by the wave impedance/magnetic 
bearing method over the Australian continent. The initial electric field excur­
sions of all events indicate positive polarity, suggesting large positive ground 
flashes, and consistent with many earlier observations elsewhere. The com­
puted vertical charge moments, based on the assumption that the duration of 
the lightning/sprite current is short in comparison with the time for light to 
propagate around the world,are inexcess of 700 C-km, the threshold for con­
ventional dielectric breakdown at an assumed sprite initiation altitude of 75 
km. This moment threshold is based on the method outlined by C.T.R. Wilson 
but includes the effect of the ionosphere and a realistic profile of atmospheric 
density. This collecion of events is of particular interest from the standpoint 
of single-station mapping because they are all close to the Rhode Island an­
tipode near Perth,Australia. Details of the electromagnetic waveforms and 
their interpretation will be discussed in comparison with the video imagery. 
The optical characteristics of those sprites in the same storm which were not 
geolocatable from Rhode Island will be compared in details with the stronger 
events that were located. *(Hardman et. al., of Geophysical Research, 26,105, 
D, 4689 - 4697, 2000) 
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STATISTICS OF TLE TYPES AND PROPERTIES OBSERVED 
DURING THE 1999 SPRTIES BALLOON CAMPAIGN 

L. Bhusal, E.A. Bering, III*, J.R. Benbrook, J.A. Garrett, A.M.P. 
Paredes, Physics Dept., Univ. of Houston, Houston 
Moudry, D.R., E.M. Wescott, D.D. Sentman, H. C. Stenbaek­
Nielsen, Geophysical Inst., UAF, Fairbanks 
Lyons, WA, FMA Research, Ft. Collins 

Historically, the process of sprites or Transient Luminous Event (TLE) 
detection has required an alert human observer to notice them on a low light 
level TV (LLTV) monitor, either in real time or playback. The payloads of 
the 1999 Sprite Balloon Campaign have all sky uplooking photometers not 
sensitive to events below the balloons. We have used the photometer data to 
find more TLE's that were missed, by checking it at the times reported by the 
National Lightning Detection Network (NLDN). During Flight 1 (07 /06/99) 
we surveyed 3 hours of data, containing 1652 strokes. We found 56 TLE's, 
7 associated with +CG's and 49 with -CG's. During flight 3 (08/21/99), we 
surveyed 2 hours of data, containing 1017 strokes with 104 TLE's, 28 asso­
ciated with +CG's and 76 with -CG's. During Flight 3, ground observation 
was possible. So far we have identified 26 sprites, sometimes mixed with other 
TLE phenomena, 28 stand-alone sprite halos, and 7 elves. Some of these 
events were not associated with NLDN events. Since most of the unidentified 
balloon-observed events were associated with -CG's, we suggest that most of 
them were sprite halos. There was enough time delay between the CG strokes 
and the light pulses to rule out elves. All of these events produced an electric 
field pulse with a decay time that was consistent with charge deposition in 
the mesosphere. By assuming a simple dynamic dipole model, we can solve 
for the dipole moment of the sprtie itself. For the +CG TLE's we have found 
a 100 C-km threshold value of the charge moment of the TLE itself. We do 
not find a similar threshold for -CG's. It was also found that all CG strokes 
deposit some charge in the mesosphere. 
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MESOSPHERIC ENERGY INPUT OWING TO SPRITES AND 
OTHER TLE'S AND THE POSSIBLE EFFECTS THEREOF 

E. A. Bering, III*, J.R. Benbrook, L. Bhusal, J.A. Garrett, A.M.P. 
Jackson, Physics Dept., Univ. of Houston, Houston 
D.D. Sentman, D.R. Moudry, E.M. Wescott, H.C. Stenbaek­
Nielsen, Geophysical Inst., UAF, Fairbanks 
W.A. Lyons, FMA Research, YRFS, Ft. Collins 

This paper discusses the chemistry and energy balance implications of 
the results of the 1999 Sprites Balloon Campaign. Flight 3 of the campaign 
flew from Ottumwa, Iowa at 00:39:32 UTC to 11:12:00 UTC on 08/21/99. 
68 transient luminous events were observed. A sprite at 0955:36.980 UTC 
on 21 August 1999 produced a vertical electric field perturbation of 0.275 
V /m that was similar in time profile to the light emission. There was also 
a positive azimuthal magnetic pulse of 3 nT. These data suggest that the 
sprite itself carried an upward current of 6-11 kA, and that the light emission 
was the result of the deposition of -7 C of charge near 75-78 km altitude. 
The deposition of this much charge also deposited 50-100 MJ of electrostatic 
potential energy in the mesosphere. All of the other 23 sprites observed by 
the balloon payload show similar signatures. No published model predicts the 
signatures observed in these data. Further investigation has discovered that 
virtually all cloud to ground (CG) lighting strokes were followed 2-6 ms later 
by a delayed ELF pulse 2-4 ms long produced by D-region polarization and 
mesospheric charge deposition. Sprite halos produced by -CG's were 4-7 times 
as common as +CG events, which means that published event rates based 
on ground observations of spritea rates are serious underestimates. Sprites or 
halos occurred when the deposited charge moment was large enough to produce 
an electric field in the mesosphere that exceeded 65 V /m. The quantitative 
impact of these observations on our understanding of the chemistry and energy 
balance of the mesosphere will be discussed. 
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DIFFUSE AND STREAMER REGIONS OF SPRITES 
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Geophysical Institute, University of Alaska Fairbanks, AK 99775 

Sprites are luminous features appearing at mesospheric/lower iono­
spheric altitudes above thunderstorms [e.g., Sentman et al., GRL, 22, 1205, 
1995]. The theoretical analysis of Pasko et al. [GRL, 25, 2123, 1998] indicates 
existence of three distinct altitude regions in sprites: (1) The upper diffuse 
region; (2) The intermediate transition region; and (3) The lower streamer re­
gion. Sprites indeed often exhibit an amorphous non structured glow at their 
tops which converts to highly structured breakdown regions at lower altitudes 
[e.g., Stanley et al., GRL, 26, 3201,1999; Gerken et al., GRL, 27, 2637, 2000; 
Stenbaek-Nielsen et al., GRL, 27, 3829, 2000; Barrington-Leigh et al., JGR, 
106, 1741, 2001; Wescott et al., JGR, 106, 10467, 2001]. The unique feature of 
the sprite imaging data reported by Stenbaek-Nielsen et al. [2000] is that all 
observations were consistently performed with full gain of the intensified CCD 
imager. As a result most, if not all, sprite events substantially saturated the 
imager at onset. However, subsequent frames provided unprecedented record­
ings of temporal development of low light sprite features. In particular, the 
absolute majority of the recorded events clearly demonstrate and allow accu­
rate measurement of the transition altitude between the upper diffuse and the 
lower streamer regions discussed in [Pasko et al., 1998]. 

We report here results of comparison of model results of Pasko et al. 
[1998] and high-speed observations of Stenbaek-Nielsen et al. [2000] in terms 
of the transition boundary between the diffuse and streamer regions of sprites. 
The analysis of 25 events indicated the mean transition altitude 78 km with 
standard deviation 4 km. The measured standard deviation appeared to be in 
excellent agreement with the mean 25 km offset of the horizontal position of 
sprites from the underlying parent lightning stroke measured by Wescott et al. 
[2001]. The transition altitude is a sensitive function of the ambient parameters 
at the mesospheric and lower ionospheric altitudes (i.e., the electron number 
density profile). The reported measurements are compared with fifteen model 
profiles of the ambient conductivity at sprite altitudes compiled from existing 
models and literature on this subject. For the electron density profiles, in 
particular, the best fit between the model and observations has been achieved 
for profiles calculated using IRI-95 model and the night time electron density 
profile of Wait and Spies [Tech. Note 300, NBS, Boulder, CO, Dec. 30, 1964] 
(see also [Inan, GRL, 17,729, 1990]), which also produced the best fit between 
the high speed video observations of halos and model results reported recently 
by Barrington-Leigh et al. [2001]. 
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SPRITE CURRENTS DURING THE SUMMER OF 2000 

S.A. Cummer, W. Hu 
Electrical and Computer Engineering Department 
Duke University 
Durham, NC 27708 
W.A. Lyons, T.E. Nelson 
FMA Research, Inc. 
Fort Collins, CO 

We have systematically analyzed a large number of sprite producing 
lightning discharges in the summer of 2000 using continuous extremely low fre­
quency (ELF) magnetic field recordings at Duke University during the STEPS 
campaign. In analyzing many hundreds of sprites on many different days, we 
find that clear sprite current pulses (short ELF pulses that are temporally 
linked to the sprite and therefore originate in high altitude currents) occur in 
only 9% of sprites. This rate varies significantly from day to day, however, 
with some days approaching 50% and other days containing no sprite current 
pulses. This variability could originate either in the forcing from lightning be­
low or in the mesospheric and ionospheric conditions at sprite altitudes. We 
closely examine the characteristics of lightning that does and does not gener­
ate sprite currents to determine whether forcing from below is responsible for 
this difference. 

Sprite current is driven by lightning-generated mesospheric electric fields 
in regions of breakdown-enhanced electrical conductivity [Pasko et al., GRL, 
18, 3493, 1998] and therefore contains information about the magnitude of the 
high altitude electric field. This field is also closely linked to lightning charge 
moment change in the thunderstorm below, which can be independently mea­
sured from the lightning ELF radiation. We use a combination of numerical 
simulations and data to investigate the quantitative relationship of sprite cur­
rent and lightning current and to determine whether the lightning and sprite 
current observations are self-consistent. 

Lastly, the evidence that these secondary pulses originate in sprite and 
not lightning currents is overwhelming but still indirect. We propose a ground­
based measurement that could unambiguously demonstrate that the source 
current for these pulses flows at high altitudes. 
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NON-SPECTRAL MEASUREMENTS OF IONIZATION PRO­
CESSES IN SPRITES 

Christopher P. Barrington-Leigh 
Space Sciences Lab 
University of California 
Berkeley, CA 94720-7450 

An electric field imposed on a weakly ionized gas containing electroneg­
ative species such as 02 may lead to either an increase in electron density 
(through electron impact ionization) or to a decrease in electron density as a 
result of dissociative attachment of electrons (such as e-+02---+ o-+0). The 
conductivity may also increase or decrease accordingly in an applied electric 
field. Pasko et al., ( GRL, 25, 2123-6, 1998) described how the atmospheric 
density (i.e., altitude), ambient conductivity, and the rise time of the external 
electric field determine whether ionization or attachment processes dominate 
in an ambient atmosphere, and how this determines whether ( and where) nar­
row corona streamers are likely to form in sprites. Because the conductivity 
is itself affected by ionization and attachment processes, the behaviour of the 
electron density is strongly (and nonlinearly) dependent on its initial condi­
tions (past history) and on the temporal profile of the imposed electric field. 

Experimental interest in the energetics of sprites has been directed in 
large part towards spectral measurements of optically-emitting regions. Nev­
ertheless, such results are still scarce. Several non-spectral (but primarily 
optical) observations have recently been used to help to understand what is 
going on in terms of electron and ion densities. These measurements, men­
tioned below, are discussed in light of available models. 

(1) The observed dendritic structure in sprites is clear evidence of a 
highly localized inhomogeneity in ionization processes, and agrees well with 
theoretical descriptions of corona streamers at mesospheric altitude. (2) The 
curvature observed in sprite halos is evidence of strong space charge formation 
and can be used in comparison with models to constrain the electron density 
enhancement at 70-80 km. (3) The recently reported exponential relaxation 
of optical emissions in bright sprites can be explained in terms of macroscopic 
and microscopic models and suggests that free electrons may become highly 
depleted in sprite streamer channels. (4) Lightning currents which cause sprite 
halos may, if slow to decay, end up depleting available electrons near the VLF 
reflection height rather than leaving a density enhancement. This could have 
relevance for early /fast VLF pertubations. It may be concluded that ion 
conductivity and the depletion of electron density are often as prevalent an 
effect in sprites as electron density enhancement. 
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Universitt Frankfurt 
D-60323 Frankfurt 
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FMA Research, Inc. 
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Multi-spectral measurements of sprite signatures were made during two 
summer campaigns at Yucca Ridge, CO during 1998 and 2000. For the first 
campaign three co-aligned intensified video cameras were used to investigate 
the red (N2 1 PG), blue (combination of N2+ 1 NEG and N2 2 PG), and 
white-light signatures. These data revealed a preponderance for red N2 lPG 
emission associated with positive cloud-to-ground discharges but only a lim­
ited number (i 10) of events with significant blue emission were recorded. 
During summer 2000 blue sprite signatures were investigated using an inten­
sified CCD camera fitted with the same blue filter as the 1998 measurements. 
Once again only a limited number of events with significant blue emission were 
recorded but the higher quality of the data revealed clear structure through­
out the body of the sprites. In this presentation we utilize a unique set of 
high time resolution, multi-station ultra low frequency (ULF) magnetic field 
measurements that were made during the summer of 1998. These sensors 
are sufficiently sensitive to detect long continuing currents that contributed 
substantially to the initiation of many of these sprites. The ULF data are 
analyzed to fully characterize the lightning responsible for the observed sprite 
events and to investigate any fundamental differences between the lightning 
responsible for occasional blue sprite signatures. Initial analysis indicates that 
the blue sprites are generated in response to larger charge moment changes 
than those without the blue signature, but the difference does not appear to 
be as straightforward as the presence or lack of sprite current. 
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SPECTRAL PROPERTIES OF BLUE JETS AND BLUE 
STARTERS 

Victor P. Pasko*, and Jeremy J. George 
CSSL Lab., Penn State University, University Park, PA 16802 

Blue jets and blue starters are narrowly collimated beams of blue light 
that propagate upwards from the tops of thunderclouds [Wescott et al., GRL, 
22, 1209, 1995; 23, 2153, 1996]. The jets appear to propagate upward at 
speeds of about 100 km/s and reach terminal altitudes of 40-50 km [Wescott 
et al., 1995], while the starters protrude upward to a maximum 25.5 km in 
altitude [Wescott et al., 1996]. Blue jets and blue starters have been captured 
by black and white and color video cameras, allowing to make some important 
suggestions about optical bands responsible for the observed blue color of jets 
and starters [e.g., Wescott et al., 1995]. However, no wavelength resolved 
optical spectra of blue jets and blue starters have been obtained to date. 

We report here results from a new three-dimensional fractal model, 
which closely resemble the characteristics of blue jets and blue starters ob­
served by Wescott et al. [1995; 1996] in terms of their altitude extents, trans­
verse dimensions and conical structure. The main physical concept of our 
model is based on the recent suggestion by Petrov and Petrova [Tech. Phys., 
44, 472, 1999] that blue jets correspond qualitatively to the development of 
the streamer zone of a positive leader and therefore should be filled with a 
branching structure of streamer channels. The model simulates the propa­
gation of branching streamer channels constituting blue jets and starters as 
a three dimensional growth of fractal trees in a self-consistent electric field 
created by thundercloud charges. The model is based on a phenomenologi­
cal probabilistic approach proposed in [Niemeyer et al., IEEE Trans. Electr. 
Insul., 24, 309, 1989] and is a straightforward expansion of the previously 
developed two-dimensional version [Pasko et al., GRL, 27, 497, 2000]. 

The fractal model allows accurate determination of the macroscopic elec­
tric fields in regions of space occupied by streamers. Our results indicate that 
for a variety of input parameters these fields are very close (within several%) 
to the minimum electric field required for propagation of positive streamers in 
air E;f;. [Pasko et al., 2000, and references therein) and generally are not suf­
ficient to excite any observable optical emissions. Our conclusion therefore is 
that the observed optical luminosity in blue jets and starters comes from large 
electric fields existing in narrow regions of space around tips of small scale 
corona streamers constituting them. We performed a survey of publications 
on emission spectroscopy of corona discharges in air at different pressures, 
including those corresponding to the altitude range of blue jets and starters. 
In our talk we will report results of comparisons between these measurements 
and our model predictions, which provide additional supporting evidence for 
the mechanism of blue jets and blue starters based on streamer coronas. 
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EARLY/FAST DISTURBANCES OF THE LOWER IONO­
SPHERE 

Moore, R.C., STAR Lab, Stanford University 
Barrington-Leigh, C.P., Space Sciences Lab, U.C. Berkeley 
lnan, U.S., STAR Lab, Stanford University 

Early/Fast disturbances of subionospheric Very Low Frequency (VLF) 
signals constitute the earliest experimental evidence indicating a direct im­
pulsive coupling of energy produced by lightning discharges to the overlying 
mesosphere and lower ionosphere. Although the discovery of early/fast per­
turbations significantly precedes that of the more spectacular luminous phe­
nomena known as sprites and elves, the physical mechanism responsible for 
creating the early/fast disturbance is still not quantitatively understood. Pre­
vious models have been used to represent accurately the scattering pattern 
of the early/fast disturbance [e.g., Johnson et al., 1999], but have not yet 
reproduced the absolute magnitudes of the observed VLF signal perturba,.. 
tions. It has recently been suggested [Barrington-Leigh, 2001] that early /fast 
events may be associated with the so-called sprite halos, which involve sub­
stantial ionization changes at 70-85 km altitudes. In this paper, we quan­
titatively assess this possibility, using a model which incorporates both the 
quasi-electrostatic (QE) field and the electromagnetic pulse (EMP) released 
by powerful lightning discharges [Barrington-Leigh et al, 2001] to determine 
the ionospheric conductivity changes together with recent experimental mea,.. 
surements of early /fast events and model calculations of VLF propagation 
and scattering. Early /Fast events are captured by the Stanford Holographic 
Array for Ionospheric and Lightning research (HAIL) system, consisting of 
nine closely-spaced ( rv65 km) VLF receivers, while the propagation and scat­
tering calculations are carried out using a 3-dimensional version of the Long 
Wave Propagation Code (LWPC) [Lev-Tov et al., 1995]. Results indicate that 
the scattering pattern of the modeled disturbance is consistent with that of 
Johnson et al. [1999] and in addition that the modeled conductivity changes 
provide for significantly larger absolute magnitudes of the observed VLF signal 
perturbations. In this paper, we analyze several Early /fast events, including 
an event observed with the HAIL array in association with a positive light­
ning stroke occurring at 06:22:23.559 UT on 29 October, 2000. This and other 
events during this period were detected by many of the HAIL receivers, allow­
ing for accurate determination of the scattering pattern of the disturbance. 
We present results for several different ambient ionospheric conditions. 
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IMPROVING GPS/MET IONOSPHERIC ELECTRON DEN­
SITY PROFILES USING AN "COMPENSATED" ABEL IN­
VERSION METHOD 

L.-C. Tsai 
CSRSR 
National Central University 
Chung-Li, Taiwan 320, R.O.C. 

In 1993 the University Corporation for Atmospheric Research organized 
a proof- of-concept experiment on a LEO satellite (the MicroLab-1 satellite) 
at a nearly circular orbit of ~735 km altitude and ~70 ' inclination angle to 
receive GPS signals and demonstrate active limb sounding of the Earth's at­
mosphere and ionosphere by radio occultation technique. The main objectives 
of this GPS-LEO occultation mission were numerical weather prediction and 
long-term monitoring of the Earth's climate and thus it was termed the Global 
Positioning System/Meteorology (GPS/MET) program. However, GPS/MET 
has also been able to sound the ionosphere from the orbit altitude to the 
Earth's surface and provide high vertical resolution profiles of ionospheric 
electron density through the Abel inversion of ray-path bending angle or TEC 
measurements. These retrieval processes generally assume spherical symmetry 
of electron density distribution at the locality of occultations and use the Abel 
integral transform to invert the data. It is obvious that this assumption of 
spherical symmetry in the ionosphere is almost never true. We have pointed 
that due to the effect of the spherical symmetry assumption utilized for the 
Abel inversion, an even asymmetry at the equatorial anomaly would likely 
cause the Abel inversion to systematically under-estimate the electron density 
near the north and/or south crests of equatorial fountain features. In this 
paper, we have approached a compensation procedure for measured TEC val­
ues through several close-up occultation observations. The compensated TEC 
values are further used to yield to electron densities through the Abel inte­
gral transform. In order to assess the accuracy of the GPS/MET ionospheric 
electron density retrievals, coincidences of ionosonde data with GPS/MET oc­
cultations have been examined. The retrieved electron density profiles from 
GPS/MET TEC observations have been compared with ionogram auto-scaling 
and inversion results derived from the Chung-Li digisonde (24.6°N, 121.0°E) 
and the Bear-Lake dynasonde (41.9°N, 111.4°W). 
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FIXED-FREQUENCY OBSERVATIONS OF ISIS-2 SOUNDER­
STIMULATED PLASMA RESONANCES AND EMISSIONS 

R.F. Benson 
Goddard Space Flight Center 
Greenbelt, MD 20771, USA 

Ionspheric topside sounders and magnetospheric radio sounders rou­
tinely stimulate local plasma resonances. A proper classification of these res­
onances can be used to accurately deduce ( to within a few percent) both the 
in situ electron density and the magnetic field strength even in very tenuous 
plasmas where the former is difficult to measure. Based on many decades 
of research with ionospheric topside sounders by many investigators, most of 
the observed resonances have one of two causes: the reception of (1) coherent 
sounder-generated electrostatic waves oflow group velocity or (2) non-coherent 
plasma emissions stimulated by the sounder pulse. Those observed at the elec­
tron plasma frequency fpe, the harmonics of the electron cyclotron frequency 
fee, and at the upper-hybrid frequency fuh (where fJh = J;e + ffe) have been 
attributed to (1) above. Those observed between the fee harmonics and be­
low fpe, designated as the Dn resonances, have been attributed to (2) above. 
Those observed between the fee harmonics and above fpe, designated as the 
Qn resonances, have usually been attributed to (1) above (D. B Muldrew, J. 
Geophys. Res., 77, 1794-1801, 1972) but evidence has been presented that a 
contribution from (2) above is also involved (R.F. Benson, Radio Science, 17, 
1637-1659, 1982). Both the Dn and the Qn resonances have been related to 
magnetospheric banded emissions (R. F. Benson et al., J. Geophys. Res., 106, 
13,179-13,190, 2001). 

An investigation of ISIS-2 ionograms corresponding to fixed-frequency 
operation has provided additional evidence to support the claim that the 
Qn resonances contain elements of both the reception of coherent sounder­
generated waves and sounder-stimulated non-coherent plasma emissions. 
The data were identified from some 300,000 ISIS-II digital topside-sounder 
ionograms, publicly available from the National Space Science Data Cen­
ter, Goddard Space Flight Center, making use of the search page at 
http://nssdc.gsfc.nasa.gov/space/isis.html. 
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ELECTRON DENSITY PROFILES IN THE MAGNETO­
SPHERE FROM IMAGE/RPI PLASMAGRAMS 

B. Reinisch, X. Huang, P. Song, I. Galkin 
Center for Atmospheric Research 
University of Massachusetts, Lowell, MA 
R. Benson, S. Fung, J. Green 
NASA Goddard Space Flight Center, Greenbelt, MD 

The Radio Plasma Imager (RPI) oil IMAGE conducts echo radio sound­
ing experiments producing plasmagrams that display echo amplitudes as func­
tion of virtual range and frequency. These plasmagrams show different type 
of echo traces resulting from X, 0 and Z mode wave propagation, and the 
identification of the wave modes requires careful analysis. Angle of arrival 
measurements together with the echo trace characteristics reveal two classes 
of echoes, direct and field-aligned propagation (FAP) echoes. In this paper 
we describe the technique of inverting the FAP traces into electron density 
profiles. These profiles represent the density distribution along the field line 
that intersects the spacecraft. In many instances, RPI receives FAP echoes 
from the local as well as the conjugate hemisphere. This allows the calculation 
of the complete density distribution from one ionosphere to the conjugate one, 
beginning at altitudes of ""0.5 or 1 RE. Once a profile has been calculated, 
in general from the X trace, it is possible to validate the analysis by calculat­
ing the expected Z and O traces and compare the calculated traces with the 
measured ones. We found excellent agreement assuring the accuracy of the 
profiles. By applying this technique to different time periods, we were able to 
assess the effect of CME's on the magnetosphere. 

During the March 31, 2001 event the solar pressure was more than 40 
times greater than normal with a sustained southward interplanetary mag­
netic field, conditions for a major magnetic storm. The Kp index went up 
to near 9. During the event, the IMAGE orbit was near the noon-midnight 
meridian monitoring the magnetospheric responses at local noon and mid­
night. The RPI sounding measurements show that the total content of the 
plasma changed dramatically during the event. The dayside density dropped 
significantly during the storm and we also observed the refilling process af­
ter the storm. There is potential evidence for an increased density on the 
nightside during the event, which may be the result of the higher solar wind 
density. Quantitative assessment of the density variations during the event 
and the refilling process afterward will be presented. 
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PLASMA DISTRIBUTION AS A FUNCTION OF LATITUDE 
AND L-SHELL IN THE PLASMASPHERE: AN RPI CASE 
STUDY 

X. Huang*, B. Reinisch, P. Song, G. Sales, G. Khmyrov, A. Kozlov 
Center for Atmospheric Research 
University of Massachusetts, Lowell, MA 

In the past it has been difficult to assess the plasma density (Ne) dis­
tribution along magnetic field lines with in-situ measurements because it is 
rare to have a few satellites along the same field line. It is also challenging to 
derive the distribution from theory because the existence of field-aligned flow 
makes a static approximation invalid. The new sounder observations by the 
radio plasma imager (RPI) on IMAGE [Burch et al., EOS Trans. American 
Geophys. Union, 82, 241-145, 2001], make it possible to measure the entire 
field-aligned profile within the time it takes to step through the frequencies 
that cover the plasma frequencies from the satellite location to the ends of 
the field line in the topside ionosphere [Reinisch et al., Geophys. Res. Lttrs, 
in press, 2001]. This takes approximately 10 s, i.e., the measurement is made 
almost instantaneously. A special profile inversion technique inverts the field­
aligned propagation echo traces to profiles along the field line. Each profile is 
validated by recalculating the echo traces for different wave modes using the 
derived profile. This paper discusses the application of the new technique to 
one IMAGE pass in the morning sector when the sequence of plasmagrams 
shows clearly defined echo traces. A case study shows a sequence of eight 
consecutive profiles while IMAGE changed position from L=2.22 to L=3.23. 
Soundings were made every two minutes. Each sounding provides a complete 
hemisphere-to-hemisphere density profile. By piecing together these profiles 
along different L shells we were able to construct two-dimensional density 
distributions as a function of latitude and L-shell. 
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MODELING COMPARISONS TO PLASMA OBSERVATIONS 
OBTAINED FROM RPI/IMAGE 

P.A. Webb* 
NAS/NRC/Goddard Space Flight Center 
Greenbelt, Maryland 20771 
USA 
R.F. Benson 
Goddard Space Flight Center 
Greenbelt, Maryland 20771 
USA 
B.W. Reinisch 
University of Massachusetts Lowell 
Lowell, Massachusetts 01854 
USA 

NASA's Imager for Magnetopause-to-Aurora Global Exploration (IM­
AGE) satellite (J. L. Burch,EOS, Trans. AGU, 82, 241 and 245, 2001) is 
currently in a highly inclined elliptical orbit that takes it between altitudes 
of 1000 km and seven Earth radii. During each 14.2 hour orbit IMAGE's in­
struments have the opportunity to observe the plasma distribution from the 
topside ionosphere to beyond the plasmapause. One such instrument carried 
by IMAGE is the Radio Plasma Imager (RPI) (B. W. Reinisch et al., Geophys. 
Res. Lett., 28, 1167-1170, 2001). Using the RPI, the local electron density 
can be separately calculated from observed plasma resonances and the plasma 
spectrograms. An electron density profile for each orbit can be obtained by 
calculating the electron density at different points along the orbit, which can 
then be compared to the predictions of plasmaspheric electron density models. 

Several static empirical models of the plasmasphere have been published. 
Two such models are the Carpenter and Anderson !SEE/whistler based model 
(D. L. Carpenter and R. R. Anderson,]. Geophys. Res., 97, 1097-1108, 1992), 
and the GCPM model (D. L. Gallagher et al.,J. Geophys. Res., 105, 18819-
18833, 2000). The theoretical based Global Plasmasphere Ionosphere Density 
(GPID) model has recently been developed by the first author to simulate 
the global scale evolution of the number densities of the ions and electrons 
in the plasmasphere. Combined with the latest version of the International 
Reference Ionosphere (IRI), GPID can model the dynamic emptying caused 
by geomagnetic storms and the following refilling of the plasmasphere. 

The accuracy of the empirical models and the theoretical GPID model 
will be ascertained by comparing their predictions with the electron densities 
derived from the RPI by conducting these comparisons across a variety of 
geomagnetic L-shells and various geomagnetic storm conditions. 
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AND COMPARISON TO SHARP EDGES IN IMAGE EUV IM­
AGES 

J. Goldstein, T. Huegerich, P.H. Reiff 
Dept Phys and Astron, Rice University 
Houston, TX 77005, USA 
B.R. Sandel, T. Forrester 
Lunar and Planetary Lab, University of Arizona 
Tucson, AZ 85721, USA 
D.L. Gallagher 
NASA MSFC 
Huntsville, AL 35812, USA 
B.W. Reinisch 
Center for Atmosph Res, U. Mass, Lowell 
Lowell, MA, USA 

Remote-sensing of the plasmasphere is routinely accomplished by the 
extreme ultraviolet imager (EUV) on the Imager for Magnetopause-to-Aurora 
Global Exploration (IMAGE) satellite. In EUV images, the plasmapause is 
assumed to be the 'He+ edge,' i.e., the sharp edge where the brightness of 
30.4 nm He+ emissions drops drastically. This assumption can be tested with 
the help of dynamic spectrograms recorded by the Radio Plasma Imager (RPI) 
in passive receiving mode. The RPI dynamic spectrograms provide in situ 
measurements of the electron number density; one can identify the plasma­
pause by determining these values along the IMAGE orbit. During each IM­
AGE orbit, RPI in situ plasmaspheric electron density data are deduced while 
IMAGE is at low magnetic latitudes, and EUV remote-sensing images of the 
plasmasphere are obtained when IMAGE is at higher magnetic latitudes, and 
outside the plasmasphere. The RPI and EUV instruments therefore provide 
two different and complementary measurements of the plasmapause location 
that can be compared with each other. In this study it was assumed that any 
density gradient in the RPI data that was sufficiently steep would show up 
in EUV data as a sharp He+ edge. Steep density gradients were identified in 
RPI dynamic spectrograms from over two hundred IMAGE passes through the 
plasmasphere, providing over three hundred plasmapause radial (L) locations. 
Corresponding He+ edges were selected from EUV images, and mapped to 
the magnetic equator, where their radial (L) locations can be determined. We 
show the results of a comparison between the radial locations of the RPI den­
sity gradients and the radial locations of the EUV He+ edges, and determine 
that the correlation between the two types of measurement is good, justifying 
the assumption that the He+ edge is the plasmapause. 
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RELATIVE POWER LEVELS OF MULTIPLE RPI/IMAGE 
FIELD-ALIGNED MAGNETOSPHERIC ECHOES 

R.F. Benson, S.F. Fung, J.L. Green 
Goddard Space Flight Center 
Greenbelt, MD 20771, USA 
B. W. Reinisch 
University of Massachusetts, Lowell 
Lowell, MA 01854, USA 

The Radio Plasma Imager (RPI) (B. W. Reinisch et al., Geophys. Res 
Lett., 28, 1167-1170, 2001) on the lmager for Magnetopause-to-Aurora Global 
Exploration (IMAGE) satellite (J. L. Burch,EOS, Trans. AGU, 82,241 and 
245, 2001) often detects discrete long-range echoes when IMAGE is located in 
the general vicinity of the plasmapause. The long time delays indicate that 
these echoes, which extend over a few hundred kilohertz up to at least 600 
kHz, do not correspond to signal returns from the nearby plasmapause. Some 
echoes include traces that do not extend toward zero virtual range. These 
"floating" traces often have an "epsilon" shape similar to those observed at 
low altitudes in the topside ionosphere by ISIS 1 when it was immersed within 
equatorial plasma bubbles. The ISIS 1 observations were interpreted in terms 
of ducted propagation along field-aligned electron-density irregularities (FAI) 
that were maintained from one hemisphere to the other (P. L. Dyson and R. F. 
Benson, Geophys. Res Lett., 5, 795-798, 1978) following the earlier work based 
on Alouette 1 observations at higher (1,000 km) altitude (D. B. Muldrew, J. 
Geophys. Res., 68, 5355-5370, 1963). 

An investigation of the relative power levels of these magnetospheric ep­
silon signatures was carried out in order to determine the degree of signal loss 
between the various echo components ( which are attributed to different mag­
netospheric path lengths). At each frequency, the power level corresponding 
to the signal received on the x dipole antenna (the same one used for trans­
mission) for each echo component was recorded. The results indicate that the 
path length of the signal is not a major contributor to differences observed 
in the received power among the echo components. Thus the magnetospheric 
"epsilon" shaped echoes appear to be due to nearly loss-free propagation along 
FAI that are maintained from one hemisphere to the other in the vicinity of 
the plasmapause in a manner similar to their ionospheric counterparts. 
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WAVE POLARIZATION OF FIELD-ALIGNED PROPAGAT­
ING MODES USING IMAGE/RPI 

G. Sales*, X. Huang, B. Reinisch, I. Galkin 
Center for Atmospheric Research 
University of Massachusetts, Lowell, MA 
R. Benson, P. Webb 
NASA Goddard Space Flight Center, Greenbelt, MD 

Field-aligned propagation (FAP) modes have been observed extensively 
during the lifetime of the IMAGE/RPI satellite project. Both direction-of­
arrival and time delay measurements have supported the hypothesis that these 
modes are directed along the geomagnetic field lines from the satellite down to 
altitudes where reflection back to the satellite occurs. The plasmagram inver­
sion technique, developed at UMLCAR, has determined that these "guided" 
modes have, primarily, extraordinary polarization. With the orthogonal an­
tenna system on the IMAGE satellite, used first to determine the arrival angle, 
it is now also possible to analyze the polarization of the arriving waves over 
a range of frequencies. From the measured amplitude and phase on the three 
antennas we can reconstruct the polarization ellipse at the satellite. 

We have selected one of the many sequences of plasmagrams to analyze 
the polarization characteristics of these FAPs. These FAP modes are pre­
dominately observed for 2 < L < 5 with a median value of L = 3. Of these, 
approximately 40and the median is between two and three plasmagrams. On 
Aug. 25, 2000 as IMAGE/RPI approached the plasmasphere, at L = 4. 75, a se­
quence of three plasmagrams recorded these field aligned propagation modes 
over a period of 8 minutes. The sequence ended at L = 4.45, a significant 
travel distance for the satellite from the beginning to the end. We discuss the 
extensive passive and active calibration analyses that were required to deter­
mine the correct arrival-angles for these modes. Building on the success in the 
arrival-angle analysis we turned our attention to the polarization characteris­
tics of the FAP modes. The RPI plasmagram is used to determine the local 
electron gyro frequency and the local plasma frequency. Combining these with 
the arrival-angle measurements and with the received amplitude and phase on 
the antenna system we can determine the received polarization as a function 
of frequency and time. 
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MICROWAVE PROPAGATION AND REFLECTION FROM 
TURBULENT FLUCTUATIONS IN FUSION PLASMAS 

R. Nazikian 
Princeton Plasma Physics Laboratory 
Princeton, NJ 08540 

Microwave reflectometry ( the reflection of electromagnetic waves from a 
plasma cutoff) is now routinely used for probing the structure of magnetohy­
drodynamic and turbulent fluctuations with unprecedented spatial resolution 
in the core of high temperature fusion plasmas. The quantitative interpreta­
tion of such measurements has been a major objective of the fusion plasma 
community for the last decade and dramatic progress has recently been made 
in the simulation and laboratory testing of the method and its capability for 
measuring the correlation properties of plasma turbulence. The simultaneous 
propagation of multiple frequency microwaves into plasma has allowed the spa­
tial correlation properties of the turbulence to be infered along the direction 
of wave propagation, while the strength of the scattered waves at the receiver 
has been used to infer the magnitude of the irregularities. The ever increasing 
need for more refined measurements has recently led to new efforts aimed at 
imaging turbulent fluctuations near the reflecting layer. This objective is par­
ticularly challenging given the strong curvature of the background plasma and 
the limited access for the necessary large aperture optics. Work in the early 
60s on radio wave reflection from the ionospheric indicated that the conditions 
necessary for imaging fluctuations may be satisfied during quiescent periods. 
The modern method of numerical back projection has been applied to exist­
ing microwave measurements on fusion devices. Such analysis indicates that 
imaging may well be feasible in fusion plasmas during quiescent periods where 
the turbulent scale length significantly exceeds the free space wavelength of 
the probe beam. Conditions specific to the core of fusion plasma such as 
the small amplitude of density fluctions (less than 1%) and the uniformity 
of the background plasma has been of central importance to the quantitative 
interpretation of the microwave reflection measurements. This contrasts with 
the very deep irregularities which often occur in the ionosphere, leading to 
strong perturbations on the reflected waves. Future developments and new 
applications of the method in fusion science will be discussed. 
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LOW FREQUENCY OSCILLATIONS IN A PLASMA WITH 
SPATIALLY VARIABLE FIELD-ALIGNED FLOW 

G. Ganguli 
Plasma Physics Division 
Naval Research Laboratory 
Washington DC 20375 USA 

The effects of a transverse gradient in the plasma flow velocity parallel 
to the ambient magnetic field (Vz) are analyzed. It is shown that a trans­
verse velocity gradient in the parallel ion flow, even in small magnitude (i.e., 
dVz/dx is much smaller than the ion gyrofrequency), can increase the parallel 
phase speed of the ion acoustic waves sufficiently to degrade the ion Landau 
resonance and escape strong ion Landau damping. This results in a signifi­
cantly lower threshold current for the current driven ion acoustic instability, 
which can fall below that of the current driven ion cyclotron instability. This 
also enables the ion acoustic waves to be generated when the ion temperature 
equals or exceeds the electron temperature. In addition, an ion flow gradient 
can also lower the threshold for the current driven ion cyclotron instability 
by reducing the ion cyclotron damping. But more importantly, for a suffi­
cient magnitude, the flow gradient can give rise to a new class of ion cyclotron 
waves via inverse cyclotron damping. A broadband wave spectrum with mul­
tiple cyclotron harmonics is possible. A combination of the multiple cyclotron 
harmonic waves can result in spiky parallel electric field structures with their 
peaks separated by an ion cyclotron time. Nonlinear evolution of the waves 
results in substantial ion heating and cross-field transport, which can affect 
the meso-scale transport properties. Self-consistent electron flux intensifies 
with wave growth and indicates modulation at the wave frequency. Spatial 
gradient in the parallel electron flow is also considered but it is found that 
they play a minimal role in the low frequency regime. The relevance of these 
results to natural plasma environments will be discussed. 

* This work is supported by the Office of the Naval Research 
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LABORATORY STUDY OF THE EFFECT OF A MAG­
NETIC FIELD ALIGNED PLASMA FLOW WITH A TRANS­
VERSE VELOCITY GRADIENT ON THE EXCITATION OF 
CURRENT-DRIVEN ION ACOUSTIC AND ION CYCLOTRON 
WAVES 

Agrimson, E. P., D'Angelo, N., Merlino*, R. L. 
Department of Physics and Astronomy 
The University of Iowa 
Iowa City, IA 52242 

The effect of a magnetic field aligned plasma flow with a transverse ve­
locity gradient (parallel velocity shear) on the excitation of current-driven ion­
acoustic and ion-cyclotron waves was investigated experimentally in a double­
ended Q machine. In the absence of parallel velocity shear, the electron drift 
velocity associated with the parallel current was insufficient to excite ion acous­
tic waves in our plasma having equal electron and ion temperatures. However, 
when a sufficient plasma flow with transverse shear was present, current-driven 
ion acoustic waves were observed [E. P. Agrimson, N. D'Angelo and R. L. Mer­
lino, Phys. Rev. Lett. 86, 5282 (2001)]. This result is in agreement with the 
theoretical prediction that parallel velocity shear substantially reduces the 
critical electron drift velocity needed to produce the ion-acoustic instability 
[V. V. Gavrishchaka, S.B. Ganguli, and G. I. Ganguli, Phys. Rev. Lett. 80, 
728 (1998)]. Recently a similar investigation of the effect of parallel velocity 
shear on the excitation of electrostatic ion-cyclotron (EIC) waves was under­
taken. Electrostatic ion-cyclotron waves are known to be readily excited in a 
single-ended Q machine plasma by drawing an electron current along the mag­
netic field to a small ( at least a few ion gyroradii in diameter) disk electrode 
immersed in the plasma [see, e.g., J. J. Rasmussen and R. W. Schrittwieser, 
IEEE Trans. Plasma Sci. 19, 457 (1991)]. However, it seems now that this 
method of exciting the EiC instability also inevitably involves the presence of 
parallel velocity shear. We have attempted to systematically study the effects 
of parallel velocity shear and current and found that under the conditions in 
which the current is present but the shear is eliminated, the EIC waves are not 
excited. These results appear to be in general agreement with the theoretical 
predictions of Gavrishchaka et al. [Phys. Rev. Lett. 85, 4285 (2000)]. 

Supported by NSF 
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A KINETIC TREATMENT OF A PERPENDICULAR GRADI­
ENT IN MAGNETIC-FIELD-ALIGNED FLOW IN A THER­
MALLY ANISOTROPIC PLASMA 

Robert S. Spangler, Jr., Earl E. Scime 
Department of Physics 
West Virginia University 
Morgantown, WVa 26501 
Gurudas I. Ganguli 
Code 6794 
Naval Research Laboratory 
Washington D.C. 20375-5000 

The linearized dispersion relation describing waves in a plasma having 
a uniform magnetic field, uniform density, and an inhomogeneous parallel (to 
the magnetic field) flow [G. Ganguli, M.J. Keskinen, H. Romero, R. Heelis, T. 
Moore, and C. Pollock, J. Geophys. Res., 99, 8873, 1994.] is generalized to in­
clude thermal anisotropy, a key feature existing in many space and laboratory 
plasmas. The effects of thermal anisotropy on the ion acoustic mode and the 
ion cyclotron mode are examined. The growth rate of the ion acoustic mode 
is shown to increase with the perpendicular to parallel ion temperature ratio, 
and the real frequency at which the maximum growth rate occurs is shown 
to upshift significantly. The angle that an ion acoustic wave propagates is 
also shown to depend on the ion temperature ratio. The growth rate for the 
ion cyclotron mode is shown to increase with the perpendicular to parallel 
ion temperature ratio in the presence of inhomogeneous flow, and the real 
frequency is not significantly affected. Also presented is a generalized calcula­
tion of perturbed distribution functions [Sarfaty, M., S. DeSouza Machado, F. 
Skiff, Phys. Plasma, 3, 4316, (1996); Skiff, F., IEEE Transactions of Plasma 
Science, 20, 701, (1992).] to include an inhomogeneous field-aligned flow. 
Without shear, the first order perturbed distribution as a function of the par­
allel velocity is independent of the orientation of the wavevector in the plane 
perpendicular to the background magnetic field. A method of determining the 
wavevector components present in a plasma with inhomogeneous field-aligned 
flow is presented. The results are applicable to the FAST mission. 
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GROUND BASED OBSERVATIONS OF FLICKERING AU­
RORA 

McHarg, M.G., US Air Force Academy, CO * 
Stenbaek-Nielsen, Geophysical Institute, University of Alaska, 
Fairbanks 

The exact mechanisms for auroral electron acceleration are not fully un­
derstood. A comparison of experimentally determined arc thicknesses with 22 
different theoretical predictions of arc thicknesses shows very poor agreement 
(Borovsky, J. Geophys. Res, 1993). Of the possible theories examined by 
Borovsky approximately a third would have temporal fluctuations of the au­
roral intensity associated with them. Ground based narrow field TV and high 
speed photometry offer a unique perspective on the spatial and temporal scales 
of the aurora. Narrow field TV data are used to evaluate the spatial extent, 
and variations in auroral morphology. A high-speed photometer bore-sighted 
to narrow field TV is used to explore the fast intensity fluctuations of the 
auroral light. We observe auroral intensity fluctuations at frequencies above 
the Nyquist frequency of the TV camera in flickering aurora. We present data 
that shows a band limited tone of~ 50 Hertz, that decreases in frequency to ~ 
30 Hertz in approximately 3 minutes. Immediately following the band limited 
tone becomes broad band up to ~ 50 Hertz, followed by a narrow band tone 
at ~7 Hertz. This narrow band 7-Hertz tone is seen in the narrow filed TV 
camera as flickering aurora.A possible interpretation of the observed data in 
terms of a wave particle modulation of the primary electrons causing the auro­
ral light is presented. Possible sources of thewave field are electromagnetic ion 
cyclotron waves (Temerin et al. J. Geophys. Res 1986), and inhomogeneous 
energy density driven (IEDD) waves (Ganguli et al. , J. Geophys. Res 1994, 
Ganguli in Cross Scale Coupling in Space Plasma, Geophysical Monograph 
No. 93, 1995 and Gavrishchaka et al. Phys. Plasmas 1996). While ground 
based high spatial and temporal resolution observations alone can not alone 
determine the modulation mechanism of auroral electrons they represent an 
important contribution to the remote sensing of space plasmas. 
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GYRORESONANT INTERACTIONS OF 
LIGHTNING-INDUCED WHISTLERS 
AND RADIATION BELT ELECTRONS 

lnan, U.S. 
Space, Telecommunications and Radioscience Laboratory 
Stanford University 
Stanford, California 94305 

Whistler waves injected into the magnetosphere by lightning discharges 
have long been to interact in cyclotron resonance with radiation belt electrons, 
leading to amplification of the waves, triggering of emissions, and precipitation 
of the particles out of their trapped orbits. Lightning-induced Electron Pre­
cipitation (LEP) bursts have been directly observed in the bounce-loss-cone 
on satellite based detectors, allowing for detailed comparison with theoretical 
predictions. LEP bursts in the bounce loss cone have also been extensively 
detected from the ground via the associated D region ionization, with individ­
ual LEP bursts unambiguously associated with causative lightning discharges. 
Such measurements indicate that tens to hundreds of LEP events may be pro­
duced by a single thunderstorm. However, until mid 1999, the spatial extent 
of the LEP regions was not known. Formerly, LEP events were thought to be 
produced only by ducted whistlers, which propagate within (and thus affect 
only the electrons within) filamentary ducts < 400 km at the equator. Uncer­
tainties in the number and size of ducts made it difficult to estimate global con­
sequences of the LEP phenomenon. Two exciting set of new observations now 
indicate that obliquely propagating non-ducted whistler waves, which perme­
ate much larger regions of the magnetosphere, may regularly precipitate radi­
ation belt electrons over L-shells ranging from the vicinity of the plasmapause 
to L=l.5. Ground-based VLF imaging has revealed that individual lightning 
flashes can precipitate significant energetic electron flux over an ionospheric 
region of ~2000 km horizontal extent, and the SAMPEX spacecraft observed 
thousands of cases of enhanced fluxes of > 150 ke V electrons in the drift loss 
cone (see below) throughout the inner belt and slot regions, typically confined 
to narrow L-shell intervals, and often associated with thunderstorm activity. 
The L-dependence of precipitation fluxes observed on SAMPEX are remark­
ably consistent with predictions of ray tracing analyses for specific locations 
of active thunderstorms which inject non-ducted whistler waves over a large 
range of L-shells. Whistler-electron interactions in the inner radiation belt and 
slot regions may or may not involve amplification of the injected waves and 
triggering of emissions. However, in the outer radiation belt and in the vicinity 
of the plasmapause whistlers are commonly known to trigger long enduring 
bursts of emissions, which in turn precipitate energetic electrons. 
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DISPERSIVE ALFVEN WAVES: NONLINEAR AND KINETIC 
EFFECTS 

R. Rankin*, J.C. Samson, V.T. Tikhonchuk, J. Wanliss 
Department of Physics 
University of Alberta 

The auroral accelerator contains localized field-aligned potential drops 
capable of energizing electrons to many keV. One possible explanation in­
volves excitation of dispersive Alfven field line resonances (FLRs) that lead 
to inverted-V electron precipitation and density cavities depleted of current 
carrying electrons. We present results of two-fluid modeling of nightside FLRs 
on stretched geomagnetic field lines, and discuss the various saturation mech­
anisms affecting the scale and spatial structure of the excited waves. We 
classify various nonlinearities affecting the evolution of FLRs, and discuss the 
need for a kinetic treatment of parallel electron dynamics: The bounce time 
of electrons on geomagnetic field lines is much smaller than the wave period 
of observed mHz FLRs, implying that the electron dynamics is very non-local 
along the field line. The two-fluid MHD formalism therefore breaks down. 

Accounting for the mirror force, and solving the Vlasov equation for par­
allel electron motion, we show that in the auroral accelerator, the Alfven wave 
conductivity is much smaller than predicted by two-fluid theory. The large par­
allel Alfven wave current and low conductivity lead to very enhanced parallel 
electric fields, on the order of m V / m. Accounting for hot magnetospheric and 
cold ionospheric plasma populations, we show that the characteristic electron 
energy in the accelerator is comparable to the quasistatic potential associated 
with the density and temperature gradient along the field line. Finally, we 
compare the results of our model with observations, and indicate how auroral 
MPA data can be used to infer the stretching of nightside field lines that is 
necessary to explain the low frequencies of observed FLRs. 
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CHORUS EMISSIONS FROM THE MAGNETOSPHERE 

R.A. Helliwell, Stanford University, Stanford, CA 

Chorus em1ss10ns are narrowband variable frequency whistler-mode 
(WM) waves that usually appear in groups, generally called chorus. The indi­
vidual elements or chorus can be triggered by whistlers, WM echoes of previous 
chorus elements and by signals (e.g. dot-dash Morse code) from ground-based 
Vlf stations. Chorus may also arise in a band of WM noise called mid-latitude 
hiss. A coherent-wave instability (CWI) has been postulated to explain trig­
gered chorus and the amplification of the triggering wave (Helliwell, 1967, 
JGR, 72(19), 4773; Helliwell and Inan, 1982, JGR, 87, 3537). Vlf wave injec­
tion experiments to study the CWI were performed at Siple Station, Antarc­
tica, in the period 1973-1988 (Helliwell, 1988, Rev. of Geophysics, 26(3), 551). 
One of the most interesting and successful experiments was aimed at gener­
ating chorus by injecting artificial hiss. The transmitter signal consisted of 
a contiguous series of 100 ten-ms pulses at frequencies randomly distributed 
within a 400 Hz band, typical of a band of natural hiss. This sequence was 
repeated every second to determine the temporal variation of any correlation 
between this hiss and chorus emissions. The results showed clearly that cer­
tain constellations of 10 ms pulses produced growth and sometimes triggering 
of discrete chorus elements that continued to grow well above the frequency 
band of the artificial hiss (Helliwell et al., 1986, JGR, 91, 4381). Other re­
lated Siple Station experiments are reviewed elsewhere (Helliwell, 1988, Rev. 
of Geophysics, 26(3), 551; Helliwell et al, 1990, GRL, 17(5), 599). On the 
theoretical aspects of the CWI, there are challenging problems resulting from 
the complexity of the computations required. However some progress has been 
made in computer simulation of the CWI by limiting the parallel velocity of 
the resonant electrons to a small range around resonance for a constant fre­
quency input signal. The simulation results predict a characteristic advance 
in phase with growth of the applied signal, due to the effect of the inhomo­
geneity (Carlson et al, 1990, JGR, 95, 15,073), which agrees well with the 
experimental measurement at the conjugate point of the phase of applied sig­
nals from the Siple II transmitter (Paschal and Helliwell, 1984, JGR, 89(A4), 
1667). In general, the predictions of the CWI are in good agreement with the 
experiments. 
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THE ROLE OF ELECTRON DENSITY INHOMOGENEITIES 
IN IONOSPHERIC RADIO EMISSION 

J. LaBelle 
Department of Physics and Astronomy 
Dartmouth College 
Hanover, NH 03755 USA 

Mounting evidence suggests that density structure in the source region 
strongly influences the frequency and time structure of radio waves emitted 
from ionospheric plasmas. Because the auroral ionosphere contains signifi­
cant electron density structures over a wide range of spatial scales, as well 
as highly non-thermal particle distributions for generation of plasma waves, 
natural auroral radio emissions provide some of the best examples of the role 
of electron density inhomogeneities in ionospheric radio emission. Here we 
review two recent examples: Structured Langmuir waves generated by auroral 
electrons where fpe > fee in the F-region; and the fine structure of auroral roar 
emissions. The former phenomenon, called "HF Chirps," consists of multiplet 
narrow band waves just above the plasma frequency observed with sounding 
rockets and satellites. These may arise because density cavities of the appro­
priate spatial scales trap the Langmuir waves and impose a discrete frequency 
structure on them, which is retained by waves which escape the trapped con­
dition and propagate in the ionosphere, usually for only short distances before 
they are damped. Another candidate example is the auroral roar emission, 
a relatively narrow band emission (of/ f ~ 0.1) that occurs near two and 
three times the ionospheric electron cyclotron frequency, characterized by fine 
structure consisting of narrowband (as narrow as 6 Hz) discrete features or 
multiplets whose frequency rises or falls with time. Evidence suggests that 
the auroral roar emission originates as upper hybrid waves generated where 
the upper hybrid frequency matches cyclotron harmonics in the F-region au­
roral ionosphere, and that these electrostatic waves mode-convert to L-mode 
and propagate to ground level. Possibly, electron density enhancements of the 
appropriate spatial scale in the source region trap these upper hybrid waves 
and impose a discrete frequency structure on them, which is retained by the 
escaping mode-converted radiation. If these models of auroral radio wave gen­
eration are accurate, they point to a more significant role for electron density 
structure determining emitted wave characteristics than has been previously 
appreciated. 
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STIMULATED EMISSIONS AND RADAR SCATTER FROM 
PULSED RF-IONOSPHERE INTERACTIONS AT HAARP 

Sheerin*, J.P., J.P. Mills, Physics and Astronomy, Eastern Michi­
gan Univ., Ypsilanti, MI 
Groves, K. M.,AFRL Hanscom, MA 
Bristow, W. A., Geophysical Inst., U.Alaska-Fairbanks 
Pau, J., A. Y. Wong, Physics and Astronomy, UCLA 
Ramos, C., ECE Dept., Cornell 

High power HF radiowave pulses launched from ground-based transmit­
ters interact with overdense quies-cent ionospheric plasma to produce strong 
turbulence effects. These effects are evident in the ion and plasma lines de­
tected by diagnostic radars. Several spatial and temporal signatures in the 
backscattered plasma lines show reproducible evidence of strong turbulence 
effects at many scales. Complementary to radar probe diagnostics are stim­
ulated electromagnetic emissions (SEE) which propagate to HF receivers on 
the ground. Many experiments using SEE receivers have been performed 
using relatively long (seconds) HF pulses. Long HF pulses are sufficient to 
produce irregularities and turbulence at several scales incorporating many ef­
fects. Effects which dominate for short HF pulses of interest may be masked 
by turbulence which develops on larger scales for longer HF pulses. 

We report a series of experiments performed at HAARP ( Gakona, 
Alaska) using both radar and SEE diagnostics for a wide range of HF pulse 
widths down to ten mil-liseconds and several HF amplitude modulation fre­
quencies of interest in the ELF range. Using short HF pulses, we are able to 
discriminate, characterize, and compare prompt SEE spectra over the time­
scales of typical radar features. The SuperDARN-Kodiak radar reveals the 
growth of striations for longer HF pulsewidths. The SEE spectra taken dur­
ing with short, low duty cycle HF pulses may be compared to models of SEE 
generation mechanisms. SEE spectra were also recorded using HF modulations 
in ELF range of interest and in the E-region ionosphere. We present the re­
sults of numerical simulations modeling the development of strong short-scale 
turbulence and mesoscale irregularities for comparison with these experiments. 
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ION HEATING IN THE EARTH'S MAGNETOSPHERE DUR­
ING SUBSTORM AND STORM-TIME 

E.E. Scime* ,A.M. Keese 
Department of Physics, West Virginia University 
C.J., Pollock 
Southwest Research Institute, San Antonio, TX 

In this study, energetic neutral atom (ENA) images from the Medium 
Energy Neutral Atom (MENA) imager on the Imager for Magnetopause-to­
Aurora Global Exploration (IMAGE)observatory are analyzed. In the MENA 
imager, incident ENAs create secondary electrons at a carbon foil and then 
strike a detector that records their position and time of impact. The electrons 
are used to determine the trajectory and time-of-flight of the ENA. Unique 
gold transmission gratings are used to eliminate the intense background ul­
traviolet light due to the Earth's geocorona. Trajectory information and the 
spacecraft spin enable two-dimensional ENA images to be constructed. The 
time between the electron and ENA pulses provides an energy measurement 
if the EN As are assumed to be hydrogen. Using the energy spectrum of the 
MENA neutral flux data, images of the plasma ion temperature are created 
based on estimates of the peak line-of-sight ion temperature. The geomag­
netic activity of the magnetosphere in the images ranges from mildly active 
to stormy. We find that the remotely measured ion temperatures agree with 
local, in-situ, ion temperature measurements in the inner magnetosphere. We 
also find an asymmetry in the ion temperature when comparing the dusk and 
dawn sectors late in storm intervals; the dawn sector of the magnetosphere 
appears to be colder. Single particle drifts suggest a simple explanation for 
the observed asymmetry. Westward drifts due to the gradient and curvature 
in the local geomagnetic field dominate transport of higher energy ions from 
the night side. Transport of the lower energy ions is dominated by E x B drift 
in the background convection field. For typical background convection field 
strengths, the cross over between these two regimes should occur in the range 
of a few keV. Thus a bifurcation in energy, with higher energy ions executing 
gradient and curvature drifts through the dusk side and lower energy ions ex­
ecuting convective drift through the dawn side, would lead to observations of 
larger ion temperatures on the dusk side and lower temperatures on the dawn 
side. 
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DUST PARTICLES DETECTED IN THE OUTER SOLAR SYS­
TEM BY THE VOYAGER 1 AND 2 PLASMA WAVE INSTRU­
MENTS 

D.A. Gurnett*, A.M. Persoon, W.S. Kurth, L.J. Granroth 
Dept. of Physics and Astronomy 
University of Iowa 
Iowa City, IA 52242,USA 

During the Voyager 1 and 2 flybys of the outer planets, it was discov­
ered that the plasma wave instrument could detect small micron-sized particles 
striking the spacecraft. When a micron-sized particle strikes the spacecraft, 
the particle is vaporized by the kinetic energy of the collision, thereby produc­
ing a small cloud of plasma that expands rapidly away from the impact site. 
As the plasma cloud sweeps over the plasma wave electric antenna, it produces 
a voltage pulse. By counting the number of pulses per unit time, the impact 
rate and number density of the impacting particles can be determined. The 
particle mass can also be estimated from the amplitude of the voltage pulse. 

In this paper we report on measurements of dust impacts detected to 
heliocentric radial distances of 83.4 AU (astronomical units) for Voyager 1 
and 66.0 AU for Voyager 2. For both spacecraft the impact rate has been 
nearly constant, independent of heliocentric radial distance, at a rate of about 
4 impacts per hour for Voyager 1, and about 5 impacts per hour for Voyager 
2. The small difference may be due to the fact that Voyager 1 is farther from 
the ecliptic plane than Voyager 2. The average number density is about 2 x 
10-8 m - 3 . The mass of the impacting particles is difficult to estimate, but is 
believed to be on the order of 10-10 to 10-11g. The absence of strong latitu­
dinal or radial gradients suggest that the particles probably do not originate 
from planetary rings, moons, or asteroids. Most likely they are of interstellar 
origin, or possibly from an object orbiting the Sun at great distances, such as 
comets or Kuiper belt objects. 
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PARTICLE TRANSPORT IN RF AND DC GLOW DISCHARGE 
COMPLEX PLASMAS IMPLICATIONS FOR LABORATORY 
AND MICROGRAVITY STUDIES 

E. Thomas 
Physics Department 
Auburn University 
Auburn University, AL 36849 USA 
NRL - DUPLEX Team 
Naval Research Laboratory 
Washington, DC, USA 
MPE - Complex Plasma Group 
Max Planck Institute for Extraterrestrial Physics 
Garching, Germany 

Complex (or dusty) plasma research involves the study of the interac­
tions between charged microparticles and plasma in which the microparticles 
are suspended. Over the past fifteen years, the investigation of these plasma 
systems has evolved from the characterization of contaminants in industrial 
processing plasmas to a significant experimental and theoretical scientific re­
search enterprise that currently involves several dozen laboratories around the 
world. 

Much of this effort has focused on strongly coupled phenomena, e.g, the 
plasma crystal state [H. Thomas, Morfill, Nature, 379, 29 (1996)], or on col­
lective modes, e.g., the dust acoustic waves [Barkan, et. al, Phys. Plasmas, 
2, 3563 (1995)] in these systems. Recently, through the use of new opti­
cal diagnostic techniques, e.g., particle image velocimetry (PIV) [E. Thomas, 
Phys. Plasmas, 6, 2672 (1999)] and laser flashing, it is now possible to per­
form detailed measurements of two dimensional particle transport in complex 
plasmas. These transport measurements have been used to identify a variety 
of phenomena in complex plasmas including: the closed transport of the mi­
croparticles in suspended clouds and the characterization of possible nonlinear 
effects in dust acoustic waves. Additionally, these measurements are used in 
the reconstruction of potential structures in the plasma. 

This talk will highlight recent measurements of microparticle transport 
in both rf-generated and de-generated glow discharge plasmas. Emphasis will 
be placed on characterizing similar phenomena that are observed in both sys­
tems. Of particular interest are experiments that characterize the motion of in­
dividual microparticles approaching boundary layers in both types of complex 
plasmas systems. Finally, a brief discussion of the relevance of the laboratory 
results to microgravity phenomena will be given. 
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GROUND-BASED MEASUREMENTS SIMULATING SPACE 
ENVIRONMENT INTERACTION OF MATERIALS AND SEE 
SPACECRAFT CHARGING MATERIALS DATABASE FOR 
SPACECRAFT CHARGING MODELING 

J.R. Dennison 
Physics Department 
Utah State University 
Logan, UT 84322-4415, USA 
C.D. Thomson 
W.-Y. Chang 
Jason Kite 
Neal Nickles 
R. E. Davies 

Materials used for spacecraft and space structures are subject to severe 
environmental effects including high vacuum conditions, hot and cold extremes 
temperature, strongly oxidizing atomic oxygen environments, and high fluxes 
of energetic electrons, ions, neutrals and photons. Instrumentation developed 
at Utah State University through funding from the AFOSR and NASA Space 
Environments and Effects Program is designed to simulate, at least to some 
level, all of these conditions and to study spacecraft-plasma, charged particle, 
and photon interactions with spacecraft surfaces. Specifically, the chamber 
provides controlled neutral environments, controlled temperatures, electron 
fluxes, ion fluxes, photon fluxes, and a wide array of neutral and charged 
particle and photon detectors. In principle, these capabilities can be used 
simultaneously, allowing study of synergistic effects. Extensive surface science 
characterization capabilities are also available to fully characterize the samples 
in situ. The facilities are particularly well suited to study electron emission 
as related to spacecraft charging, including electron-induced secondary and 
backscattered yields, spectra, and angular resolved measurements as a function 
of incident energy, species and angle, plus ion-induced electron yields and 
photoelectron yields. Measurements are ongoing to characterize an wide array 
of spacecraft materials by determining all parameters required for the materials 
database used in NASCAP spacecraft charging modeling codes. We present 
here: (i) a description of our instrumentation and specifics of the experimental 
and analysis methods used; (ii) an overview of the SEE Spacecraft Charging 
Materials Database, including materials studied and planned for testing in the 
near future; and (iii) applications of our studies on effects of contamination 
and surface charging and the use of angle-resolved electron emission spectra 
to improve modeling of spacecraft charging. 
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RECENT DEVELOPMENTS OF THE PLASMA IMPEDANCE 
PROBE TECHNIQUE AT UTAH STATE UNIVERSITY 

J. D. Ward*, C. M. Swenson, C. M. Furse, C. Fish 
Department of Electrical and Computer Engineering 
Utah State University 

The electrical impedance of an antenna exposed to the space environ­
ment is dependent upon the parameters of the space plasma in which it is 
immersed ( electron density, collision frequencies, external magnetic field, tem­
perature). This effect was first observed by (J. E. Jackson J. Geophys. Res., 
64(8), 1074-1075, 1959). Since that time probes have been built and flown 
to deduce parameters of the space environment based upon this effect. The 
technique has primarily been used to measure electron density in the Earth's 
ionosphere by in situ measurements on sounding rockets and satellites. It 
has a significant advantage over Langmuir methods in that it is insensitive to 
vehicle potential and probe surface contamination. 

Proper data analysis requires an accurate theory for the impedance of an 
antenna immersed in a magnetized plasma. The problem has been solved for 
electrically short antennas under a quasi-static approximation. The current 
distribution on the surface of the antenna is assumed and the dielectric tensor 
for a two component fluid model of a cold plasma is used. It provides a 
relatively simple expression for the impedance which can be used for data 
analysis (K. G. Balmain IEEE Trans. Antennas Propagat., AP-17(3), 389-
392, 1969). 

Utah State University is developing a three dimensional FDTD simula­
tion of an antenna in an ionospheric plasma. This model is based on a fluid 
description of a warm, colisional, magnitized plasma. These simulation results 
have been compared to the quasistatic closed form solutions of Balmain. The 
validated simulation is used to analize geometers with non-standard current 
distributions, that are imposible thru analytical methods, namely microstrip 
antennas. These geometries are being explored to simplify the mechanical 
integration of the impedance probe antenna onto spacecraft. 

Utah State University has also developed new instrumentation for 
plasma frequency and impedance probes based on modern electronic devices. 
The combined instrument can track the plasma resonance while providing a 
impedance profile simultaneously. These new instruments will be flying on 
the NASA CODA rocket in January, 2002, the NASA E-Winds rockets in 
Fall of 2002 and the NASA/Air Force ION-F satellites in 2003. The addi­
tional information provided by these new instruments can be used to extend 
the diagnostics beyond simple electron density measurements. The goal is 
to combine improved measurement capability with the FDTD simulation to 
obtain electron temperature and collision frequency. 
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MITIGATION OF SPACECRAFT CHARGING FOR THE PUR­
POSE OF CONDUCTING PLASMA MEASUREMENTS 

C.J. Pollock 
Southwest Research Institute 
6220 Culebra Road 
San Antonio, TX 78238 
T.E. Moore 
Laboratory for Extraterrestrial Physics 
Mail Code 692 
NASA/Goddard Space Flight Center 
Greenbelt, MD 20771 

Spacecraft typically float at some electric potential different from that 
of the plasma in which they are immersed. The value of this potential is deter­
mined by the balance of electric currents contributed by photo- and secondary 
electron emission, and the absorption of plasma electrons and ions. In the 
vicinity of Earth, spacecraft floating potentials can range from some tens of 
volts positive under solar illumination in low plasma density regions (such as 
Earths high altitude magnetospheric polar cap), to thousands of volts nega­
tive in eclipse, when immersed in hot plasma. In the low altitude ionosphere, 
spacecraft typically float at up to 1 Volt negative. The effect of spacecraft 
charging on local plasma measurements may be important if the magnitude of 
the floating potential is a significant fraction of the energy-per-charge targeted 
in the plasma measurements. We will present an overview of techniques used 
to mitigate the effects of spacecraft charging on plasma measurements. These 
fall into two categories: spacecraft neutralization, and plasma instrument aper­
ture biasing. Further, we will present examples of plasma measurements that 
have been modified or actually enabled by these techniques. One important 
example is the Plasma Source Instrument (PSI), which has routinely enabled 
the observation of terrestrial polar wind outflow by the Thermal Ion Dynamics 
Experiment (TIDE) on NASAs Polar satellite. The PSI produces Xe+ plasma 
that establishes a low impedance electrical connection between the satellite 
and the ambient plasma, thereby reliably reducing the spacecraft potential in 
regions of polar wind outflow from several tens of volts to the order of+ 1 volt. 
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PROPERTIES OF THE AURORAL ZONE IONOSPHERE IN­
FERRED USING PLASMA CONTACTOR DATA FROM THE 
INTERNATIONAL SPACE STATION 

S.L. Koontz, E.A. Bering, III*+, NASA/ JSC, Houston 
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D.S. Evans, SEL, NOAA, Boulder 
I. Katzddag, B. Gardner, SAIC, San Diego 
now at JPL, Pasadena 
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P.J. Dalton, D.C. Ferguson, G.B. Hillard, NASA/GRC, Cleveland 
J.L. Counts, H. Barsamian, J. Kern, R. Mikatarian, Boeing, 
Canoga Park and Houston 

Comparison of the auroral electron precipitation maps produced by the 
NOAA POES satellite constellation with the flight path of the International 
Space Station (ISS) reveals that ISS regularly passes through the southern 
auroral oval south of Australia. During the first few months of 2001, ISS 
configuration and flight attitude were such that tensioning rods on the space 
station solar array masts could collect current from the ionosphere in the 
same way as a bare wire antenna or electrodynamic tether. The ISS has two 
plasma contactors that emit the electron currents needed to balance electron 
collection by surfaces such as the lattice of bare rods on the solar array masts. 
During this period, these electron currents exceeded 0.1 A at times. The 
largest currents were observed in the auroral oval south of Australia, often 
after orbital sunset. On the space station, the solar array 40 m long masts 
each have over 400 m of stainless steel tensioning rods. When subject to 
orbital v x B · 1 induced potentials, the rods collect substantial currents from 
the ionosphere. Models of the mast collection processes based upon J. R. 
Sanmartin's bare wire collection theory have been incorporated into computer 
codes that integrate models of the station geometry, orbital motion, earth's 
magnetic field, and ionosphere to obtain plasma contactor emission currents. 
During the period being analyzed, the station flew in an orientation such 
that the masts were perpendicular to the orbital velocity vector, and parallel 
to the earth's surface. Maximum v x B · 1 potentials are generated near the 
magnetic poles. The current drawn by the masts is linearly proportional to the 
plasma density. The plasma contactor emission current can be converted to an 
estimate of plasma density. These measurements show that the plasma density 
in the nighttime auroral ionosphere is frequently several times that predicted 
by the International Reference Ionosphere (IRI)-90 and IRI-2001 models. We 
will discuss how the observations order themselves with geomagnetic activity. 
We will compare the peak densities with auroral energy inputs inferred from 
electron precipitation monitors on the NOAA-15 and NOAA-16 spacecraft. 
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MEASUREMENTS OF SHEAR ALFVEN WAVE DISPERSION 
FOR FINITE PERPENDICULAR WAVE NUMBER 

C. A. Kletzing, S. R. Bounds 
Department of Physics and Astronomy 
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Iowa City, IA, 52245 
W. Gekelman, C. Mitchell 
Department of Physics 
University of California Los Angeles 
1000 Veteran Avenue, Suite 15-70 
Los Angeles, CA, 90095-1696 

Shear Alfven waves are thought to play a significant role in several 
regions of near-Earth space including the plasma sheet, magnetopause, and 
auroral zone. The interesting physics occurs when the waves have narrow 
perpendicular structure. Two limiting cases are usually considered: 1) the 
inertial case (½h < VA) for which the perpendicular length scale is set by the 
electron skin depth and 2) the kinetic the case ( Vth > VA) for which the key 
perpendicular scale is the ion acoustic gyroradius. Although the dispersion re­
lation for these waves has been derived by several authors, direct experimental 
measurements to verify the dispersion relation have been few. We present an 
experimental determination of the shear Alfven wave dispersion relation as a 
function of perpendicular wave number made at the LArge Plasma Device at 
UCLA as part of space and laboratory physics collaboration. The dispersion 
relation comparison is derived from measurements of the parallel phase veloc­
ity of shear Alfven waves. The phase velocity is determined by timing wave 
peak travel times between two fixed locations. Examples of the waveforms 
and the cross-correlation technique used to find the phase velocity will be pre­
sented. The measurements are for a case which lies between the inertial and 
kinetic limit cases, providing a test of different forms of the dispersion relation. 
The measured wave dispersion is compared with both fluid and fully kinetic 
dispersion relations, which shows that although the fluid dispersion relation 
gives the correct basic form of the dispersion relation variation with perpen­
dicular wave number, good agreement between data and theory requires the 
use of the kinetic dispersion relation with finite frequency corrections. 
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ION JOULE HEATING IN LABORATORY SIMULATIONS OF 
SPACE PLASMA PROCESSES* 

Walker, D.N., W.E. Amatucci, G.I. Ganguli, R.F. Fernsler 
Plasma Physics Division 
Naval Research Laboratory 
Washington, DC 20375, USA 

As a part of a laboratory-based experimental effort we demonstrated the 
ability to control the magnitude and direction of the electric field ( or the sign of 
potential change) in space in a simulated ionospheric environment. We are able 
to produce ion heating in this environment as a function of ion-neutral collision 
frequency consistent with the calculated Joule heating rate. Ultimately we 
wish to fully characterize the effect of electric field structure on the heating by 
varying the localization of the fields (e.g., creating multiply-peaked potential 
distributions, varying the scale size of the field) and by allowing the potentials 
to have a time-dependent amplitude. In space, this implies multiple localized 
structuring and in time it implies a frequency variation from the ELF range 
to the ion plasma frequency. In results presented here, we have increased 
the data sample and varied the spatial size of the fields. In a few instances 
we have produced doubly-peaked potential profiles. Consistent with earlier 
results, we have been able to demonstrate a peak in the ion temperature as 
a function of collision frequency. New results shown in this data indicate 
that for approximately constant pressure and electric field, the normalized 
ion temperature increases with the scale size of the electric field region but 
the data suggests a limit to this increase (for a given scale size). We base 
this conclusion on using the frequency-width-at-half-maximum (fwhm) of the 
electric field region as a marker of the spatial scale size which we designate as 
LE, We will present analysis of data which depends on scale size comparisons 
among LE, the mean free path for ion neutral collisions and the ion gyroradius. 
* Work supported by ONR 
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LABORATORY MEASUREMENTS OF ION DRIFTS AND 
DENSITY PERTURBATIONS ASSOCIATED WITH LARGE 
AMPLITUDE SHEAR ALFVEN WAVES 

Palmer, N.E., Gekelman, W.N. 
Dept. of Physics, UCLA 
Los Angeles, CA 90095, USA 

Measurements from spacecraft such as Freja, FAST, and Polar have 
stimulated discussion of the importance of Alfven waves in auroral processes. 
Alfven waves have been observed in the ionosphere in connection with narrow 
field-aligned density striations and accelerated electron fluxes, and the com­
ponent of the wave electric field along B (i.e., E11) is one possible acceleration 
mechanism. Recent experiments in the Large Plasma Device at UCLA have 
studied in detail the ion drifts and density perturbations associated with large 
amplitude (Bwave/ Bo ~ 10-3) shear Alfven waves launched from an inductive 
loop antenna in an argon plasma. Two-dimensional laser-induced fluorescence 
{LIF) was used to make direct time-resolved measurements of the ion drifts 
and temperature in four cross-sectional planes along the path of the wave. At 
the frequency of the wave (0.8wci) the LIF data are a superposition of the 
E x B and polarization drift signals, but the two drifts can be distinguished 
by their phase relation to Bwave· Correlated measurements of 8B / 8t at the 
same spatial positions as the LIF measurements allow us to compute E.L from 
the drifts, and then estimate Ell from the appropriate dispersion relation. For 
the conditions of this experiment with Bo= 1200 G and n = 1.4 x 1012 cm-3, 
the maximum wave fields measured were Bwave = 0.66 G, E.L = 25 V /m, and 
Ell ~ 0.5 V /m {E11/ E.L ~ 1/50). At lower frequencies the LIF data exhibit 
ion flows that can be related to plasma density perturbations (8n/n ~ 0.1) 
measured with Langmuir probe techniques. The four planes of measurements 
all together reveal the comprehensive structure and propagation of the wave 
as well as a detailed description of the ion motion. 
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ON THE ROLE OF LOWER HYBRID COLLAPSE IN THE AU­
RORAL IONOSPHERE 

Schuck, P. W. 
NRC Postdoctoral Fellow 
Schuck, P. W., Ganguli, G. I. 
Naval Research Laboratory 
4555 Overlook Ave., SW 
Washington, DC, 20375-5320 
Kintner, P. M. 
Cornell University 
Ithaca, NY, 14853 

Very low frequency (VLF) hiss comprised of quasi-electrostatic whistler 
waves is the most ubiquitous emission observed in the auroral ionosphere. This 
emission exhibits a sharp lower cutoff at the local lower hybrid resonance w = 
wd Jl + w~ /n~ where Wi and We are the ion and electron plasma frequencies 
and !le is the electron cyclotron frequency. Frequently large amplitude VLF 
wave are observed to be localized in small scale density depletions of a few to 
tens of percent and 20-100 m in diameter. This phenomena, termed Lower 
hybrid solitary structures (LHSS), is associated with ion heating at altitudes 
accessible to sounding rockets. 

The correlation between large amplitude electric fields and density de­
pletions motivated several attempts to explain the observations via a soliton 
collapse process using the Musher-Sturman equations [V. D. Shapiro et al. 
Phys. Fluids. B 9, 3148, 1993]. Statistical analysis of the LHSS observed by 
the Freja satellite have not supported the collapse theories because of large dis­
crepancies between theoretical predictions and the observed structure widths, 
density depletion depths, electric field strengths, and pertinent time-scales [H. 
L. Pecseli et al., J. Geophys. Res. 101, 5299, 1996]. 

Recently, Robinson has attempted to reconcile these discrepancies with 
a theory of strong lower hybrid turbulence based on the nucleation cycle [P. A. 
Robinson, et al., Phys. Plasmas 3, 133, 1996; P. A. Robinson, Adv. Space Res. 
23, 1679, 1999]. According to this scenario, the auroral plasma consists of wave 
packets of localized, coherent lower hybrid states trapped in density depletions 
which are embedded in a background of low-level, incoherent turbulence. The 
nucleation cycle predicts the statistical properties of strong turbulence as a 
whole ( the incoherent and coherent) in contrast to theories which focus on the 
collapse of a single, isolated, coherent wave packet. 

We examine the statistical properties of the lower hybrid turbulence 
observed by the TOPAZ III sounding rocket. This experiment observed several 
thousand LHSS during the 20 minute flight. We conclude the collapse plays 
little tQ no role in the dynamics of LHSS observed in the auroral ionosphere. 
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SPACE CHAMBER INVESTIGATION OF 
MAGNETOSPHERIC BOUNDARY LAYER DYNAMICS 

M. M. Balkey,* W. E. Amatucci, G. Ganguli, D. N. Walker 
Plasma Physics Division 
Naval Research Laboratory 

Laboratory experiments have been conducted to simulate the dynam­
ics of magnetospheric boundary layers. During periods of high solar activity 
these regions, such as the plasma sheet boundary layer and the magnetopause, 
can become severely compressed. At times, these boundary layers are com­
pressed to scale lengths on the order of and smaller than the ion gyroradius. 
Under these conditions, a steep density gradient is formed along with static 
transverse (to B) electric field structures. Since the scale size of the electric 
field structure is smaller than an ion gyroradius, the ions do not experience 
a fully developed E x B drift while the electrons experience the usual E x B 
drift. This leads to a sheared cross magnetic field electron flow with respect 
to the ions. Theoretical analysis indicates that this plasma condition is unsta­
ble to the electron-ion-hybrid (EIH) instability in the lower hybrid frequency 
range (Ganguli et al. it Phys. Fluids, 31, 2753, 1988). The NRL Space 
Physics Simulation Chamber (SPSC) experiments reported here demonstrate 
the characteristics of waves associated with stressed boundary layers. Electric 
fields with scale length as small as ~ 0.25p; have been created using a novel 
technique in which two interpenetrating plasmas have independently control­
lable plasma potentials. Under these conditions, the onset of an instability 
in the lower hybrid frequency range has been observed with mode character­
istics that are similar to those expected for the EIH Instability (Romero et 
al. Geophys. Res. Lett., 17, 2313, 1990). The SPSC experiment shows that 
waves propagate transverse to B and mode frequencies both above and below 
the lower hybrid frequency have been observed. We present experimental re­
sults showing the transverse electric field structure and the associated wave 
characteristics. 

*Work supported by the Office of Naval Research. 
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CROSS-FIELD INSTABILITIES IN COLLISIONAL DUSTY 
PLASMAS 

M. Rosenberg 
Department of Electrical and Computer Engineering 
University of California, San Diego 
La Jolla, CA 92093-0407 

Dusty plasmas (ionized gases containing micron to sub-micron sized 
charged dust grains) occur in many space and astrophysical environments and 
in various laboratory plasma devices. The presence of charged, massive dust 
grains in a plasma can both modify the behavior of standard ion waves and 
instabilities and lead to the appearance of new very low frequency dust waves 
and instabilities. In this talk, some recent work on instabilities in weakly 
ionized, collisional dusty plasmas is discussed with attention given to dusty 
plasmas in the Earth's upper mesosphere or lower E region [e.g. dusty meteor 
trails, polar mesosphere summer echo (PMSE) regions]. Instabilities driven 
by particle drifts across the magnetic field are considered. 

First, the effect of charged dust on the Farley-Buneman (two-stream) 
instability is discussed for plasma parameters representative of the lower E 
region at ~ 90 - 100 km (Rosenberg, IEEE Trans. Plasma Sci., 29, 261-266, 
2001). While the presence of negatively charged dust can lower the critical 
electron drift for instability at lower altitudes, it can increase the critical drift 
at higher altitudes; the presence of positively charged dust can have the op­
posite effect. 

Next, a low frequency Hall current instability in the dust acoustic fre­
quency regime is discussed for dusty plasmas in the lower E region (Rosenberg 
and Shukla, J. Geophys. Res., 105, 23135-39, 2000). For certain plasma and 
dust parameters (e.g., the presence of a sufficient density of dust grains with 
large positive charge), the critical electron E x B drift for instability may be 

::, the ion thermal speed. 

Finally, the above analyses are extended to consider the effects of dia­
magnetic drifts associated with plasma density gradients due to the presence of 
localized regions of charged dust. Applications to dusty meteor trails, PMSE, 
and collisional dusty plasmas in the laboratory are discussed. 
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AN OVERVIEW OF DROPPS: A PROGRAM TO STUDY THE 
POLAR SUMMER MESOSPHERE WITH ROCKET, LIDAR 
AND RADAR MEASUREMENTS 

R. A. Goldberg* 
Laboratory for Extraterrestrial Physics 
Code 690 
NASA Goddard Space Flight Center 
Greenbelt, MD 20771 

DROP PS is an acronym for The Distribution and Role of Particles in the 
Polar Summer Mesosphere. During July, 1999, two sequences of rockets were 
launched from Andya Rocket Range, Norway. The purpose was to investigate 
the polar summer mesosphere, particularly polar mesospheric summer echoes 
(PMSE) and their possible relationship to noctilucent clouds (NLC). ALO­
MAR Lidar and the ALWIN MST Radar were used to continuously monitor 
the mesosphere for NLCs and PMSEs. EISCAT VHF radar provided informa­
tion about PMSEs downstream from the launch site. Sequence 1 was launched 
during the night of 5-6 July into a strong PMSE display with a weak NLC at 
the base of the PMSE. Sequence 2 was launched on the early morning of 14 
July into a strong NLC, but unexpectedly with no PMSE evident. Of note 
was the observed presence of negatively charged particulates or aerosols within 
the PMSE region, which also contained an electron "biteout" that could be in­
dicative of scavenging. The PMSE layer contained electrodynamic turbulence 
or irregularities, which was less evident within the observed NLCs. Spectral 
plots of the A.C. electric field during the first flight show higher frequencies 
generated within the NLC region than in the PMSE region, although the par­
ticle size within the NLC was somewhat larger. Meteorological data from the 
MET payloads show a wind shear which could have generated neutral turbu­
lence within the PMSE on the first night, but which was absent on the second. 
Finally, the electron density during Sequence 2 was significantly lower than 
during Sequence 1, which could help explain the absence of a PMSE observa­
tion during the second sequence. Implications regarding the origin of PMSEs 
and their relationship to NLCs are discussed. 
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TRAPPED IONS AROUND A DUST GRAIN IN PLASMA: 
EFFECT ON SHIELDING AND GRAIN CHARGING 

Martin Lampe, Gurudas Ganguli, Glenn Joyce 
Naval Research Laboratory, Washington, DC 20375-5346 
Valeriy Gavrishchaka 
SAIC, McLean, VA 22102 

The problem of electrostatic shielding around a small spherical collec­
tor immersed in plasma, and the related problem of electron and ion flow 
to the collector, date to the origins of plasma physics. The earliest work by 
Langmuir(l] was motivated by probe theory, subsequent work was also di­
rected toward spacecraft charging, and recently there has been considerable 
interest in connection with the physics of "dust grains" in plasma. Theoret­
ical analyses of these problems have generally been based on the assumption 
that collisions can be neglected, since the mean free path is typically long 
compared to the Debye shielding lambda. However, investigators beginning 
with Bernstein(2] have speculated that negative-energy trapped ions, created 
by occasional collisions, might be important. We have performed an analytic 
calculation of the density of both trapped and untrapped ions, self-consistent 
with a calculation of the potential.[3] We show that under typical conditions 
for dust grains immersed in a discharge plasma, trapped ions dominate the 
shielding cloud in steady state, even in the limit of very long mean free path. 
In fact, the density of trapped ions in steady state is independent of the mean 
free path, as pointed out by Goree. [3] The problem depends mainly on two 
dimensionless parameters, t=Tn/Te and u=a/lambda, where Tn is the neu­
tral molecule temperature, Te is the electron temperature, and a is the grain 
radius. The trapped ion density near the grain can be many times larger than 
the untrapped density in the regime u**2 much less than t much less than 1, 
and as a result the shielded potential is different from the results of orbital 
motion limited theory. Collisions also increase the ion current to the grain. 
Although this effect is proportional to the collision frequency, the proportion­
ality constant is very large, and trapped ions dominate the ion current even 
when the collision frequency is quite small. As a result,· the negative floating 
potential of the grain, and the charge on the grain, can be suppressed by a 
factor as large as two to three. These analytic results appear to be in general 
agreement with a recent Monte Carlo calculation by Zobnin, et al. [5] 
Supported by Office of Naval Research and NASA 
1. H. Mott-Smith and I. Langmuir, Phys. Rev. 28, 27 (1926). 
2. I. Bernstein and I. Rabinowitz, Phys. Fluids 2,112(1959). 
3. M. Lampe, et al, Phys. Rev. Lett. 86, 5278-5281 (2001). 
4. J. Goree, Phys. Rev. Lett. 69, 277 (1992). 
5. A. V. Zobnin, et al, JETP 91, 483 (2000). 
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EXPERIMENTAL EVIDENCE FOR DEBYE SHIELDING OF 
DUST BY ORBITING IONS 

Z. Sternovsky,* S. Robertson 
Department of Physics 
University of Colorado 
Boulder, CO 80309-0390, USA 
D. Kingrey 
Department of Physics 
Cornell University 
Ithaca, NY 14853 

'· \ 

Theoretical and numerical models [Lampe et al., PRL 86, 5278 (2001); 
Goree, PRL 69, 277 (1992)] have shown that the Debye shielding cloud around 
negatively charged dust particles may contain a large fraction of trapped ions. 
In a search for these ions, we have modified an experiment in which the charge 
on dust particles is measured in a Faraday cup after they have fallen through a 
plasma in a DP plasma device [PRL 75, 838 (1995)]. The particles are silicon 
dioxide less than 0.15 mm in diameter and the plasma density is adjusted for 
a 1 mm Debye length for ions from charge exchange collisions. The pressure of 
argon is adjusted to give many of these collisions in the time of flight. A bias 
voltage on the entrance tube to the cup is used to locally remove the sheath 
at the wall. An electric field between the entrance tube and the F¥aday cup 
may or may not be applied to remove the orbiting ions. The grain charging 
potential is about -10 V. The charge deposited in the cup by grains 0.14 mm 
in diameter is made 20 percent more negative by the application of a 100 
V / cm electric field (pointing away from the cup) which is consistent with the 
removal of about 10*5 orbiting ions. The reversal of the polarity of the electric 
field draws ions into the cup and the measured charge is the same as with no 
field. The charge on 0.08 mm grains is more negative by 40 percent, which is 
consistent with the smaller fraction of orbits which would intersect the smaller 
grains. Further experiments are in progress. This research is supported by 
the U.S. Department of Energy. 
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THE SUBMILLIMETER ARRAY PROJECT 

J.M. Moran 
Harvard-Smithsonian Center for Astrophysics 
Cambridge, MA 02138, USA 

The Submilllimeter Array is a joint project of the Smithsonian Astro­
physical Observatory and the Academia Sinica Institute for Astronomy and 
Astrophysics (Taiwan). The Array will consist of eight 6-m antennas, which 
are moveable among 24 pads near the summit of Mauna Kea in Hawaii. Base­
lines will range from 8 to 500 meters. The array will cover all bands in the 
region from 180 to 900 GHz. 

The status of the Array as of September 1, 2001, is as follows: Four 
antennas (six baselines) are operating at 230 and 345 GHz with a total band­
width of about 360 MHz and a resolution of about 0.5 MHz. Five pads are 
available, which provide baseline spacings from about 17 to 75 meters. Two 
of these antennas are equipped with 650 GHz receivers. Another antenna, 
the first of two from ASIAA, is undergoing preliminary tests on Mauna Kea. 
Another is in an advanced stage of assembly on the mountain. 

The final two antennas are scheduled for deployment in January and 
June, 2002. The hardware for the digital portion of the hybrid correlator is 
complete, and is being brought on line incrementally. Full bandwidth capa­
bility will not be achieved until the end of 2002. 

The reflector for each antenna has 72 machined aluminum panels 
mounted on a backup structure of carbon fiber tubes. The reflector sur­
faces are being adjusted by holography with the use of an artificial beacon 
at 230 GHz with measurements acquired in interferometric mode through the 
correlator. One reflector has been adjusted to the design goa~ of 12 microns 
rms. 

Data at 345 GHz is being acquired on several sources that have both 
continuum and CO emission for testing purposes. These include the late type 
stars CRL 618 and CRL 2688, the star forming region AFGL 5142 and the 
planets. SgrA * is also being monitored. These results and other test measure­
ments will be described in this talk. The current status of the instrument is 
described on the project web site: http:/ /sma-www.harvard.edu. 
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THE SUNYAEV-ZEL'DOVICH ARRAY 

Carlstrom, J.E., for the SZA collaboration 
University of Chicago 

The Sunyaev-Zel'dovich Effect (SZE) is a small spectral distortion of the 
Cosmic Microwave Background (CMB) induced by the scattering of the CMB 
photons off the hot, ionized, atmospheres of galaxy clusters. SZE measure­
ments can be used to make independent determinations of several cosmological 
parameters including the Hubble constant and the matter density of the Uni­
verse. Only recently has high quality imaging of the SZE toward selected 
massive clusters been possible. The advances have been possible due to new 
techniques and instrumentation. The focus is now shifting from SZE obser­
vations of x-ray detected galaxy clusters to conducting large scale surveys 
for clusters through their SZE. SZE surveys should provide large samples of 
galaxy clusters with a simple and well defined selection criteria. A powerful 
and unique aspect of SZE surveys is that the cluster detection limit is a mass 
threshold with essentially no redshift dependence. The large number clusters 
and clean selection criteria of the SZE surveys will enable large improvements 
to the Hubble constant and other cosmological parameters. More importantly, 
the surveys will allow us to probe directly the evolution of structure in the 
universe, which in turn will allow us to set constraints on the underlying cos­
mology. 

The Sunyaev-Zel'dovich Array (SZA) is a designed to conduct deep SZE 
cluster surveys over tens of square degrees. The SZA builds upon the success of 
the OVRO/BIMA SZE imaging system, in which low-noise cm-wave receivers 
are mounted on the mm-wave telescopes during the summer months. The 
SZA consists of eight 3.5 m telescopes with low-noise HEMT amplifier based 
receivers operating at Ka band (26 - 36 GHz) and W band (85 - 115 GHz). 
A version of the COBRA digital correlator will be use to provide 8 GHz of 
instantaneous bandwidth. The SZE will be located at the Owens Valley Radio 
Observatory. The SZA will also be used for a fraction of the time with the six 
10.4 m OVRO telescopes to form a novel heterogeneous array. 
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AMIBA - A TECHNICAL OVERVIEW 

R. N. Martin* 
ASIAA - Hawaii Operations 
82 Pu'uhonu Place, Suite 210 
Hilo, HI 96720-2010 USA 

K. Y. Lo 
ASIAA 
P.O. Box 23-141 
Taipei 106, TAIWAN 

As part of a 4-year Cosmology and Particle Astrophysics (CosPA) Re­
search Excellence Initiative in Taiwan, AMiBA ( a 19-element dual-channel 
85-105 GHz interferometer array) is being specifically built to search for high 
redshift clusters of galaxies via the Sunyaev-Zeldovich Effect(SZE). In addi­
tion, AMiBA will have full polarization capabilities, in order to probe the 
polarization properties of the Cosmic Microwave Background. AMiBA, to 
be sited in Hawaii, will reach a sensitivity of 1 mJy or 7 K in 1 hour. The 
project involves extensive international scientific and technical collaborations. 
Researchers from Academia Sinica Institute of Astronomy and Astrophysics 
(ASIAA), National Taiwan University (NTU), Australia Telescope National 
Facility (ATNF), Canadian Institute of Theoretical Astrophysics (CITA), Uni­
versity of Toronto, Carnegie Mellon University, University of Pennsylvania, 
and Bristol University are collaborators in the AMiBA project. The construc­
tion of AMiBA is scheduled to begin on site in 2002. The AMiBA facility will 
start operations in early 2004. 

There are three principal science goals for AMiBA: (1) a survey for high 
z clusters via the SZE; (2) in search of the missing baryons in large scale 
structures via the SZE; and (3) the polarization of the CMB. 

The AMiBA telescope is a platform array of 19 elements. Each element is 
a dual polarization, cooled receiver package with a dish attached to the top for 
optics. Two dish sizes, 0.32 m and 1.18 mare being constructed for AMiBA. 
The dishes are interchangeable for mounting on the receiver packages. The 
entire array of elements is connected together via an analog cross correlator 
which provides for the full polarization correlation products. 

To evaluate many of the designs involved in the AMiBA project, a pro­
totype system is being developed first. The prototype will consist of two 
receiver packages on a simple mount. The prototype will be assembled and 
begin testing in the first quarter of 2002. 
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COMBINED ARRAY FOR MILLIMETER ASTRONOMY 

A. J. Beasley, D. P. Woody 
CARMA/OVRO 
Big Pine, CA 93513, USA 

The Combined Array for Millimeter Astronomy, CARMA, will combine 
the two existing US millimeter arrays, the BIMA Hatcreek array and the 
Caltech OVRO array on a new high-altitude site in the mountains east of the 
Owens Valley Radio Observatory. The CARMA consortium consists of four 
universities; the California Ins ti tu te of Technology, the University of California 
at Berkeley, the University of Illinois and the University of Maryland. CARMA 
will be a heterogeneous array of six 10m antennas and nine 6m antennas. There 
are several potential sites, ranging in altitude from 7,200 to 8,200 ft. altitude, 
all with access to 2-3km baselines. 

The 225 GHz opacity at the new sites is a factor of two lower than the 
4,000 ft. valley floor, consistent with a 2km scale height for atmospheric water 
vapor. The wide field imaging and point source sensitivity of CARMA will 
be more than double that of the existing instruments. The 105 baselines and 
two different antenna sizes will dramatically improve the image quality on all 
size scales. An array of eight 3.5m antennas will also be built at the CARMA 
site for Sunyaev Zel'dovich effect observations. This array can be incorporated 
into CARMA for complete imaging of very wide fields. 

The telescopes will continue to operate in the 3mm and 1mm bands with 
4GHz of IF bandwidth and dual polarization capability for both bands. The 
COBRA correlator being developed for OVRO will be expanded to handle 
the increased number of baselines from CARMA while still providing 8GHz 
of processed bandwidth, 4GHz from each of two polarizations. Tropospheric 
phase correction using multi-channel 22GHz radiometers will be an important 
part of maximizing the science output from CARMA. 
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MILLIMETER WAVELENGTH CAPABILITIES OF THE 
EVLA 

P.J. Napier 
PO Box 0 
Socorro NM 87801 

The goal of the Very Large Array Expansion (EVLA) Project is to im­
prove the frequency coverage, sensitivity and resolution of the VLA radiotele­
scope. In the first phase of the project, which has now begun, new receivers 
and a much wider bandwidth correlator will provide a significant new ob­
serving capability in the long-millimeter-wavelength bands. The three highest 
frequency bands of the EVLA suite of receivers will be 18.0-26.5 GHz, 26.5-
40.0 GHz and 40.0-50.0 GHz. The system temperatures and antenna aperture 
efficiencies for these bands will be 54K, 0.52; 45K, 0.39; 66K, 0.34; respec­
tively. The 66K system temperature for the highest frequency band will only 
be achieved in the lower end of the band where atmospheric absorption is low­
est. The 26.5-40 GHz band will be available by 2009 and the other two bands 
are already available. 

The new correlator, which will be available in 2009, will allow processing 
of 8 GHz of continuum bandwidth for each of the two circular polarizations 
provided by the receivers. The sensitivity will be such that phase and pointing 
calibrators will be available within a degree or two of any point on the sky. This 
will allow phase coherence to be achieved on even the longest VLA baselines 
by rapidly (15 seconds of time) switching between a phase calibrator and a 
target source. Another approach to phase calibration that is being studied is 
the use of the 18.0-26.5 GHz receiver as a water-vapor radiometer. Antenna 
pointing to an accuracy of 3 arc.sec., a twentieth of a beamwidth at 50 GHz, 
will be possible by offset pointing from a nearby pointing calibrator. 

The performance and design goals and current design status of the EVLA 
Project will be reviewed during the talk. 
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ALMA SITE AND CONFIGURATIONS 

Simon J.E. Radford 
National Radio Astronomy Observatory 
949 North Cherry Avenue 
Tucson, Arizona 85721 

The international Atacama Large Millimeter Array will be constructed 
on the high (5050 m) plateau southwest of Cerro Chajnantor, Chile, about 
40 km east of the village of San Pedro de Atacama. Measurements since 
1995 have demonstrated this is a premier site for observations at millimeter 
and submillimeter wavelengths, with exceptional atmospheric conditions, i.e., 
transparency and stability. The entire area has been declared a "scientific 
preserve" by decree of the Chilean government. The 225 GHz and 350 µm 
atmospheric transparency is better more often at Chajnantor than at Mauna 
Kea. The first quartile zenith transparencies at Chajnantor and the South 
Pole are roughly equal. 

The ALMA will consist of sixty four antennas, each 12 m diameter. 
These antennas are transportable so the array can be reconfigured to provide 
a variety of observational capabilities. Instead of discrete configurations, the 
ALMA will use a flexible reconfiguration scheme. By moving a few antennas, 
the array size can be increased or decreased slightly in a self-similar manner. In 
operation, the array will be reconfigured continuously, cycling from the small­
est to the largest configuration and back with a schedule adjusted to meet 
scientific demand. The ALMA configurations have a total of 250 antenna sta­
tions and span a 100:1 dynamic range from 150 m to 14 km diameter. Design 
goals depend on the configuration size. The smallest configuration is designed 
for maximum surface brightness sensitivity, the intermediate configurations, 
about 250 m to 3 km diameter, are designed for high quality imaging with 
Gaussian synthesized beam shapes that minimize sidelobes and reconstruc­
tion errors, and the largest configuration is designed for maximum resolution. 

The NRAO is a facility of the National Science Foundation operated 
under cooperative agreement by Associated Universities, Inc. 
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ALMA 12 METER PROTOTYPE ANTENNAS 

Jeffrey S. Kingsley* 
National Radio Astronomy Observatory 
Dr. Torben Andersen 
European Southern Observatory / Lund 
Dr. Ukita Nobuharu 
Nobeyama Radio Observatory 

The Atacama Large Millimeter Array (ALMA) project has procured 
three high performance prototype antennas for evaluation. These revolution­
ary telescopes will operate at millimeter and submillimeter wavelengths to 
comprise an array of individual antennas each 12 meters in diameter that work 
together to make precision images of astronomical objects. The goal of the 
ALMA Project is an array of 64 antennas that can be positioned as needed 
over an area 10 kilometers in diameter so as to give the array a zoom-lens 
capability. 

Specifications for these antennas are very demanding, that include sub­
arcsecond pointing with high surface accuracy and stringent path length sta­
bility. A unique specification of the antennas is the fast switch capabilities that 
can change antenna position by 1.5 degrees in one second with an accuracy of 3 
arcseconds rms. A fast-switching capability is imposed by the need to rapidly 
and repeatedly calibrate the phase of the array. The antennas make extensive 
use of carbon fiber reinforced plastic (CFRP) technology in order to maintain 
a stable parabolic surface in the harsh thermal and wind environment charac­
teristics of the ALMA site at 5,000 meters elevation in the Andes mountains 
of northern Chile. Advance metrology systems are also incorporated in to the 
designs in order to meet the pointing requirements. These unenclosed anten­
nas must be transportable for reconfiguration with the ability to perform full 
solar observations. 

The prototype type antennas will be delivered to the NRAO VLA site 
in New Mexico for testing and evaluation in 2002 and 2003. A selection will 
be made in 2004 for production of the antennas that will be manufactured 
and sent to the ALMA site in Chile to compose the array. The design and 
construction of these antennas have been optimized for quantity production 
and to operate at the high altitude site. The current status of the 12-meter 
prototype antennas and designs will be reviewed. 
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ALMA RECEIVER DEVELOPMENT 

J.M. Payne* 
National Radio Astronomy Observatory 

The proposed receivers for ALMA are a significant advancement on any 
receivers produced so far for radio astronomical millimeter and submillimeter 
wave spectroscopy. To realize the very best noise performance superconduct­
ing devices must be used which require cooling to 4 degrees Kelvin. Also, 
to achieve the optimum performance single mode waveguide with corrugated 
horns must be used which leads to sub division of the required frequency cov­
erage into .10 separate bands. These bands cover all of the atmospherically­
accessible windows from 30 to 900 GHz as follows: Band 1, 31.3-45 GHz; Band 
2, 67-90 GHz; Band 3, 89-116 GHz; Band 4, 125-163 GHz; Band 5, 163-211 
GHz; Band 6, 211-275 GHz; Band 7, 275-370 GHz; Band 8, 385-500 GHz; 
Band 9, 602-720 GHz; Band 10, 787-950 GHz. Each band will allow for simul­
taneous reception of two orthogonal polarizations, will perform at a receiver 
noise temperature of between 6 and 10 times the quantum limit of h*nu/k 
over 80 percent of the band, and will have an IF bandwidth of 8 GHz per 
polarization. The design will also allow for the inclusion of a water vapour 
radiometer using the 183 GHz line for phase correction. 

The receiver concept used is that of cartridges, with each cartridge con­
taining a dual polarization receiver covering a specific band of frequencies. 
This concept lends itself well to the collaborative nature of the project in 
which one member of the collaboration may be responsible for a certain fre­
quency band. The complete receiver will consist of 10 cartridges mounted in a 
single Dewar with a single closed cycle refrigerator cooling all the cartridges. 
The progress on the design of the receivers will be described and mention 
will be made of the proposed calibration system and possibilities for the LO 
system. 
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DESIGN AND STATUS OF THE ALMA BASELINE CORRE­
LATOR 

Webber*, J.C., Escoffier, R.P., Broadwell, C.M, Greenberg, J.H. 
National Radio Astronomy Observatory 
2015 Ivy Road, Suite 219 
Charlottesville, VA 22903 

The design and status of the baseline correlator being designed by the 
NRAO for the ALMA radio astronomy observatory are presented here. This 
correlator will process the output of the 64 antennas that are to comprise 
the main array of the ALMA observatory with a bandwidth of 16 GHz per 
antenna. 

The NRAO, in cooperation with other North American, European, and 
Japanese scientific agencies, is at present developing the ALMA radio astron­
omy array. The array is to consist of 64 twelve-meter diameter antennas. The 
finished instrument is to be used for observing astronomical sources at mil­
limeter and submillimeter wavelengths and will be located at a 5000 meter 
altitude site in the Atacama desert of Chile. 

A lag (XF) architecture has been selected for the ALMA correlator work­
ing at a system clock rate of 125 MHz. Antenna-based electronics in the corre­
lator include 4-Gsample/sec 3-bit digitizers, digital FIR filters for bandwidth 
selection working at an equivalent 4 GHz clock rate, delay lines, and signal 
conditioning logic to packetize the output of the high speed digitizers in order 
to drive lower speed correlator circuits. 

A custom application specific integrated circuit (ASIC) has been de­
signed for use in measuring the cross- and auto-correlation coefficients in the 
array. Each correlator ASIC has 4096 lags including 20 bits of integration 
and 16 bits of results secondary storage. Prototype units of this ASIC are at 
present being made at a silicon foundry. 

Prototype logic cards for the correlator have been made and evaluated 
successfully during the last year. These logic cards include the FIR filter card, 
the data packetizer card, and a long term accumulator card. A correlator card 
that holds 64 of the correlator ASICs has been designed and is at present in 
prototype fabrication. All cards tested so far have demonstrated acceptable 
functional and speed characteristics. 

*The National Radio Astronomy Observatory is operated by Associ­
ated Universities, Inc. under cooperative agreement with the National Science 
Foundation. 
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THE 83 WIDE BANDWIDTH VLBI DATA RECORD­
PLAYBACK SYSTEM AND CONSIDERATION FOR THE 
FUTURE OF WIDE BANDWIDTH VLBI DATA RECORD­
PLAYBACK SYSTEMS 

Dr. Wayne Cannon 
Department of Physics Astronomy 
York University 
4700 Keele Street 
NorthYork, Ontario M3J 1P3 
P. Newby, G. Feil, A. Novikov, B. Feir 
Centre for Research in Earth and Space Technology (CRESTech) 
Space Geodynamics Laboratory 
4850 Keele Street, 1st Floor 
North York, Ontario M3J 3Kl 

Future scientific applications of VLBI are being planned for the com­
ing decade that will require sensitivities significantly higher than the VLBI 
systems of the present day for which rountine use is usually carried out at 
data rates in the range of 128 Mbit/sec to 256 Mbit/sec. Such applications 
include space VLBI missions such as VSOP-II in which planning is under way 
to carry out high dynamic range VLBI observations on baseline lengths rang­
ing up to approximately 40,000 km and for which data rates in the range of 
1024 Mbit/sec to 2048 Mbit/sec are being contemplated. The "83" VLBI data 
record-playback system under development at the Space Geodynamics Labo­
ratory, based on an array of digital video tape transports, will provide user 
data rates of 1024 Mbit/sec to 2048 Mbit/sec. Depending on configuration, 
unattended operation for as long as 130 hours at 1024 Mbit/sec or 65 hours 
at 2048 Mbit/sec is achievable in the 83 system using robotic tape changers. 
This will permit unattended operation at rates as high as 2048 Mbit/sec from 
5:00 PM on a Friday until 8:00 AM on a Monday. 

For time horizons as long as two decades and beyond it is envisaged 
that future space VLBI missions may require VLBI data rates in the range 
4096 Mbit/sec to 8192 Mbit/sec. Such wide bandwidth data recording systems 
may possibly be constructed from arrays of advanced design magnetic video 
tape recorders designed to serve the needs of the high definition TV market 
or possibly constructed from arrays of advanced design magnetic disc drives. 
This paper attempts to provide a comparison, from a VLBI perspective, of 
the strengths and weaknesses of these two possible future technical options. 
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MARK 5 DISC-BASED VLBI DATA SYSTEM 

A. R. Whitney 
MIT Haystack Observatory 
Westford, MA 01886 

The Mark 5 system is being developed as the first high-data-rate VLBI 
data system based on magnetic-disc technology. Incorporating primarily low­
cost PC-based components, the Mark 5 system will support data rates up to 
1024 Mbps recording to an array ofup to 16 inexpensive removable IDE discs. 
An initial demonstration system has been used to record data at 576 Mbps, 
with correlation on a Mark 4 correlator at Haystack Observatory. 

With the continuing fall in disc prices, IDE discs are already becoming 
competitive with the cost of Mark 4/VLBA tape, with the expectation that 
prices will continue to fall to a level below 1/GB with capacities expanding to 
hundreds of GB per disc. 

Besides recording and playing from disc, the Mark 5 system will be fully 
e-VLBI compatible, utilizing standard Gigabit Ethernet connections. For real­
time e-VLBI usage, data may be either directly transmitted or received; for 
quasi-real-time usage, e-VLBI data may be buffered through the disc array. 
A demonstration e-VLBI experiment, supported by DARPA, using the Mark 
5 system is planned between Haystack Observatory and NASA/GSFC in 3Q 
2002. 

A development effort is now underway at Haystack Observatory, with 
support from BKG, EVN, KVN, MPI, NASA, NRAO and USNO to fully 
develop the Mark 5 system. The development plan is highly attentive to 
compatibility requirements with existing Mark 4 and VLBA data-acquisition 
and correlator systems, with prototype deployment of 12 systems expected in 
spring 2002. A fully VSI-compliant Mark 5 system is expected to be available 
in late 2003, along with the necessary adapter interfaces required to utilize 
the VSI Mark 5 system with existing Mark 4 and VLBA data-acquisition and 
correlator systems. 
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EVN APPROACHES TO NEXT GENERATION VLBI DATA 
TRANSMISSION SYSTEMS 

*S.M. Parsley, S.V. Pogrebenko 
JIVE, Postbus 2, 7990 AA Dwingeloo, Netherlands. 

The European VLBI Network (EVN) is a consortium of 10 radio astro­
nomical institutes. It combines radio telescopes in Europe and beyond into a 
coherent instrument with the highest angular resolution possible today. The 
current EVN operation uses magnetic tape to transport data from the tele­
scopes to the central data processor at JIVE, in the Netherlands. 

The overall system, including the JIVE correlator, was designed to op­
erate at a data rate of 1 Gbps per station. Limitations of the tape technology 
however have restricted this to 256 Mbps for regular operation and impose a 
practical upper limit of 512 Mbps. Even this has been achieved only by the 
use of highly customized, laboratory grade recorders. Based on recent devel­
opments of worldwide optical fiber networks and high performance hard disks 
two possible options are considered to push the operational data rate of the 
EVN to 1 Gbps and beyond: 

1. Use of worldwide optical fiber network infrastructure for real time or 
near real time operation. 

2. Use ofTerabyte scale hard disk arrays for traditional record transport 
playback operation. 

Both options have many features in common since they are based on 
commodity equipment and services. Currently several pilot projects are under 
consideration in the EVN in order to exploit these possibilities: 

1. e-EVN pilot project aimed to connect 4 EVN station to the JIVE 
correlator using pan-European optical fiber networks for 1 Gbps real time 
operation. 

2. Smaller scale project to connect only two stations, Westerbork and 
Jodrell Bank, with limited (256 Mbps) data rate. 

3. Transatlantic VLBI data transfer in cooperation with our US col­
leagues. 

4. PC/disk based recording/play back units for traditional VLBI data 
pipeline operation. 

Within the scope of these pilot projects PC/disk units are considered to 
be common elements of both applications because such platforms can allow us 
to have sufficient data throughput and buffering capacity to satisfy operational 
demands of both networked and transportable media approaches. 
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RECENT VLBI ACTIVITIES AT CRL 

T. Kondo, Y. Koyama, J. Nakajima, M. Sekido, R. Ichikawa, E. 
Kawai, H. Okubo, H. Osaki, M. Kimura 
Kashima Space Research Center 
Communications Research Laboratory 
893-1 Hirai, Kashima 
lbaraki 314-0012, JAPAN 
T. Yoshino, J. Amagai, H. Kiuchi, F. Takahashi 
Communications Research Laboratory 
4-2-1 Nukuikita, Koganei 
Tokyo 184-8795, JAPAN 

Communications Research Laboratory ( CRL) CRL has participated 
in IVS (International VLBI Service for Geodesy and Astrometry) as 
one of Technology Development Centers. We have published the CRL 
TDC newsletter biannually to inform the VLBI community of our cur­
rent activities. The newsletter is also available through the homepage 
( http://www.crl.go.jp/ka/radioastro /tdc/index.html). Current hot topics are 
"Gigabit VLBI System", "Internet VLBI", and "VLBI Standard Interface". 

The developments of the gigabit VLBI system has been finished. Geode­
tic VLBI experiments have been performed using this system. Data quality 
and the estimation errors comparable to the K-4 VLBI system have been at­
tained. Some survey observations of weak radio sources have been also carried 
out. We have also successfully achieved real-time VLBI at data rate of 1 giga­
bit per second using this system and high-speed communications network in 
collaboration with NAOJ, ISAS and Nippon Telegraph and Telephone Corp. 
(NTT). The experiment was conducted on June 23, 2001, using the Kashima 
34m antenna and Usuda 64m antenna. 

A new real-time VLBI system using IP (Internet protocol) technology 
has been developed since 1999 to reduce network-cost and to expand connec­
tion sites of network. We call this system "IP-VLBI" or "Internet VLBI". We 
have been developing the PC-base IP-VLBI system consisting of a PCI-bus 
sampler board and PC software to make real-time data transmission, reception 
and correlation. 

We have been contributing to establish the VLBI standard interface 
(VSI) with a technology coordinator of IVS. Specifications of VSI hard­
ware (VSI-H) Verl.O was opened to public in August, 2000. It is available 
through the VSI homepage (http://dopey.haystack.edu/vsi/) or Japanese VSI 
homepage (http://www2.crl.go.jp/ka/radioastro/tdc/ivs/vsi/). We have been 
adapting VSI-H to gigabit VLBI system, S2-K4 copying system, and VSI­
based K4 data acquisition system. 
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OPTICAL FIBRE LINKS IN E-MERLIN 

R.E. Spencer*, B. Anderson, R. McCool 
University of Manchester 
Jodrell Bank Observatory 
Macclesfield, Cheshire, UK 

The only feasible way of achieving major increases in sensitivity for ex­
isting radio astronomy synthesis arrays is by increasing bandwidth. Receivers 
are approaching their quantum limit, and in any case the atmosphere limits 
their performance. Increasing the collecting area is expensive. The extremely 
wide bandwidths or data rates available for optical fibre signal transmission 
suggests that fibre links could be useful, and indeed their particularly low loss 
of makes fibre the technology of choice. 

Studies at Jodrell Bank of both analogue and digital transmission of 
GHz bandwidth radio astronomy signals on optical fibres have shown that 
digital data transmision gives superior performance for links exceeding a few 
km in length. The proposed upgrade to MERLIN (to produce e-MERLIN) 
will replace the existing narrow band (28 MHz) analogue microwave links 
with optical fibres carrying digital data at 30 Gbits/sec. 

The radio astronomy IF signals will consist of 2 x 1.5 GHz channels (for 
2 polarisations), sampled at the Nyquist rate and 4 bit digitised. An 8-10 bit 
conversion takes place before external modulation of the laser optical signal. 
3 lasers will be used per telescope, each externally modulated at 10 Gbits/sec. 
The optical signals will be multiplexed onto a single fibre (using wavelength 
division multiplexing). The total length of fibre in the array will exceed 400 
km, with the longest link being over 100 km. Erbium doped fibre amplifiers 
will be required to give adequate signal to noise and low error rates. The full 
system and design goals will be described in the paper. 

In addition the fibre link may be required for cohering local oscillator 
signals, our development work in this area and estimated phase stability per­
formance will also be discussed. 
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THE FUTURE OF VLBI DATA TRANSMISSION AT THE 
NRAO 

R.C. Walker 
National Radio Astronomy Observatory 
Socorro, NM 87801, USA 

The National Radio Astronomy Observatory (NRAO) operates the Very 
Long Baseline Array (VLBA), which is a full time VLBI instrument that in­
cludes 10 antennas and a 20 station correlator. It also operates the Green Bank 
Telescope (GBT) and Very Large Array (VLA), both of which participate in 
VLBI. Among these various instruments, the NRAO has approximately 50 
VLBI record or playback units. The current systems are expensive to operate 
and are old technology that will not be maintainable much longer. They also 
limit the bandwidth, and hence the sensitivity of VLBI observations. For these 
reasons, the NRAO is considering alternatives for future VLBI data transmis­
sion systems. In the near term, this is likely to be a new recording system 
such as the Mark V being developed at Haystack Observatory. But real-time 
data transmission over fiber optics would have great operational advantages 
and is being explored. 

In the longer term, the future data transmission system at NRAO wilt 
be influenced by the possibility of integrating the VLBA with the Expanded 
VLA (EVLA). That upgrade is designed to expand the capabilities of the VLA 
by a factor of 10 in many dimensions. Two major components of the project 
are a new correlator and approximately 8 new antennas. The correlator, which 
is being contributed by Canada, is capable of processing VLBI data. The new 
antennas, referred to as the New Mexico Array (NMA), extend the resolution 
of the VLA by a factor of 10 and fill the gap in UV spacing between the VLA 
and the VLBA. An integrated VLA/NMA/VLBA would cover all baselines 
from 25 m to 8600 km, allowing the choice of resolution to be based entirely 
on the scientific needs of a project. The NMA will have the same 16 GHz 
bandwidth capability as the rest of the EVLA, requiring a data transmission 
system with a capacity of 96 or 128 Gbps, depending on the number of bits 
per sample. Full integration of the VLBA and EVLA would require similar 
connections to the VLBA antennas, although some lesser bandwidth options 
would also be interesting. The details of how such connections will be made to 
the NMA, let alone the VLBA, are yet to be determined. Any feedback, espe­
cially from the communications industry, on how to obtain such bandwidths 
in an affordable manner would be appreciated. 
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SPACE VLBI WITH VSOP 

P.G. Edwards* 
ISAS, Sagamihara, Kanagawa, Japan 

Very Long Baseline Interferometry (VLBI) is a powerful technique for 
high angular resolution radio imaging. The feasibility of improving resolution 
by having a radio-telescope in orbit - 'space VLBI' - was demonstrated in 
the 1980s, paving the way for the development of the HALCA satellite by 
Japan's Institute of Space and Astronautical Science (ISAS). The satellite is 
the orbital element of the VLBI Space Observatory Programme (VSOP), a 
large international collaboration of space agencies and ground observatories 
which have combined resources to create the first dedicated space VLBI mis­
sion. 

HALCA was launched from the Kagoshima Space Center in February 
1997. HALCA's elliptical orbit has a period of 6.3 hours, with a perigee height 
above the Earth's surface of 560 km, and an apogee height of 21,400 km, thus 
enabling imaging VLBI observations on baselines over three times longer than 
those achievable on Earth. HALCA is supported by a network of five dedicated 
tracking stations, in Japan, Australia, Europe and the USA. The tracking 
station being used transmits a 15.3 GHz reference tone to the satellite, and 
HALCA transmits the science data in real-time at a rate of 128 mega-bits per 
second to the tracking station at 14.2 GHz. 

Radio telescopes from the Very Long Baseline Array, the European VLBI 
Network, the Asia-Pacific Telescope, and other unaffiliated telescopes are com­
bined to form ground arrays for VSOP observations, depending on the source 
position and the requirements of the observation. Scientific observations are 
carried out in the 1.6 GHz and 5.0 GHz observing bands. To the end of August, 
2001, over 650 VSOP observations had been made: 73% for projects selected 
by international peer-review from proposals submitted by the astronomical 
community, and 22% for a mission-led, systematic survey of active galactic 
nuclei, with the remainder being for engineering purposes. 

Among the key science results from the mission to date have been bright­
ness temperature distributions for active galactic nuclei well in excess of the 
nominal inverse Compton limit, magnetic field orientations revealed by dual 
polarization studies, the ability to make high resolution detections of absorp­
tion features at low frequencies, the surprisingly low interstellar scattering 
inferred from VSOP observations of a galactic OH maser, high linear resolu­
tion studies of the nearby galaxy M87, and a considerably improved means 
of studying the spectral index distributions of sources. In this presentation, 
the HALCA satellite and VSOP mission will be described, results from VSOP 
observations presented, and plans for the future briefly outlined. 

379 



}3-2 

VLBI OBSERVATIONS OF LINE AND CONTINUUM AB­
SORPTION 

Peck, A. B.* 
Harvard CfA & MPifR, Bonn 
60 Garden St., MS 78 
Cambridge, MA 02138, USA 

One of the most important problems in the study of active galactic nuclei 
is understanding the detailed geometry, physics, and evolution of the central 
engines and their environments. The leading models describing the central 
few parsecs of these sources involve an accretion disk and circumnuclear torus 
of gas and dust around a central black hole. The orientation of this structure 
relative to our vantage point determines whether or not the central engine 
is obscured. Much of the circumnuclear torus is thought be comprised of 
neutral atomic gas, and the fraction of ionized gas is expected to be around 
10%. This means that such a structure should be detectable by imaging HI 
absorption with very high angular resolution toward bright inner radio jets 
and also using multi-frequency observations which allow us to image free-free 
absorption toward the central engine. 

The milliarcsecond scale angular resolution, fine spectral resolution and 
high sensitivity of the current VLBI networks make these techniques ideal for 
searching for circumnuclear tori in a variety of radio sources, ranging in size 
and radio power from Seyferts to the very young Compact Symmetric Objects, 
to older, larger Fanaroff-Riley type 2 galaxies. 

I present a summary of some of the recent evidence for circumnuclear 
tori in galaxies which exhibit radio axes close to the plane of the sky, resulting 
in a segment of a disk or torus crossing our line of sight to the core and inner 
radio jets. Understanding the distribution and kinematics of the gas detected 
toward the central parsecs of these sources provides an important test of the 
torus model and of unified schemes for active galactic nuclei. 
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AN OCTAVE HIGHER: VLBI POLARIMETRY AT 86 GHZ 

Attridge, J.M., MIT Haystack Observatory, Westford, MA 

VLBI revolutionized radio astronomy by uncovering previously con­
cealed features in a variety of radio sources. For example, early theoretical 
models describing the structure and evolution of jets from the cores of AGNs 
were transformed by VLBI as evidence mounted for jet asymmetries, beaming, 
superluminal motion, and bulk relativistic motion. VLBI polarization (VLBP) 
observations add another critical observable by providing information about 
the structure and evolution of the magnetic fields in synchrotron and masing 
sources. Magnetized plasma between observer and source alters the polar­
ized emission, and therefore VLBP also affords a means to study the physical 
conditions of the media in or around radio sources. 

Linear polarization in continuum sources is diminished due to cancella­
tion within tangled magnetic fields and the effects of Faraday rotation. VLBP 
observations at 86 GHz, possible with the CMVA and now the VLBA, should 
be less affected by Faraday rotation and opacity, for these effects are reduced 
at high frequencies. In addition, 86 GHz VLBP probes structures with higher 
angular resolution than previously attainable. 

The challenges of 86 GHz VLBI are numerous. Coherence times at 
86 GHz are only ~ 10 seconds, limiting solution intervals in many tasks, yet 
86 GHz data are lower in SNR than 43 GHz data. Wind loading significantly 
affects the pointing accuracy of many 86 GHz antennas. Some 86 GHz dishes 
are equipped with non-standard feed systems that compound the difficulties 
associated with standard polarization calibration approaches. 

Typically, strong AGNs are used for polarization calibration of both 
other AGNs and masers. Currently, there is no known calibrator by which to 
register absolute electric vector position angles (EVPAs) at 86 GHz. Linear 
polarization in masers around AGB stars can approach 100% in some isolated 
features, and is often aligned tangentially to the maser ring ( e.g. A. J. Kemball 
& P. J. Diamond, ApJL, 481, Llll-L114). It is possible that polarized masers 
may provide EVPA calibration for 86 GHz, either alone or in combination 
with observations of AGNs. 

Observations of 3C 273 and 3C 279 taken in April 2000 with the CMVA 
have resulted in the first reported VLBP images at 86 GHz (J. M. Attridge, 
ApJL, 553, L31-L34, 2001). The images reveal the EVPAs of 3C 273 and 
3C 279 to be orthogonal to each other. The cores of both 3C 273 and 3C 279 
continue to display low levels of fractional polarization at 86 GHz, challenging 
the expectation that Faraday depolarization decreases at high frequencies. In 
fact, the core of 3C 273 is unpolarized to a limit of 1%; if this is attributed to 
Faraday depolarization alone, the dispersion of rotation measure in the core 
of 3C 273 is >90000 rad m-2. 
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CIRCULAR POLARIZATION OF SAGITTARIUS A* AND 
OTHER ACTIVE GALACTIC NUCLEI 

G.C. Bower 
Radio Astronomy Laboratory 
UC Berkeley 

In the last few years there has been renewed interest in the circular 
polarization (CP) at radio wavelengths of active galactic nuclei (AGN), rang­
ing from extremely low luminosity AGN, such as Sagittarius A* (Sgr A*), 
to extremely powerful AGN at cosmological distances, such as 3C 279. New 
observations of CP variability and spectra have been used to infer the pres­
ence of electron-positron jets, low energy electrons, stable magnetic fields, and 
extremely compact regions. In a handful of sources, CP dominates linear po­
larization (LP). The similarities and differences between the CP properties of 
AGN classes may provide important clues to the nature of jets. 

The discovery of CP in Sgr A* has added a significant new constraint 
for theory. The CP is apparently composed of a high and low frequency 
components. The low frequency component is only mildly variable with a 
fixed mean of -0.3% over the past 20 years. The high frequency component, 
observed from 8.4 to 43 GHz, is strongly variable on timescales of days, going 
from < 0.1% to ,.__, -1%. Similar CP properties have also been observed in 
the low luminosity AGN, M81. Both M81 and Sgr A* exhibit no LP over the 
observed ranges. 

Three new surveys for AGN have been performed recently: two of high 
luminosity AGN and one of low luminosity AGN. These are the first of their 
kind in nearly two decades. Detection rates for high and low luminosity 
AGN are ,.__, 50% and ,.__, 10%, respectively, suggesting that different emission 
and/or wave propagation physics is at work. Very long baseline interferometric 
(VLBI) imaging of the high luminosity AGN finds nearly all of the CP to be 
located in the core. There is no correlation between LP and CP among high 
luminosity AGN. A particularly interesting source among the high luminosity 
AGN is PKS 1519-273, which shows strongly variable CP at levels as high as 
,...., -4%. 

These discoveries have been the result of the application of careful obser­
vational technique in connected element interferometry and VLBI. For inter­
ferometers with circularly polarized feeds, CP is the small difference between 
the parallel hand intensities. It is very sensitive to calibration uncertainties. 
We describe observing techniques and a model for VLA measurements of CP 
that includes the effects of beam squint, gain errors, polarization leakage and 
receiver nonlinearities. It fits remarkably well with observed errors. 
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VLBI OBSERVATIONS OF THE POLARIZATION OF H20 
MASERS 

T. H. Troland 
Department of Physics and Astronomy 
University of Kentucky 
Lexington, KY 40506 USA 
A. P. Sarma 
Department of Astronomy 
University of Illinois 
Urbana, IL 61801 USA 

It has long been recognized that magnetic fields are likely to play a 
key role in the dynamics of star formation. However, measurements of field 
strengths in star-forming regions, via the radio-frequency Zeeman effect, are 
difficult. Most existing measurements suffer from two important limitations. 
They sample relatively low density gas (less than 105 cm-3), and they suffer 
from poor spatial resolution. Therefore, they do not reveal magnetic field 
strengths in the densest regions and on the smallest scales that are most 
intimately associated with the star-formation process. 

The 22 GHz H20 maser transitions, originating from star-forming re­
gions, offer an opportunity to study magnetic fields at high density and on 
small spatial scales. Circular polarization in the maser radiation can be re­
lated to line-of-sight field strengths via the Zeeman effect. The masers are 
believed to operate at high density (109 cm-3). The individual maser spots 
are small (of order 1 au or 1013cm), and they occur in groups. Therefore, 
very high spatial resolution observations with the Very Long Baseline Array 
(VLBA) can reveal field strengths in multiple maser spots, effectively mapping 
out the magnetic field over regions of a few lO's of au. 

We present results for an initial set of VLBA observations of H20 maser 
spots in the massive star-forming region W3 IRS5. We observed circular po­
larization from four maser spots in a 100 by 100 mas (230 by 230 au) field. 
We estimate line-of sight field strengths for these spots in the range -14 to -42 
mG. The relative coherence of the field over this size scale is expected if the 
masers arise in an outflow region where the field is entrained in moving gas. 
Moreover, field strengths of this order are expected if the field-strength-gas 
density scaling relationship, found at lower densities, is applied to the locales 
of the H20 masers. 
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VLBI OBSERVATIONS 
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Harvard-Smithsonian Center for Astrophysics 
60 Garden St. 
Cambridge, MA 02138, USA 

OF 

Hydroxyl masers are useful tracers of conditions surrounding the ultra­
compact HII (UCHII) regions associated with high-mass stars in their infancy. 
Their high brightness allow them to be seen at the high resolution offered by 
VLBI techniques. Since maser spots typically move at a projected rate of a 
few milliarcseconds per year, multiepoch proper motion studies can be com­
pleted in a few years. E. E. Bloemhof, M. J. Reid, and J. M. Moran (ApJ, 
397, 500-519, 1992) showed that OH masers are seen in expansion from the 
UCHII. 

Hydroxyl masers often exist in right- and left-circular polarized pairs at 
offset velocities, suggesting Zeeman splitting. Since the splitting coefficients 
are large in the ground-state 2II3; 2 , J = ~ transitions, local magnetic fields as 
weak as a few x lOOµG can be identified. Additionally, the sense of the velocity 
splitting between Zeeman components gives the line-of-sight direction of the 
local magnetic field. This gives constraints on the magnetic field morphology 
surrounding the UCHII. While the exact role that magnetic fields play in 
high-mass star formation is unknown, it is clear that they are important. The 
magnetic pressure inferred from OH Zeeman measurements is comparable to 
the gravitational pressure ( and much larger than the thermal pressure in the 
region). 

The full, three-dimensional orientation of the magnetic field could in 
principle be determined if the 1r components were detected as well. Unlike the 
abundant circularly-polarized CY components, a 1r component would be highly 
linearly polarized with almost no circular polarization. However, no such 
component has been observed. If Faraday rotation is responsible for destroying 
coherent amplification of 7r components, this may provide a constraint on the 
local electron density. 

We are in the process of observing about 20 UCHIIs with VLBI in order 
to map the magnetic field structure around them and to search for 1r compo­
nents. Preliminary results from this survey will be presented. 
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VLBI OBSERVATIONS OF OH (1720 MHZ) MASERS 

Brogan, C.L.*, Claussen, M., Goss, W.M. 
National Radio Astronomy Observatory 
Socorro 

Supernovae have a profound effect on the morphology, kinematics, and 
metallicity of galaxies. The impact of supernova shocks on surrounding molec­
ular clouds is also thought to trigger new generations of star formation. A 
critical ingredient in such interactions and, indeed, all aspects of supernova 
remnant (SNR) evolution are magnetic fields. OH (1720 MHz) masers have 
been found in "' 20 SNRs, or 10% of the known SNRs in our Galaxy. In recent 
years, these masers have been recognized as signposts for the interaction of 
SNRs with molecular gas. In addition to tracing SNR/molecular cloud inter­
actions, the OH (1720 MHz) maser line also provides a unique opportunity 
to measure the strength of the post-shock magnetic field via Zeeman split­
ting. Indeed, the Zeeman effect in these masers provide the only currently 
known means to directly measure the magnetic field strengths in SNRs. A 
limited number of previous high resolution observations have indicated that 
these masers are unusually large compared to H II region masers, with sizes 
ranging from 50 to 180 mas. It is currently unclear whether the large sizes 
observed previously are intrinsic to SNR-OH masers or if interstellar scatter­
ing is responsible. In addition, there are some indications that the observed 
magnetic field values vary with resolution. Recent results from efforts to both 
detect the magnetic fields over many spatial scales and resolve the maser spot 
sizes of OH (1720 MHz) masers toward several SNRs using the VLBA and 
MERLIN will be presented. These observations have yielded magnetic field 
detections between 0.5 and 2.5 mG and large maser spot sizes of about 1015 

cm. Some of the implications from these data including the resulting magnetic 
pressures, and brightness temperatures will also be discussed. 
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HIGH PRECISION PULSAR ASTROMETRY WITH THE 
NRAO VLBA 

W. F. Brisken 
NRAO 
PO Box 0 
Socorrom NM 87801, USA 

The NRAO Very Long Baseline Array was used to measure the proper 
motions and parallaxes of eight nearby pulsars to sub-milliarcsecond accuracy. 
Different gradients in the ionosphere strength above each station that change 
on timescales of about one minute required the development and use of a new 
technique to measure the ionospheric electron content and remove its effects 
from the interferometer data. 

Dual frequency astrometry has been common practice to geodecists for 
quite some time, mainly using receivers at about 2.5 and 8 GHz. Delay mea­
surements made at the two frequencies could be used to measure the excess 
delay caused by the ionosphere. This technique has been used primarily for 
geodesy (determining VLBI station positions and monitoring the tectonic mo­
tions of the earth) and for establishing the international celestial reference 
frame. Most of the sources used in such observations are bright quasars. 

This dual frequency approach will not work for pulsars because of their 
very low brightness at 8 GHz. The 1.5 GHz band is usually chosen for pulsar 
astrometry since it is usually a good compromise between the falling flux 
density and increasing resolution with increased frequency. The VLBA allows 
observations in the 1.4 to 1.7 GHz range with 8 independently tunable 16 MHz 
bands. Phase measurements made at each of the bands allow the measurement 
of the ionosphere strength. This method is restricted to pulsars that are bright 
enough for an ionosphere solution to be obtained within about 30 seconds. The 
signal-to-noise of these measurements was increased by utilizing pulsar gating. 
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PROPER MOTIONS IN THE LOCAL GROUP 

Brunthaler, A., Falcke, H. Henkel, C 
Max-Planck-lnstitut fuer Radioastronomie 
Auf dem Huegel 69 
53121 Bonn 
Germany 
Reid, M., Greenhill, L. 
Harvard Smithsonian Center for Astrophysics, MS42 
60, Garden Street 
Cambridge, MA 02138 

Key and still largely missing parameters for measuring the mass con­
tent and distribution of the Local Group are the proper motion vectors of its 
member galaxies. The problem when trying to derive the gravitational poten­
tial of the Local Group is that usually only radial velocities are known, and 
hence statistical approaches have to be used. The expected proper motions 
for galaxies within the Local Group, ranging from 20 to 100 µas/yr, are de­
tectable with VLBI using the phase-referencing technique. We present first 
epoch phase-referencing observations of bright masers in IClO and M33 with 
respect to background quasars. 

In our first group of observations, we observed the H20 masers in IClO 
three times over a period of two month to check the accuracy of the relative 
positions. The relative positions were obtained by modeling the interferometer 
phase data for the maser sources referenced to the background quasars. The 
two quasars are separated by 1 and 0.25 degrees on the sky from the IClO 
masers. The model allowed for a relative position shift for each source and a 
single vertical atmospheric delay error in the correlator model for each antenna. 
The rms of the relative positions for the three observations is only 0.01 mas 
which is approximately the expected position error due to thermal noise. 

Further observations will allow us to detect extragalactic proper motions 
out to a distance of 800 kpc within rv 1 year. These observations will constrain 
dynamical models for the Local Group and the mass and dark matter halo of 
Andromeda and the Milky Way. 

Also, we present a method to measure the distance to M33, ultimately 
to better than about 5% accuracy. This will allow re-calibration of the extra­
galactic distance scale based on Cepheids. The method is to measure the 
relative proper motions of two H20 maser sources on opposite sides of M33. 
The measured angular rotation rate, coupled with other measurements of the 
inclination and rotation speed of the galaxy, yields a direct distance measure­
ment. 

387 



J3 

388 



J4 

Session ]4, 13:35--Fri. 

HARDWARE AND SOFTWARE 

COMPLEXITIES OF LARGE .. N 

ARRAYS AND PROPOSED 

SOLUTIONS 

Chairperson: J. Tarter and B. Carlson 

389 



J4 

390 



J4,1 

OPTIMIZATION OF AN ARRAY CONFIGURATION WITH 
LARGE NUMBER OF ANTENNAS MINIMIZING SIDE 
LOBES. 

L.R. Kogan 
National Radio Astronomy Observatory 
Socorro, NM 87801, USA 

The result of optimization of the array configuration for the number of 
antennas 200, 500 has been given. Different metrics of the of the configuration 
quality are compared. The arguments in favor of the minimum side lobe met­
ric are provided. The minimization of the worst side lobe at the given circle at 
the sky is chosen as a criterion of the optimization. The optimization is based 
on the algorithm published by L.Kogan at IEEE Transaction on AP 48, No 
7, 1075-1078, 2000. The algorithm is coded at AIPS as task CONFI. The task 
CONFI as well as the simulation task UVCON have been modified increasing 
the number of antennas up to 1000. 
The less area of optimization the deeper can side lobes be suppressed. By the 
nature the side lobes can be separated at the two classes: near side lobes and 
grating side lobes. Grating side lobes can be very large reaching at the extreme 
case of even UV distribution 100%. The near side lobes spread from the main 
synthesize lobe to ~ ../N of iJ, where N is number of antennas at the array; 
D is its size. The two sets of configurations for the number of antennas 200 
and 500 have been designed optimizing the near and grating side lobes. The 
found configurations give the worst near side lobes~ 0.0008, and~ 0.0003 for 
the number of antennas 200 and 500 at the diameter of the circle at the sky 
equaled 20 synthesized beam. The relevant side lobes at the diameter of the 
circle at the sky equaled 100 synthesized beam (including grating side lobes) 
are 0.014 and 0.010 for the number of antennas 200 and 500. An example of 
simulation is given using M51 as a model at >. = 21cm and size of the array 
400km with 200 antennas at the array. The dynamic range ~ 104 has been 
achieved. 
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ON USING ADAPTIVE ESTIMATION TO MINIMIZE THE 
NUMBER OF SAMPLES NEEDED TODEVELOP A PATTERN 
TO A SPECIFIED UNCERTAINTY 

E.K. Miller 
3225 Calle Celestial 
Santa Fe, NM 87506-1213 

Computing far-field patterns in electromagnetics, although generally not 
as computationally expensive as solving for the current induced on an object, 
can none-the-less at times dominate the overall computer time associated with 
some problems and models. This can especially be the case in determining the 
monostatic radar cross section of large objects, since the current distribution 
must be obtained for each incidence angle. Similarly, when using physical 
optics to determine the radaition pattern of a large reflector antenna, the 
computer time is dominated by evaluation of the far field. In addition, when 
employing the point sampling and linear interpolation of the far field that is 
most often used to develop the pattern, it can be necessary to sample very 
finely in angle to avoid missing fine, but important, details in the pattern such 
as nulls, increasing the computer cost proportionately. 

A procedure based on model-based parameter estimation is described 
that greatly reduces the number of samples that are needed while developing 
an easily computed, continuous representation of the pattern. It employs win­
dowed, overlapping fitting models whose parameters are adaptively estimated 
from sparsely sampled far-field values, the sampled angles being successively 
selected where the maximum difference occurs in the overlapping models. The 
fitting models themselves employ either discrete-source approximations to the 
radiating currents or Fourier models of the far field. The model-based pro­
cedure permits the maximum acceptable uncertainty in the estimate of the 
pattern to be specified, which furthermore can be adjusted, if desired, to ac­
commodate changing levels in the pattern. For the cases investigated, as few 
as 1.5 to 2 samples per far-field lobe are found to be sufficient to develop an 
estimate for a radiation pattern that is accurate to 0.1 dB, and 2.5 samples per 
lobe for a simple scatterer. In general, however, it appears that the required 
sampling density is determined by the rank of the field over the observation 
window, which in turn is a function of both the aperture size and the spatial 
behavior of the source distribution within that aperture. 
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THE ANTENNA CONFIGURATION OF THE ALLEN TELE­
SCOPE ARRAY 

D.C.-J. Bock 
Radio Astronomy Laboratory 
University of California at Berkeley 
Berkeley, CA 94720, USA 

The Allen Telescope Array (ATA) is a next-generation large-N telescope 
which will capitalize on the relative decrease of electronics in the cost of new 
instruments. It will maximize collecting area within the available budget by 
using many small antennas instead of fewer larger ones. The cost optimization 
has led to a choice of 350 6.1-m offset Gregorian antennas. 

The ATA will have several characteristics unique to interferometers of 
comparable collecting area, including a wide field of view, broad instanta­
neous frequency coverage, and a multi-beaming capability which will enable 
the instrument to be used for several simultaneous programs. The ATA con­
figuration design needs to keep antenna shadowing and connectivity costs to 
a reasonable level. The wide variety of geological conditions and foundation 
costs must be considered in the optimization. Within these constraints, imag­
ing performance drives the configuration design. The basic capabilities of the 
ATA will make it a premier instrument for large area surveys and imaging 
extended structure, so the configuration has been optimized to provide ex­
cellent imaging fidelity. The synthesized beam has sidelobes which are below 
1 % within the antenna primary beam. The antennas baselines will be in the 
range 11 to 700 m, for a high spatial dynamic range and a naturally-weighted 
synthesized beam of 78"(v/1.4GHz)-1 . The irregular nature of the final con­
figuration ensures low far sidelobes (0.3% rms), desirable for RFI rejection. 
Although more compact designs ( comparable to the proposed VLA E-array) 
would enhance sensitivity at the shortest spacings, mosaicing with the ATA's 
wide field of view will make imaging very extended structure efficient, even 
while preserving reasonable angular resolution. 

In this paper I will present the ATA configuration, describing the site 
characterization and configuration design process. 
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THE ATA ELEMENT 

D.R. DeBoer*, J.W. Dreher 
SETI Institute 
2035 Landings Drive 
Mountain View, CA 94043 
G. Engargiola, M.C. Fleming, J.B. Lugten, W.J. Welch 
Radio Astronomy Laboratory 
University of California 
Berkeley, CA 94720 
S. Weinreb 
Jet Propulsion Laboratory 
4800 Oak Grove Drive 
Pasadena, California 91109 

As one of the primary components that gets multiplied by N, design of 
the individual array element is a key factor in any array design. For a pre­
determined net collecting area, in fact, the collection area of a single element 
determines the value of N and hence the scale of all subsequent components. 
The Allen Telescope Array (ATA) element will consist of a small parabolic 
antenna equipped with a single wide-band feed, cryogenic low-noise amplifiers 
(LNA), fiber-optic RF links, and commodity electronics. The initial desired 
net geometric collection area will be one hectare (104 m2), so N ~ 1.3 x 104 

/ D 2
, 

where D is the projected diameter of the parabola. 

The antenna is an offset Gregorian with a projected diameter of 6.10 
m and a 2.4 m subreflector arranged to satisfy the on-axis cross-polarization 
nulling constraint. This antenna size dictates using about 350 antennas to yield 
the desired net area. A dual polarization, log-periodic feed with a bandwidth 
of about 0.5 ? 11.5 GHz will be used in conjunction with two wide-band, 
cryogenic LNA?s of the same bandwidth. This entire bandwidth will then be 
transmitted back to the central lab for further processing via two RF fiber­
optic links ( one per polarization). The cryogenics will consist of a small dewar 
that actually fits up inside the feed, as will the pulse-tube refrigerator (PTR) 
and compressor. 

The element controller will be an internet-ready microprocessor and 
communications will be via TCP /IP. Likely this processor will be a native 
Java Virtual Machine with sufficient processing capability to handle all point­
ing and house-keeping tasks. It will communicate via a standard protocol to 
a daughter board with sufficient 1/0 to monitor the state of the element. 
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SIGNAL PROCESSING FOR THE 
ALLEN TELESCOPE ARRAY 

L. R. D'Addario, SETI Institute, Mountain View, CA 

The Allen Telescope Array (ATA) will include 350 antennas of 6.1 m 
diameter and have continuous frequency coverage from 0.5 to 11.2 GHz. This 
makes it the largest-N radio telescope so far. The need for low-cost processing 
of its many wide band signals has produced significant technical challenges. 

The ATA is a privately-funded project of the SETI Institute in collabo­
ration with the Radio Astronomy Laboratory of UC Berkeley. It will be the 
first instrument available full time for SETI searches, and it will simultane­
ously be used for a wide variety of astronomical research. This is possible 
through the use of multiple independently-tuned signal channels and multi­
ple back-end detectors, along with the fact that the single-dish beam includes 
several SETI target stars for nearly any direction in the sky. 

This paper describes the details of the signal processing required be­
tween the antennas and the detectors. For SETI and for some point-source 
astronomy (e.g., pulsars), the antennas are configured as a phased array, gen­
erating up to 16 simultaneous electronically-steered beams within the primary 
beam. For astronomical imaging, the antennas are configured as a Fourier syn­
thesis array, where a correlator computes the cross-power spectrum for each 
pair (61,425 baselines). In all cases, common equipment performs the neces­
sary delay and phase tracking and amplitude scaling; this is done in specialized 
digital hardware. Up to four dual-polarization channels can be processed, each 
tunable to a different frequency within the RF range, and each having about 
100 MHz bandwidth. For each such channel, up to four separate "beams" 
can be formed, each tracking a different sky position, and each connected to a 
separate back end. Because of the large number of antennas, it is possible to 
create beams with nulls in the directions of several interfering sources while 
maintaining high SNR in the direction of the desired source. 

The major design challenges included (a) cost, since the goal is to achieve 
a construction cost of less than 25 M$US for the entire array (including an­
tennas, monitor/control, and all common electronics, but not including back 
ends); (b) signal interconnections, since aggregate data rates of up to 7 Tb/s 
are needed between subsystems; and ( c) flexibility, to support a wide range of 
scientific uses and various interference mitigation methods. 

The ATA project is now in its detailed design phase. Prototypes of the 
antennas and electronics are due to be completed late in 2002, at which time 
a subset of the array with the first few antennas will be in operation. The full 
array is currently scheduled to be completed in 2005. 
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THE ATA IMAGER 

W.L. Urry 
University of California - Berkeley 
Radio Astronomy Dept. 
601 Campbell Hall 
Berkeley CA 94720-3411 

The Allen Telescope Array of 350 6-meter antennas will provide four 
independently tuned groups of four output ports from each antenna for a 
total of 16 signal ports. Each output port will have 8-bit quantization and 
independent tracking of delay and phase. Emerging from each output port 
will be two polarizations of 100 MHz bandwidth extracted from the .5 - 11.2 
GHz RF band of the telescope front end. Four independently tuned groups of 
three ports will be dedicated to beam forming for a total of 12 beams that can 
be independently targeted. Each beam may support a different "back-end" 
so that a SETI search or a pulsar experiment may take place simultaneously. 
The remaining four independently tuned 100 MHz ports will be dedicated to 
an imaging "back-end." An imaging "back-end" is described. 

The imager will rely on an FX correlator architecture. The dual polariza­
tion signal from each antenna will be separated into 1024 frequency channels. 
All correlations for each channel will be measured. The classic approach of 
using a fast Fourier transform as a filterbank has always led to severe sidelobe 
levels or channel overlap depending upon the windowing used at the input to 
the FFT. A polyphase technique enables the input window to the FFT to be 
extended well beyond the length of the transform resulting in a filter bank with 
excellent channel separation and sidelobe characteristics. From the polyphase 
filterbanks, the signals will proceed to a bank of correlators. Each correlator 
computes all 61425 baselines for each of the frequency channels. A serious 
problem exists in getting the signals from the polyphase filterbanks to the 
correlators. Each channel of the 350 antennas must be multiplied with the 
corresponding channel in all of the 349 other antennas. Only half of these 
multiplications are redundant. The innovation of a memoryless corner turner 
solves this signal distribution problem. The corner turner converts the 350 
streams of 1024 frequency channels into 350 streams of antennas of 3 fre­
quency channels each. Each correlator sees a sequential stream of all of the 
antennas and a simple architecture is described that can easily compute all of 
the baselines as the data enters one antenna at a time. 
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HIGH DYNAMIC RANGE RADIO SYNTHESIS IMAGING 
WITH TIME VARIABLE PRIMARY BEAMS 

T.J. Cornwell 
NRAO 
PO Box 0 
Socorro, NM 87801, USA 

High dynamic range imaging with radio synthesis arrays is possible using 
self-calibration algorithms in which the calibration of the array is determined 
from the observation of the source, rather than from observations of an exter­
nal calibration source. For the very highest dynamic range, the array setup 
(band passes, nominal pointing, etc) is determined as well as possible, and kept 
as stable as possible. In such cases, the effect of time variations in the setup 
are second order rather than first order. However, if the setup is allowed to 
vary, the variations can have a first order effect, with disastrous consequences 
for the dynamic range. This is well known for millimeter synthesis arrays, and 
has led to very precise antenna pointing and surface requirements for the Al­
tacama Large Millimeter Array. It also holds for other radio synthesis arrays, 
such as the Square Kilometer Array. For SKA, the primary beam is envisaged 
as being time-variable for two reasons: to allow nulling of bright sources, and 
by virtue of the use of banks of small elements synthesized into large equiv­
alent antennas. A time variable primary beam due to either of these causes 
will hinder the acheivement of the very high dynamic range imaging expected 
of the SKA. The extension of self-calibration to allow determination of the 
time-variable primary beam is theoretically possible and has been advocated 
as a solution for this problem. However, as yet, no image-plane self-calibration 
algorithm has been demonstrated. To settle this point, simulations of such ef­
fects are necessary, together with the development of algorithms aimed at such 
an extended self-calibration. 
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LARGE-N POSSIBILITIES WITH THE EVLA CORRELATOR 

B.R. Carlson* 
Dominion Radio Astrophysical Observatory 
Herzberg Institute of Astrophysics 
National Research Council of Canada 
Penticton, B.C., Canada 
P.E. Dewdney 
Dominion Radio Astrophysical Observatory 
Herzberg Institute of Astrophysics 
National Research Council of Canada 
Penticton, B.C., Canada 

A new correlator is being developed for the Expanded Very Large Ar­
ray (EVLA). This correlator will offer wide bandwidths, flexible digital sub­
banding, and thousands of spectral channels per baseline. Additionally, the 
correlator design allows dynamic tradeoffs between bandwidth, number of an­
tennas, and number of beams on the sky that may be attractive for a 1st 
generation SKA correlator, particularly if the EVLA is used as a test-bed for 
SKA technologies and if the EVLA evolves into the SKA. For the EVLA, 
the correlator offers 16 GHz of bandwidth per antenna with 16384 spectral 
channels per baseline in wide-band modes and up to 256k spectral channels 
per cross-product at narrower bandwidths. The design allows up to 8, 2 GHz 
wide-band beams to be placed anywhere on the sky, and within each of those 
beams, up to 16 sub-band beams within 0.5 deg of the wide-band delay center 
(depending on basline). Thus, up to 128 beams at 128 MHz bandwidth each 
can be deployed. If the station bandwidth and maximum number of beams 
is reduced, then more stations-up to a factor of 4-can be processed without 
changing the correlator's internal configuration. Using current technology, 
a factor of 4 increase in the number of stations reduces the bandwidth per 
station to 1 GHz and the number of spectral channels per baseline to 1024. 
However, Moore's law improvements can be effectively employed to increase 
the bandwidth to 4 GHz per station with as many spectral channels per base­
line as technology permits with only a "re-spin" of the correlator board. This 
is an attractive upgrade path that retains the bulk of the hardware and soft­
ware infrastructure, significantly reducing the cost and development time of 
an upgrade. 
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A SIX BILLION CHANNEL MULTIBEAM SPECTROMETER 
FOR SETI 

D. Werthimer*, P. Demorest, J. Cobb, E. Korpela, M. Lebofsky 
Space Sciences Laboratory 
University of California 
Berkeley, CA 94720-7450 
M. Davis 
Seti Institute 
2035 Landings Drive 
Mountain View, CA 94043-0818 
C. Dick 
Xilinx Inc. 
2100 Logic Dr. 
San Jose, CA 95154 
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Dillon Engineering 
9825 West 50th St. Suite 202 
Edina, MN 55424 

We describe our design for a six billion channel multi-beam spectrometer, 
SERENDIP V. The instrument will be used to conduct a piggyback SETI sky 
survey in conjunction with the upcoming seven beam receiver at Arecibo. 

The system analyzes fourteen 300 MHz bandwidth signals from seven 
beams and two polarizations simultaneously. Each channel is 0.74 Hz wide, 
yielding a total instantaneous bandwidth coverage of 4.2 GHz in a 1.5 second 
integration time. The instrument is modular and can be easily re-configured 
for different receivers and telescopes. For example, the system can be config­
ured to process a pair of 2.1 GHz bandwidth signals, or it can be configured to 
process fourteen 300 MHz bandwidth signals (7 beams with two polarizations 
or 14 beams with one polarization). 

The instrument uses a polyphase filter bank to sub-divide each of the 
300 MHz bands into 1.56 MHz sub-bands. The polyphase filter bank pro­
vides > 80 dB out of band rejection, keeping strong RFI from contaminating 
adjacent sub-bands. FFT boards further divide the sub-bands into 0.67 Hz 
channels. Each FFT board computes a 222 point FFT on 64 sub-bands. A 
bank of post processors calculate power spectra at octave spaced resolutions, 
combine polarizations, smooth the baseline, and search for signals above the 
threshold. All signal processing is implemented in Xilinx field programmable 
gate arrays. 

Portions of this design will be directly applicable to the development 
of technologies and instrumentation required for observatories that are in the 
planning or development stages such as the Allen Telescope Array and the 
Square Kilometer Array. 
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STATUS AND PERFORMANCE OF THE GREEN BANK 
TELESCOPE 

Minter, A.H., Maddalena, R.J., Balser, D.S., Ghigo, F.D., 
Langston, G.I. 
NRAO 
PO Box 2 
Green Bank, WV 24944 USA 

The Robert C. Byrd Green Bank Telescope (GBT) has unique capa­
bilities including an unprecedented design and start-of-the art receivers and 
backends. The most distinguishing features include an offset geometry which 
provides a 100-m projected clear aperture, an active surface, a closed-loop 
metrology system for maintaining surface accuracy and pointing, receivers that 
will cover 100 MHz to 115 GHz, and a new 256k-channel, 800 MHz bandwidth 
spectrometer. First light was achieved on August 22 2000 with observations 
at a frequency of 403 MHz of the extragalactic radio source 1140+223 and the 
pulsar PSR Bl133+16 and commissioning started in February 2001. We have 
essentially completed the first phase of commissioning, delivering a telescope 
capable of observations up to 15 GHz. Telescope efficiencies, pointing, focus 
tracking, spillover, and beam shapes are all close to or match what was ex­
pected a priori. For example, measurements at 2 GHz indicate the telescope 
has a pointing rms of well under 8", the expected aperture efficiency of 70first 
side lobe level of -30 dB, essentially no detectable spillover, and a system tem­
perature at zenith of 18 K. In an early call for shared-risk observations, 80 
observing proposals were submitted and 24 were accepted. Four experiments 
have been run at the time this abstract was submitted with the majority of 
the remaining observations scheduled to be completed by the end of 2001. We 
have had successful bi-static radar observations with Arecibo, fringes from test 
VLBI experiments, and pulsar searches. In this talk we will give the current 
status of commissioning, summarize the GBT's performance, and review some 
of the results from early science. 
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