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Abstract. Anomalous ion line spectra have been identified tra are of the standard symmetric “double-humped” type as
in many experiments. Such spectra are defined as deviatiorexpected. There has been much interest in those spectra with
from the standard symmetric “double-humped” spectra de-enhanced ion-acoustic shoulders since the time when they
rived from incoherent scatter radar echoes from the upper atwere first identified in incoherent scatter spectra (Foster et
mosphere. Some anomalous spectra — where there are shaap, 1988) using data from the Millstone Hill radar in West-
enhancements of power over restricted height ranges — havierd, Massachusetts. Other authors (Rietveld et al., 1991;
been attributed to satellite contamination in the beam pathCollis et al., 1991; Forme, 1995) have reported occurrences
Here we outline a method for detecting such contaminationof anomalous spectra in the data from the Tromsg radar in
and review in detail a few cases where the method enables thidorway.

identification of anomalous spectra as satellite echoes, sub- Many theories have been proposed to account for the oc-
sequently ascribed to specific orbital objects. The methodgurrences of such spectra. The earliest of these suggests that
used here to identify such satellites provide a useful way ofthey may be due to current-driven instabilities, but in this sit-
distinguishing anomalous spectra due to satellites from thoseation the field-aligned current densities would need to be
of geophysical origin. Analysis of EISCAT Svalbard Radar unusually high (Collis et al., 1991; Rietveld et al., 1991). A
data reveals that an average of 8 satellites per hour are founsecond possibility is that they may be due to the paramet-
to cross the beam. Based on a relatively small sample ofic decay of Langmuir waves (Forme, 1995), whilst a third
the data set, it appears that at least half of the occurrencesuggestion is that they are caused by ion-ion two-stream in-
of anomalous spectra are caused by satellite contaminatiostabilities (Wahlund et al., 1992).

rather than being of geophysical origin. Many examples of naturally enhanced ion acoustic spec-
Key words. lonosphere (auroral ionosphere, instrumentstra have been reported in the ESR data. Recently, Buchert
and techniques) — Radio Science (signal processing) et al. (1999) suggest that the ion-acoustic fluctuation level

seems to depend quite strongly on the wave numbein

their review paper, Sedgemore-Schulthess et al. (1999) dis-
cuss examples of enhanced spectra in the context of small-
scale aurora, transient field-aligned currents and time varying

magnetic reconnection. For a detailed review of naturally-
Incoherent scatter radars have been used to study the Earth’s : )
. . L T enhanced ion-acoustic spectra, see Sedgemore-Schulthess
ionosphere since their introduction in 1959. The European .

and St-Maurice (2001).

Incoherent Scatter radar (EISCAT) in Northern Scandinavia™ . : .

is positioned in the auroral zone and is reviewed in Risbeth Given the large size _ofmc_oherent scatterdat_a sets, the only
and Williams (1985). By contrast the EISCAT Svalbard radar acceptable method of identifying such spectra is to use an au-
(ESR) is positioned further north in the polar cap regiorf (74 tomated program to search the data. However, as the paper by

magnetic latitude). It first started its operations in 1996 and aRletveId et al. (1996) indicates, there are many other causes

detailed introduction to the system can be found in WannbergO taminati The identificati f | h f
et al. (1997). The information obtained from these radars jgcontamination. € ldentitication of anomalious echoes o
eophysical interest would be greatly facilitated if a reliable

contained both in the spectral shape of the scattered signag . _ . ) X
and in the power returned. The majority of the ion line spec—al(~;’°r'm.m C.OUId be found to identify and reject the_ satellite
contamination. As a result, we have attempted to find a way

Correspondence tal. Porteous of automatically checking the data for anomalous spectra and
(J.Porteous@shu.ac.uk) isolating those cases which are clearly caused by satellites.

1 Introduction
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Fig. 1. Results showinga) spectra, angb) power profile for LP2  Fig. 2. Results showinga) spectra, angb) power profile for LP2

data at 10:31:19 UT, 1 December 1999, using EISCAT rtg3 programdata at 11:55:49 UT, 1 December 1999, using EISCAT rtg3 program

when a probable satellite was seen in the beam. when enhanced spectra probably due to geophysical causes were
seen in the beam.

2 Identifying enhanced spectra
The data used in this study come from the EISCAT Svalbardine spectra, based on the asymmetry between the upshifted
Radar (ESR), and are measured using the GUP3 experimerﬂ._nd downshifted ion-acoustic peaks. First, we obtain the fre-
This experiment makes use of both p|ain’ |Ong pu|ses andjuency at which the spectrum attains its maximum value.
alternating codes, which are binary codes based on phasVe call this the primary peak. Finding a secondary peak,
coded |ong pu|ses_ The use of two different modu]ationsif one exists, is more difficult. Instead, we restrict attention
with overlapping range coverage is important, as it allowsto the data more than 2.5kHz from the primary peak and
the presence of anomalies to be confirmed by comparing thénd the frequency at which the maximum occurs in this re-
data from the two pu|se schemes. The experiment makes ug@aining data set. On most occasions, it can be verified that
of two long pulse channels, LP1 and LP2, and two channelghese two frequencies represent the peaks of the ion-acoustic
for alternating code data, AC1 and AC2. In this study, we dis-lines. However, when the secondary peak is much lower than
cuss results from the comparison of the data from LP2 andhe primary one, the program will not identify the secondary
AC2, although LP1 and AC1 were also checked to ensure thapeak. Instead, it identifies a point on a shoulder of the pri-
the results are consistent. The range covered by the LP2 dafiary peak. When the ratio of the heights of these two points
is 229.5-859.5 km, whilst that covered by the AC2 data isis less than some threshold value, the details are stored in a
228-732 km. Hence, the LP and AC data overlap within a re_file for later examination. After making several observations,
gion whose range extent is about 500 km. Within this region,the arbitrary number 0.8 is chosen as the threshold value.
full measurements of the shape of the backscattered spectrufhis is seen to ensure that those situations of interest to us
can be obtained from both schemes, a|0ng with “power pro.are identified along with a small number of spurious cases
files”, representing the variation in the backscattered poweivhich subsequently can be eliminated by a manual check.
as a function of range. In this paper, we present a typical example of the GUP3
A simple method is employed to search for anomalous ion-data, from 1 December 1999. The data set consists of
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1011 ten-second dumps recorded between 10:11:30UT anc 20

13:00:00 UT. The automated routine described above is use(3 15 |

to examine the data from the LP2 long-pulse channel. The g ., |

times at which anomalous spectra are identified by the pro-§ 5
[T

gram are recorded for subsequent manual examination. Ir
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some cases, it transpires that the spectra identified as bein
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any such noisy spectra are eliminated. This leaves a num-
ber of spectra where the program suggests the presence o

a satellite. Typical enhanced spectra from such a case are . .
L . . ig. 3. Histogram showing frequency of occurrence of In of power
shown in Fig. 1a. In particular, the power profiles for these

> - . ratios obtained when enhanced spectra occurred in the 1 and 2 De-
times are checked. When the returned signal is thought to be.her 1999 ESR. GUP3 data.

the result of a reflection from a satellite or item of space de-

bris, the power profile measured on the LP2 channel shows a

sudden sharp increase, followed by a similarly sudden sharg  Long pulse and alternating code comparisons

decrease approximately 100 km further along the beam, as

shown in Fig. 1b. The spacing between these steps in th&o progress further, a comparison is made between the long

power is related to the range ambiguity of the sounding pulsepulse (LP2) results and those from the alternating code (AC2)

so a satellite large enough to cause a significant change in théata. The range extent of the LP2 long pulse data is 229.5—

returned power is detected in several range gates. This ex859.5 km, whilst for the AC2 data it is only 228-732km. As

plains why the power increase is visible over a 100 km rangea consequence, only a subset of the anomalous spectra iden-

Sometimes the object detected is at a sufficiently high alti-tified in the LP2 data can be checked using the AC2 data.

tude for only the increase in power, but not the subsequent By examining the power profile from the AC2 data at the

decrease, to be within the range coverage of the recordegklevant times, similar characteristics can be seen, as shown

data. These situations are classified as possible satellites. in Fig. 4. When the enhanced spectra are probably due to

. . a satellite passing through the beam, the AC2 power profile
In contrast to th|§ example, there are times Whgn there AChows a steep pointed peak; otherwise, there is no significant

enhanced spectra in the data but the power profile shows n hange. The smaller extent of the peak in the power profile

s[{gtr;:ﬂcar? change, atf] Sh(;W” me'?H 2. Theltsr;ectra Obﬁ*”?e sponse arises because the range resolution is better for the
at these imes can, therefore, be the result of a geophysic Iternating code data than it is for the long pulse data. At

phenomenon. In a situation where the enhancements in ONE cce times the peak of the AC power is confined to a very

ion line switch to the other line (Sedgemore-Schulthess e}narrow range and is within the region in which the step oc-

al., 1999), the enhanqements are though; to be short—livegurs in the LP data. Thus, good agreement is shown between
as are those for satellites. However, any increase in POWEHhe two pulse schemes. In addition, the use of the AC data

\tNT('Ch occursl s likely tct> be} gr:(]ju?lnrqther thar: S”gdef?' S0 I[Eelps to clarify a number of cases where the LP data alone
aKes several range gates for ine full Increase o Snown suctl, o ¢ provide an unambiguous identification of a satellite.

geophysical situations. The example shown in Fig. 2 needs In order to classify the data, we use a threshold ratio for

gjsrtgerec:ns Iiiegzrloﬂéfnlésﬁégobne é(:e;;'féii d;f'mgerg’ seallttr;ﬁirt etge LP power increases between adjacent range gates above
geophy P Which the enhancement is probably caused by a satellite. Be-
passing through the beam.

low this ratio geophysical causes are more likely, but there is
A detailed study of the variations between adjacent points2 Possibility that the anomally is caused by very small items
in the power profile reveals that a few very large power vari- of space debris or by a satellite being detected in the far side
ations are seen, which are clearly attributable to satelliteslobes of the radar beam. For the data we are considering here
Excluding these, the remaining variations show a continuougve suggest that an appropriate threshold to use is 0.2. This
distribution, rather than being sharply divided between largerepresents a 20% increase in the returned power. Examples
and small changes. The distribution is shown in Fig. 3. In or-Which are close to the threshold are checked manually.
der to accommodate the full range of power ratio variations We now consider ways of calibrating such identifications,
on the same graph, the natural logarithm of the power ratid© verify that satellites or their debris have indeed passed
variation has been plotted. through the beam.

In(power ratio)

Considering the histogram in Fig. 3, the cases at the left-
hand extreme of the-axis are highly likely to be due to geo- 4 Checking for satellites
physical conditions, whilst those at the right-hand extreme
are highly likely to be due to satellites. This leaves a largeThe monitoring of space debris, and the determination of its
number of intermediate points, many of which could also beorbital parameters is an important activity for the space in-
due to satellites, either of varying cross section, or passinglustry. Many such objects are routinely monitored and their
through the side lobes rather than the main beam. positions can subsequently be reconstructed. An element file
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GUP31.3 1-Dec—1999 10:31:19 10s 42m:181.0/81.6 870KW beam, are shown in Table 1. The examples identified at
AC2SP H226-725 <7> bH 10:31:13UT and 12:04:10UT are likely to have been de-
— tected within the main beam, whilst the rest are more likely to

;;ﬂf;v,, have been detected in the side lobes. At each of these times

— the power profiles for both the LP2 and the AC2 returned
(S—— signal show the typical characteristics described earlier, sug-
R — gesting that the sounding pulses were being reflected from a
- hard target. The object detected at 11:36:35UT is likely to
have been quite large, hence, the high value obtained for the
power ratio.

. — At 12:07:32 UT a satellite is noticed to be 3.2%fom the

T centre of the radar beam and at 834 km along its range. This
() is too great a range to enable it to be visible in the AC2 data.
However, the LP2 data does show enhanced spectra around
GUP3 1.3 1-Dec-1999 10:31:19 10s 42m:181.0/81.6 870kW this range, as well as the expected increase in power. The
AC2 50 7.500 MHz increase in power, though significant, is not as great as in
X100 ‘ ‘ ‘ ‘ ‘ ‘ the earlier examples. This is possibly a result of the larger
distance from the beam centre, suggesting that the satellite
15} 1 passed through the side lobes rather than the main beam. A
further satellite at 12:08:21 UT is identified to be 2.84®m

10} 1 the centre of the beam, but at a range of 871 km. This is not
detected in either the AC2 nor the LP2 data. Additionally,
S 1 at 11:55:30 UT a satellite 6.31%om the centre of the radar
beam and at a range of 815km is not detected in the LP2
data.
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5 Conclusions

Fig. 4. Results showindga) spectra, angb) power profile for AC2 Over 1000 ten-second dumps of raw data from the EISCAT

data at 10:31:19 UT, 1 December 1999, using EISCAT rtg3 programg, 5 1nard Radar have been studied, in order to find a method

when a probable satellite was seen in the beam. for identifying likely causes of enhanced spectra. It is sus-
pected that many of the cases found are due to satellites or

. N space debris passing through the main beam or the side lobes.
for satellites and other space debris with NORAD catalogue, , - tomated routine has been developed and used to iden-

numbers, (Uniyersity of Arizona, 2002), updated on 2 D?' tify those times at which enhanced spectra occur.
cember 1999, is used to check for the occurrence of satellites

At 10:31:13 UT an object with catalogue number 24134-

: s caused by satellites or are possibly of a geophysical nature.
94029 GH is found to have had an azimuth of 179,&h

s . In the ESR GUP3 experiment, which contains both long
elevation of 81.63and arange of 652 km relative to the EIS- 1 ise and alternating code data, enhancements in the power
CAT Svalbard Radar, as shown in Fig. 5. profiles of both modulations are noted when satellites appear.
The radar data indicates that at 10:31:19 UT (i.e. the 10-s threshold increase of 20% in the returned power is used to
dump starting at 10:31:10 UT) there was a probable satellitehelp divide the cases into two classes. Situations in which the
visible in the beam. The range of the observed anomaIOU$eturned power shows an increase of 20% or more are clas-
echo is in good agreement with the predicted position of thesified as being due to satellites or space debris. Those which
object. show a smaller increase in power need further investigation
Using spherical trigonometry, the distance of the objectto see if they have a geophysical cause. On this basis, it is
from the centre of the radar beam can be calculated. Theossible to use an automated program to distinguish between
radar beam had an elevation of 8&L.8nd an azimuth of such cases. A small number of noisy spectra are identified
181.0. Hence, the identified object was 1.9km from the by the program and have to be eliminated.
centre of the beam. This is well within the limits of the ex-  In the period 10:11:30 UT to 13:00:00UT on 1 Decem-
pected lateral extent{6.5 km) of the main beam at a range ber 1999 the numbers of satellites and possibly naturally en-
of ~650 km. hanced spectra occurring in the region covered by the ESR
This example, together with five other times at which the radar beam are as given in Table 2. It can be seen that
prediction software successfully confirms the presence othere are, on average, about eight satellites per hour passing
a satellite or item of space debris within the range of thethrough the radar beam.
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01412/39310:31 Local | 24134 | 94023GH mM2/8310:31 UTE. 2

Fig. 5. Path of space debris, NORAD number 24134-94029GH, showing its position relative to the radar at ESR at 10:31:13UT on 1
December 1999.

Table 1. A sample of times at which a satellite or item of space debris appeared within the ESR beam on 1 December 1999

Time (UT) NORAD Cat. No. Angle from centre Range (km) Power Ratio

on 1 Dec 1999 of radar bearf)(
10:30:36 24149-94029GY 1.400 629 1.796
10:31:13 24134-94029GH 0.166 652 4.788
11:36:35 25919-99051A 0.310 706 733.497
12:04:10 12760-81053DD 0.195 762 4.467
12:06:32 25941-99057B 0.278 771 0.462
12:16:27 20466-90010B 1.394 641 2.906

Table 2. The number of satellites and possibly naturally en- be carried 9“t to provide greater re.:finement.
hanced spectra found in the region covered by the ESR beam for The routine has been tested using a further 6 h of data on

10:11:30 UT to 13:00:00 UT on 1 December 1999 2 December 1999 and almost 16 h of data on 3 December
1999 and similar results have been obtained. Since there are
Range(km)  Number of Number of possibly a large number of satellites, or items of space debris, orbit-
satellites  naturally enhanced spectra ing the Earth and, therefore, likely to pass through the radar
~600 5 1 beam, care must be taken to distinguish between the spectra
600-750 7 5 caused by such phenomena and those caused by geophysical
~750 15 10 conditions. This applies not only to the ESR data, but to any
radar data.

Further studies still need to be performed at the times of
those anomalous echoes, not automatically rejected as being

Satellites which are at too great a distance, such as thalue to satellite contamination, to determine whether or not
predicted at 12:08:21 UT with a range of 871 km, are not de-these are genuinely of a geophysical nature. Since the occur-
tected by the radar. Similarly, those at too large an angleences of enhanced spectra due to geophysical conditions are
from the beam centre, such as that predicted at 11:55:30 UBmall, automated search routines of the type described here

at an angular distance of 6.31%re not detected. This gives provide the scope for extracting such data from very large ex-
some insight into the area within which the beam at Svalbardended data sets. This method can assist in the investigation

could detect satellite contamination. Further work needs toof naturally enhanced spectra and their causes.
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