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ABSTRACT

A three-dimensional ray-tracing code has been developed to run in-conjunction with the University of Alaska
polar ionospheric model. The ionospheric model may be run in a real-time predictive mode and its outputs
have been used as an input to the ray tracing code. The objective of this work is to compute refractive effects
on UHF radar signals due to time-varying ionospheric structures at high latitudes. Radar range and pointing
errors are calculated continuously during two 24-hour periods in this paper to demonstrate the effects from a
time-varying ionosphere during quiet and moderately disturbed geomagnetic conditions. Radar pointing
errors that correspond to target errors up to about 500m have been found for low antenna elevation radar
pointing directions during moderately disturbed geomagnetic conditions.

1.0 INTRODUCTION

The University of Alaska polar ionospheric model' may be operated in a real-time predictive mode. The
objective of this work is to use this ionospheric model to develop a predictive capability for the range and
azimuth-elevation target errors for UHF radars that are affected by ionospheric refraction. The ionospheric
model is described in detail in a companion paper and will not be discussed here.

A three-dimensional ray tracing code has been developed that may be run in-conjunction with the ionospheric
model. The ray-tracing code has been set to a frequency of 430MHz for this study due to applications
pertaining to UHF radars in polar regions, however the code will also work at lower frequencies such as HF.
The three-dimensional feature of the ray-tracing code permits studies of both vertical and lateral deviations in
the ray directions in response to electron density gradients. To illustrate this capability we have chosen two
24-hour periods to simulate that correspond to quiet and moderately-disturbed geomagnetic conditions. The
ionospheric model outputs are three-dimensional time-dependent arrays of electron density. The current
ionospheric model used for this study covers the latitude range from 50 degrees north to the pole, and from
100km to 600km altitude.

2.0 GEOPHYSICAL TIME PERIODS FOR STUDY

Two 24-hour time periods were chosen that represent quiet and moderately disturbed geomagnetic conditions.
The first 24-hour period selected for our study is October 7, 2003 that was a relatively quiet day. The second
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study day of October 14, 2003 was moderately disturbed. Magnetic indices Kp and Ap are shown in the tables
below for these two days.

The solar wind parameters of number density, bulk speed and interplanetary magnetic field (IMF) are also
shown below for these two days. The IMF is an important input parameter to the ionospheric model and
results in the well-known two-cell plasma convection pattern at polar latitudes. Under these relatively quiet
conditions the ionospheric model provides an excellent representation of the F-region ionosphere and its
structures. The electron density gradients that are computed have been shown to maintain appropriate spatial
gradients without unwanted numerical diffusion?; these spatial gradients (horizontal as well as vertical) are
responsible for refraction of the UHF radar signals.

2.1 Magnetic Indices and Solar Wind Data - October 7, 2003

uT Kp Ap
0000-0300 4+ 32
0300-0600 2 7
0600--0900 3- 12
0900-1200 3+ 18
1200-1500 3- 12
1500-1800 3+ 18
1800-2100 3- 12
2100-2400 2+ 9

Table 1: Kp and Ap values for October 7, 2003
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Figure 1: Solar wind values - density, velocity, and IMF for October 7, 2003
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2.2 Magnetic Indices and Solar Wind Data - October 14, 2003

uT Kp Ap
0000-0300 3+ 18
0300-0600 4 27
0600--0900 6- 67
0900-1200 5 48
1200-1500 4+ 32
1500-1800 4+ 32
1800-2100 T+ 154
2100-2400 7+ 154

Table 2: Kp and Ap values for October 14, 2003
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Figure 2: Solar wind values - density, velocity, and IMF for October 14, 2003

3.0 THE RAY-TRACING APPLICATION

The ray-tracing code is used by first specifying two points in space that define the beginning and end point of
the radio-wave signal path. For the application here one point is located on the earth’s surface; this
corresponds to the location of a ground-based radar and in the examples presented in this paper we have used
the coordinates of the UHF radar located in Alaska (63N, 150W). The end point of the radio-wave path
chosen for the example in this paper is a target above the ionosphere; the azimuth direction is toward Thule,
Greenland (76N, 68W). In addition various radar elevations angles have been used and in this paper we show
results for 5 and 10 degrees radar antenna elevations.
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Figure 3: Convention for description of the wave deflection vector.

The ionosphere which is normally horizontally stratified tends to deflect the radio-wave beam downward and
this is illustrated in figure 3. Along the entire path through the ionosphere the radio-wave may encounter
different density values and gradients. The deflections are computed in small steps along the path and the final
integrated defection is then stored at the end of the path. The magnitude of this total defection is measured in
units of meters. While the ionosphere is generally horizontally stratified, there are frequently occurring
horizontal gradients that produce lateral deflections. Although these lateral deflections tend to be relatively
small at UHF frequencies they are significant and have been included in our computations. The figure 3 also
shows our convention for quantifying the magnitude and direction of a deflection vector. For example, if the
‘clock angle’ shown has a value of -90 degrees the deflection is downward with no lateral deflection; in the
figure 3 we illustrate the effect of a small lateral deflection as well as a downward deflection that results in a
value of the clock angle of -110 degrees.

4.0 RESULTS

In the results that we present in this section from the ray-tracing code we plot three parameters. First, the
range error due to group delay through the ionosphere is plotted; this is computed from the total electron
content (TEC) derived from the ionospheric model along the ray path. Second we plot the magnitude of the
deflection vector, and third the ‘clock angle’ that is defined in figure 3. These results are repeated for two
radar elevation angles (5 and 10 degrees), and for the two study days (October 7 and 14, 2003).
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4.1 October 7, 2003 Alaska to Greenland Path
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Figure 4: The above illustrates a screen shot from the visualization code. The beginning and end points for the
radio-wave beam are shown. The three plots are the deflection vector and group delay data that is
continuously computed over the 24-hour period.
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4.1.1  5-Degree Elevation Results — October 7, 2003
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Figure 5: Upper plot — group delay range error.
Center Plot — magnitude of the deflection vector.
Lower plot — direction of deflection vector.
(5 degree elevation angle results — October 7, 2003)
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The above results indicate maximum range error due to the group delay to be about 100 meters. The
downward deflection of the radio-wave beam reaches a maximum of about 500 meters. This is the integrated
effect along the entire path that results from a number of electron density gradients along the path. Although
the refraction is primarily downward (-90 degrees ‘clock angle’ shown in lower plot) there is a short period
(just after 1200 UT) where the clock angle reaches a value of about -130 degrees; this lateral beam deflection
toward the north results from a steep horizontal north-south gradient.

4.1.2  10-Degree Elevation Results — October 7, 2003

The results for the same time period with radar antenna elevation of 10 degrees are shown below. The results
are quite different because the radio-wave beam intersects different ionospheric structures at different times
compared to the lower elevation case.
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Figure 6: Upper plot — group delay range error.
Center Plot — magnitude of the deflection vector.
Lower plot — direction of deflection vector.
(10 degree elevation angle results — October 7, 2003)

4.2 October 14, 2003 Alaska to Greenland Path

This day was moderately disturbed with Kp values ranging from about 4 to 7. As expected the ionosphere
exhibited substantially greater temporal variations in the density and occurrence of density gradients.
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4.2.1  5-Degree Elevation Results — October 14, 2003

The figure 7 below shows results for 5 degrees elevation angle. The maximum error due to the group delay is
again about 100m. The maximum magnitude of the deflection vector is about 300m that is less than for the
October 7, 2003 data shown previously in figure 5.
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Figure 7: Upper plot — group delay range error.
Center Plot — magnitude of the deflection vector.
Lower plot — direction of deflection vector.
(5 degree elevation angle results - October 14, 2003)
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Referring to the lower plot in figure 7 it is evident that there are a number of electron density gradients that
result in lateral displacements of the beam. From about 0700 to 1300UT the ‘clock angle’ has values -130 to -
50 degrees.

4.2.2 10-Degree Elevation Results — October 14, 2003
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Figure 8: Upper plot — group delay range error.
Center Plot — magnitude of the deflection vector.
Lower plot — direction of deflection vector.
(10 degree elevation angle results - October 14, 2003)
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The 10-degree elevation angle for this day show relatively minor effects. The magnitude of the range error
due to group delay is no more than about 50m. The downward deflection of the beam has a maximum
displacement of about 250m.

6.0 SUMMARY

We have developed a three-dimensional ray-tracing code that is applicable for frequencies from HF to above
UHF and integrated this code with a real-time model of the polar ionosphere. A study to investigate range and
pointing errors for UHF radars operating in polar regions has been conducted. In this paper we have shown
sample results for a radar, located in Alaska, operating at low elevation angles along an azimuth toward Thule,
Greenland. During a given 24-hour period the simulated radar beam intersects numerous time-varying
ionospheric structures that have been computed by the ionospheric model. For a simulated target above the
ionosphere we have computed temporal variations of the range and pointing errors. For the UHF frequency
used here, the maximum group-range errors are about 100m, and the maximum magnitude of the error due to
ionospheric refraction in locating the target is about 500m. Horizontal gradients in the ionospheric electron
density also result in lateral displacements of the radio-wave beam.
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