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FOI-R--1309--SE1 Introdu
tionThe Hagfors seismi
 array station was established 10 km north of Hagfors, see map in Fig. 1, in the late 1960s.It has been operated by the Swedish Defen
e Resear
h Agen
y FOI sin
e the start and the most re
ent of thete
hni
al upgrades of the station, performed during the summer of 2001, provides the basis for this report.
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Figure 1: Map showing the lo
ation of the Hagfors seismi
 array stationThe Hagfors array has been designated as fa
ility AS101 of the auxiliary seismi
 station network of the Inter-national Monitoring System (IMS), to be established under the Comprehensive Nu
lear-Test-Ban Treaty (CTBT).The station is also a temporary substitute for primary seismi
 stations in Europe and West Asia (CTBT/PC-10/1/Annex II/Appendix IV). Due to deteriorating infrastru
ture and aging and heterogeneous instrumentation,the array was 
ompletely refurbished in 2001. The number of array elements were in
reased from eight to ten, newelement sites were 
onstru
ted, new 
ommuni
ation and power 
ables were laid down and new instruments and anew data a
quisition system installed. Data 
ommuni
ation to the International Data Center (IDC) of the Com-prehensive Nu
lear-Test-Ban Treaty Organization (CTBTO) is provided through a dire
t satellite link. Hagforsdata is 
urrently transmitted to the Swedish National Data Center (NDC) at FOI via a satellite link to NORSAR,a Norwegian seismi
 resear
h 
enter and the lo
ation of the Norwegian NDC, and then forwarded from Norwayover the Internet.The upgrade of the Hagfors array was 
ompleted on April 5, 2002. Sin
e the array was 
ompletely rebuildt, itwas possible to keep the old array running during the 
onstru
tion of the new array, and we de
ided to 
ontinueoperation of the old array for some time after the 
ompletion of the new array. The two arrays, therefore, operatedin parallel approximately one and a half year (April 5, 2002, to September 21, 2003). This provided us with anex
ellent opportunity to 
ompare the performan
e of the two arrays on the same events and external 
onditions.This report provides a broad overview of a number of seismi
 array related issues and is also a snapshot ofarray performan
e during the studied time period, whi
h extends from January 1, 2000, through the period ofsimultaneous operation up until February, 2004. We study topi
s su
h as Hagfors parti
ipation in the IDC eventde�nition, array gain and signal-to-noise ratios. We also 
ompare array 
hara
teristi
s and pro
essing results forthe new and the old array in areas su
h as noise levels, signal 
oheren
y and azimuth and slowness residuals.The study identi�es some pe
uliarities and problems whi
h require further investigations in order to 
omplete theanalyses. 7



FOI-R--1309--SE2 Array 
on�guration and instrumentationThe geographi
 lo
ations of the elements in the old, eight element, and the new, ten element, arrays are shownin Fig. 2 and Table 1. The new Hagfors array is 
onstru
ted using the 
on
entri
 ring approa
h, with a 
entralelement and two rings. The inner A-ring has three elements and the outer B-ring has �ve elements. In addition,there is an element, C2, south of the ring. The diameter of the outer ring is approximately 1.4 km. The old arrayhad a 
entral element with a single 
ir
le of �ve elements surrounding it, plus two elements outside the ring to thesouth. The ring diameter was approximately 900 m.Element Latitude Longitude Altitude (km)HFA0 60.141965 13.684988 0.2749HFA1 60.144449 13.684584 0.2945HFA2 60.140567 13.680606 0.3019HFA3 60.140466 13.689584 0.2659HFB1 60.148188 13.682351 0.3238HFB2 60.142126 13.672940 0.3417HFB3 60.137039 13.682041 0.2719HFB4 60.138456 13.694303 0.2662HFB5 60.146693 13.696394 0.2537HFC2 60.133474 13.694490 0.2967HFSA1 60.137314 13.692697HFSB1 60.137192 13.699025HFSB2 60.142344 13.696067HFSB3 60.142428 13.685544HFSB4 60.137483 13.681958HFSB5 60.134158 13.690706HFSC1 60.133558 13.694253HFSC2 60.132569 13.695756Table 1: Coordinates of the new (upper, HF 
oded) and the old (lower, HFS 
oded) element sites in the Hagfors arrays.The 
oordinates are given in the WGS84 referen
e system.
HFB1

HFB5

HFA1

HFB2

HFA2

Figure 2: Map showing the old (blue dots) and the new (red dots) arrays.8



FOI-R--1309--SE2.1 Element spa
ingBefore the installation of the new array some estimations were made with the old array for array-
on�gurationoptimization [1℄. Similar analyses have been 
arried out earlier, e.g. for NORSAR's NORESS array [3℄ and anearlier version of the Hagfors array [2℄.Noise 
ross-
orrelation studies at di�erent element separations with the old array gave negative 
orrelation inthe frequen
y band 2-5 Hz for distan
es between 500 and 1000 m. Therefore the new array was built with severalintra-array spa
ings between 500 and 1000 m (see Figure 3). Unfortunately the new array lost the smallest spa
ingless than 300 m. The 10 elements in the new array gives 45 intra-array spa
ings between 300-1800 m. The oldarrays 8 elements gave 28 spa
ings between 100-1200 m.
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Old arrayFigure 3: Intra-array spa
ings, 45 in total for the 10 elements in the new array and 28 for the 8 elements in the old array.2.2 Azimuthal variation in the spatial extent of the two Hagfors arraysIn order to more emphasize the di�eren
e in the extent of the old and the new Hagfors arrays, we 
al
ulated theapparent size of the array seen by waves in
oming from di�erent azimuths. For ea
h 1◦ in azimuth we proje
tedthe array elements onto the ray path and 
al
ulated the length from the �rst en
ountered element to the last.Similarly, the width of the array 
an be 
al
ulated for ea
h azimuth (this is obviously just a 90◦ phase shift fromthe length). In Fig. 4 we show both the array geometry, with a red en
losure that represents the length of thearray at di�erent azimuths, and the length/width of the array at di�erent azimuths. We see from Fig. 4 that thenew array is signi�
antly larger than the old array, note the di�erent s
ales, ranging from 1260 - 1770 m in lengthas 
ompared to 900 - 1250 m for the old array. It is, however, interesting to note that the azimuthal properties ofthe two arrays are very similar, with the longest apparent length at 150◦ - 160◦. Apparent length and width of thearray translates dire
tly to resolution in terms of azimuth and slowness estimates, i.e. the new array has maximumslowness resolution for rays arriving at 155◦ (and 335◦) and maximum azimuth resolution for rays at 65◦ (and

245◦). In Fig. 4 we have denoted the azimuths to some areas of spe
ial interest. Table 2 de�nes the abbreviationsused in Fig. 4.2.3 Instrumentation and signalsThe old array 
onsists of both short-period and long-period seismometers from Geote
h Instruments and oneverti
al broadband seismometer from Stre
keisen (see Appendix A).The new array 
onsists of nine short-period seismometers (GS-13) from Geote
h Instruments, for spe
i�
ationsand sensitivities see Appendix A, and one three-
omponent broadband seismometer (STS-2) from Stre
keisen. TheGS-13 has a frequen
y range from 1 to 50 Hz and STS-2 between 120s and 50 Hz. At ea
h site is one preampli�erand a digitizer installed. The sampling frequen
y is 80 Hz for the new array and 40 Hz for the old.Un�ltered data from both the new and the old arrays are shown in Figure 5 and 6. It is only the amplitudethat di�ers between the two arrays. This is also obvious with the event in Värmland region, shown in Figure 7and 8. 9
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Figure 4: Upper left) Geometry of the old Hagfors array. The blue squares are the array elements, the red line representsthe apparent extent of the array seen by a plane wave in
oming from a 
ertain azimuth. Abbreviated names are of pla
es ofspe
ial interest, see the text. Lower left) Length, red, and width, blue, of the array as seen by a plane wave in
oming froma 
ertain azimuth. Bla
k lines represent the azimuths of the array elements, folded into 0
◦-180◦, the green dashed lines areba
k-azimuths to pla
es of spe
ial interest, see the text. Upper and lower right show similar plots for the new Hagfors array.Area Longitude Latitude Ba
k-azimuth from HFSNovaja Zemlja, Russia (NZ) 55 73 34North Korea (NK) 126 40 51Semipalatinsk, Kazakhstan (SE) 78 50 76Lop Nor, China (LN) 89 42 77Pokhran, India (ID) 72 27 104Chagai, Pakistan (PK) 65 29 109Iran (IN) 54 34 117Iraq (IK) 43 34 131Israel (IS) 35 30 145NTS, USA (NT) -116 37 320Muroroa, Fran
e (MU) -139 -22 321Table 2: Lo
ation and ba
k-azimuth, from the HFS referen
e point, for some nu
lear weapon test sites and for some
ountries that have not signed the Nonproliferation of Nu
lear Weapons Treaty (NPT).10
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FOI-R--1309--SE2.4 Array responsWe have 
al
ulated the array responses for the old and the new Hagfors array 
on�gurations. The array responseprovide information on the array's ability to resolve signals from di�erent dire
tions and slownesses. Ideally, wewould like an array to have an equally good 
apability for dete
ting and measuring signals from all over the Earth.Su
h an array will have a 
ir
ular shaped array response pattern with a sharp peak. Another issue for an array isto avoid so-
alled aliasing e�e
ts, whi
h show up as several peaks in the array response pattern.

Figure 9: Array-respons for the new (left) and old (right) array. Bla
k isolines are plotted at -2, -4, -6, -8 db below themaximum of the array respons.The new array has an ellipti
al NE-SW array response. Looking at the map in Figure 2 we see that the array-sites are lo
ated in an NW-SE dire
ted ellipse, whi
h gives us good slowness resolution in NW-SE dire
tion andgood azimuth resolution in NE-SW. The old array response (see Figure 9) is lo
ated in the same dire
tion as thenew array but the un
ertainty is larger. So the azimuth and slowness residuals should de
rease for the new array as
ompared to the old one. In 
on
lusion, we �nd that the new Hagfors array has a sensor 
on�guration and asso
iatedarray response that make it very 
apable for dete
ting and estimating the 
hara
teristi
s of high-frequen
y signalsfrom all dire
tions and slownesses.

13



FOI-R--1309--SE3 Noise studies3.1 Signal energyOne measure of the energy of the data 
an be 
al
ulated from:
E =

1

N

N∑

n=1

(Sig(n) − Ŝig)2where N is the length of the time-window (i.e. 80 samples) and Ŝig is the 
orresponding mean-value of thesignal in the window. The median-value of the energy for 10 minutes of noise data from six quiet days and nightsin the beginning of 2003 is displayed in Figure 10. The noise-level varies from one day to another. Site A3 andB4 show slightly higher noise-levels than the rest of the array in both the days and the nights, but the di�eren
ebetween two days is mu
h greater than the di�eren
e between two sites at the same day.
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Figure 10: Median values for the new array in day- (left �gure) and nighttime (right �gure), di�erent 
olor representingdi�erent days (red is 20030109, blue is 20030116, green is 20030125, magenta is 20030209, bla
k is 20030222 and 
yan is20030303). Energy on the y-axis and site on the x-axis.3.2 Power spe
tral densitiesPower spe
tral densities are estimated for the new and the old arrays, from a night in August 2003, and displayedin Figures 11 and 12. From the short-period seismometers is a data window of 100 s used and from the broadbandseismometer 1000s. The data is from the same time for the new and the old arrays. The red lines in the �guresare the 'New High Noise Model' (NHNM) and 'New Low Noise Model' (NLNM), representing the upper and lowermean value for seismi
 noise from the whole world. Both arrays are lower than the NLNM for higher frequen
ies(>1Hz), indi
ating that Hagfors is a "quiet" area.The median-value of the spe
trum for all 
hannels is displayed with green in Figure 13. The median-value ofthe spe
trum is showing a low noise-level.
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tral densities (dB relative to 1 m2/s4/Hz) from the new array.
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trum of all 
hannels in blue and median spe
trum in green for the new array.
3.3 Noise 
orrelationCross-
orrelations between all 
hannels (two 
hannels at a time) were 
al
ulated for six days and nights during thewinter of 2003. The data 
ontains only noise and is arbitrarily 
hosen so the noise-levels varies between the days(see Figure 10). The data is taken from the same time instant for both the old and the new array. All datasetsare 10 minutes long. The 
ross-
orrelations were made with zero-lag for di�erent �lter-band, see Figures 14 - 17.1 in the �gure means perfe
t 
orrelation. The median-value of the 
ross-
orrelations for the six days or nights aresmoothed with a 3-points average (x = xn−1+xn+xn+1

3
) and displayed in red on top of all 
ross-
orrelation values(see Figures 14 - 17).The noise 
ross-
orrelation for the new array shows, for both days and nights, that the noise 
orrelates relativelywell for low frequen
ies at shorter distan
es. The negative 
orrelation, that was found for the old array (seeReferen
e [1℄), 
an be seen for distan
es between 600 and 1200 for frequen
y-band 2-3 Hz. In the 3-4 Hz frequen
y-band the negative 
orrelation shows up both between 300-700 m and between 1200 and 1400 m. The old array doesnot have the long intra array spa
ings, over 1200 m, so it shows just the negative 
orrelation between 600-1200 for2-3 Hz and 300-700 m for 3-5 Hz (see Figures 16 - 17). 16
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orrelation for the new array at night time.
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ross-
orrelation for the old array at night time.
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Distance [m]Figure 17: Median-value on top of all values for the 
ross-
orrelation for the old array at day time.3.4 Summary of noise studiesSpe
tral studies 
on�rm that the Hagfors array is lo
ated in a low-noise area. The intention to build an arraywith intra array spa
ings fa
ilitating negative noise 
orrelations was a
hieved. The new array has also the negative
orrelations for the longer intra array spa
ings that was missing for the old array. Unfortunately the shortestintra-array-spa
ings were lost with the new array 
on�guration.18



FOI-R--1309--SE4 Signal studies4.1 Signal 
orrelationThe 
ross-
orrelation for both noise-data (blue dots) and signal-data (red for p-phase and green for s-phase) areshown in Figure 18. The noise 
ross-
orrelation is 
al
ulated for zero-lag and signal 
ross-
orrelation for best-lag(lag that gives 
orrelation maximum). The �gure shows that both phases are more or less separated from thenoise-data for all frequen
ies.
0 600 1200 1800

−0.5

0

0.5

1

Xcorr 1−2 Hz

0 600 1200 1800

−0.5

0

0.5

1

Xcorr 2−3 Hz

0 600 1200 1800

−0.5

0

0.5

1

Xcorr 3−4 Hz

0 600 1200 1800

−0.5

0

0.5

1

Xcorr 4−5 Hz

C
or

re
la

tio
n 

at
 z

er
o 

la
g 

fo
r 

no
is

e 
an

d 
be

st
 la

g 
fo

r 
si

gn
al

s

0 600 1200 1800

−0.5

0

0.5

1

Xcorr 5−7 Hz

0 600 1200 1800

−0.5

0

0.5

1

Xcorr 7−10 Hz

0 600 1200 1800

−0.5

0

0.5

1

Xcorr 10−15 Hz

0 600 1200 1800

−0.5

0

0.5

1

Xcorr 1−3 Hz

Distance  [m]
0 600 1200 1800

−0.5

0

0.5

1

Xcorr 3−5 Hz

Noise
p−phase
s−phase

Figure 18: Cross-
orrelations for p- and s-waves of the Moro

o earthquake in February 24, 2004 (red and green dots). Thenoise 
ross-
orrelations are displayed with blue dots.Figure 19 shows the 
ross-
orrelations from two phases for a lo
al explosion. The p- (red dots) and the s-phase(green dots) are well 
orrelated in all frequen
y bands and 
an easily be separated from the noise.
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Figure 19: Cross-
orrelations for di�erent waves from an explosion in Gävleborg in September 30, 2003. Noise 
ross-
orrelations from the time just before the event are displayed with blue dots.19



FOI-R--1309--SE4.2 GainWhen the 
ross-
orrelation for the noise and a signal is estimated the array-gain 
an be 
al
ulated from:
G2 =

∑
ij Sij∑
ij Nijwhere Sij is the 
ross-
orrelation values, between 
hannel i and j, for the signal (with best-lag) and Nij for thenoise (with zero-lag). For a perfe
tly 
orrelated signal and un
orrelated noise this formula equals n, where n is thenumber of elements in the array. For the new array in Hagfors the best gain would be √

10 ≈ 3.16 and for the oldarray √
8 ≈ 2.83. Figures 20 - 22 shows array-gain for both new and old array for 3 events, one lo
al (magnitude:1.96), one regional (magnitude: 2.96) and one teleseismi
 event (magnitude: 6.2). The array-gain is normalizedwith √
n. The array gain is lowest for the lower frequen
ies (1-3 Hz). That is due to the high 
orrelation of thenoise for the lower frequen
ies. Around 4 Hz the array gain has the highest values both for new and old arrayfor all three of the events. If we look at Figures 14 or 15 the noise 
ross-
orrelation value is negative, for manyintra-array spa
ings, in that frequen
y-band, that explains the high array gain around 4 Hz.Värmland 20030226New Array Old ArrayGain dB Gain dBBP 1-2 Hz 1.4204 3.0480 1.2994 2.2746BP 2-3 Hz 3.8352 11.6758 2.6067 8.3218BP 3-4 Hz 3.3306 10.4504 2.5915 8.2711BP 4-5 Hz 3.7884 11.5692 2.0794 6.3587BP 5-7 Hz 3.2512 10.2409 2.2588 7.0776BP 7-10 Hz 2.9662 9.4440 2.2844 7.1755BP 10-15 Hz 2.6506 8.4669 2.1395 6.6062BP 1-3 Hz 1.4814 3.4135 1.3516 2.6172BP 3-5 Hz 3.6816 11.3207 2.4310 7.7157BP 1.5-4 Hz 2.3560 7.4434 1.9133 5.6357Table 3: Gain 
omparison between new and old array
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Figure 20: Gain values for the new (blue lines) and the old (red lines) arrays for February 26, 2003 lo
al earthquake inVärmland. The array-gain is normalized with √n.
20



FOI-R--1309--SEBalti
 area 20030228New Array Old ArrayGain dB Gain dBBP 1-2 Hz 1.2975 2.2622 1.1648 1.3248BP 2-3 Hz 2.7822 8.8879 2.1118 6.4932BP 3-4 Hz 2.9702 9.4556 2.2940 7.2117BP 4-5 Hz 3.0396 9.6563 1.6398 4.2960BP 5-7 Hz 2.4921 7.9315 1.7826 5.0212BP 7-10 Hz 2.1896 6.8075 1.6801 4.5065BP 10-15 Hz 1.9912 5.9824 1.7108 4.6639BP 1-3 Hz 1.2652 2.0433 1.1731 1.3870BP 3-5 Hz 2.8584 9.1225 1.8649 5.4131BP 1.5-4 Hz 1.8087 5.1473 1.5357 3.7259Table 4: Gain 
omparison between new and old array
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Figure 21: Gain values for the new (blue lines) and the old (red lines) arrays for February 28, 2003 regional event in theBalti
 area.
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FOI-R--1309--SE Indonesia 20030107New Array Old ArrayGain dB Gain dBBP 1-2 Hz 1.3101 2.3459 1.2208 1.7330BP 2-3 Hz 2.8144 8.9878 2.1334 6.5815BP 3-4 Hz 3.4969 10.8738 2.4436 7.7605BP 4-5 Hz 3.5023 10.8872 1.6050 4.1095BP 5-7 Hz 2.6241 8.3795 1.5803 3.9750BP 7-10 Hz 2.4565 7.8063 1.7610 4.9152BP 10-15 Hz 1.9240 5.6842 1.7122 4.6709BP 1-3 Hz 1.2839 2.1708 1.2051 1.6207BP 3-5 Hz 3.2733 10.2998 1.8090 5.1489BP 1.5-4 Hz 1.7277 4.7495 1.4682 3.3359Table 5: Gain 
omparison between new and old array
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Figure 22: Gain values for the new (blue lines) and the old (red lines) arrays for January 7, 2003 teleseismi
 earthquake inIndonesia.
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FOI-R--1309--SE4.3 The Kazakhstan �eld experimentOn September 14, 2002, an underground explosion was 
arried out in eastern Kazakhstan, as part of an On-SiteInspe
tion Field Experiment. The purpose was to simulate an illegal underground nu
lear explosion.It was a 12.5 ton 
hemi
al explosion detonated in a 200 meter deep borehole, drilled many years ago in prepa-ration for a real underground nu
lear explosion as part of the former Soviet Union's nu
lear test program. Groundtruth for the explosion was: September 14, 2002 at 06.31.04 UTC, Lat: 49.9069, Lon: 78.8172, Depth: 200 m. Thedistan
e from Hagfors Seismi
 Array Station to the test-site is 4130 km (37◦) and the ba
k-azimuth 76◦.On the un�ltered data is the signal from the test not visible but after �ltering with a 2-4 Hz Butterworthbandpass �lter 
an p-arrival be seen on both new and old array(see Figure 23).
A

B

Figure 23: Un�ltered signals from the Kazakhstan �eld experiment. A is shortperiod-
hannels from the new array and Bis shortperiod-
hannels from the old array.
23
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B

A

Figure 24: Filtered signals from the Kazakhstan �eld experiment. A is shortperiod-
hannels from the new array and B isshortperiod-
hannels from the old array.On the p-wave beams the p-arrival is very 
lear. This indi
ates that Hagfors seismi
 array under favorable
onditions is 
apable of dete
ting underground explosions down to 0.01 kT from this spe
i�
 area.4.4 Summary of signal studiesThe array-gain is better for the new array, probably be
ause of more elements in the array and longer intra-array-spa
ings. The 
orrelations are also good for the signal data whi
h gives improved array-gain. Frequen
ies around 4Hz shows the best array-gain for the new array and 3-4 Hz for the old array. The new array has a good separationbetween signals and noise, even for teleseismi
 events. The Kazakhstan Field Experiment showed that the newarray has very good dete
tability from this spe
i�
 area.

24



FOI-R--1309--SE5 Event analysis at HagforsThe following se
tions evaluate and, where possible, 
ompare, the event dete
tion 
apabilities of the two arraysin Hagfors. This evaluation is based on pro
essing of the Hagfors arrays both at the International Data Center(IDC) of the CTBTO in Vienna, and at NORSAR, Norway. The result of the pro
essing is 
ompared with di�erentbulletins, su
h as the CTBTO Reviewed Event Bulletin (REB), the NORSAR regional reviewed bulletin and theSwedish National Seismi
 Network (SNSN) bulletin.We note again that the upgraded Hagfors array was operational, in
luding preampli�ers, on April 5, 2002; thatthe old and new systems ran in parallel between April 5, 2002 and September 21, 2003; and that the new arraywas 
erti�ed at the IMS on De
ember 17, 2002.

Figure 25: Map showing REB events between 1/1-2000 and 12/10-2003. All registered events in red, those with Hagfors
ontributions in blue. The orange 
ir
les indi
ate distan
es of 0
◦-10◦, 10

◦-20◦, 20
◦-32◦, 32

◦-55◦ and 133
◦-160◦ midpointangle intervals from Hagfors.5.1 IDC pro
essing and the REBThe Hagfors array is an Auxiliary Seismi
 Station in the International Monitoring System (IMS) network and assu
h does not normally have a 
ontinuous data feed to the IDC. The IDC requests data from Hagfors for 
ertainevents and then uses that data to better 
onstrain the event de�nition parameters and in
rease a

ura
y. The IDCroutines for when to in
lude Hagfors data are not 
ompletely 
lear to us, they are based on the distan
e from the25



FOI-R--1309--SEstation to the event, but also seem to take into a

ount regions of the world from whi
h there are well de�nedphases at Hagfors, see �gure 25.This study 
omprises REB:s from January 1, 2000 to O
tober 12, 2003, and aims at a broad view of Hagfors's
ontribution to the REB during these years. Also, sin
e the upgraded Hagfors array was swit
hed into the IDCpro
essing on De
ember 17, 2002, we will be able to observe how that 
hanged the a

ura
y and signi�
an
e of theHagfors data.
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Months from Jan 2000Figure 26: Upper: Per
entage of REB events that Hagfors 
ontributed to for di�erent distan
es from the array. Darkblue squares: 0
◦ - 10

◦; Light blue 
ir
les: 10
◦ - 20

◦; Green triangles: 20
◦ - 32

◦; Yellow diamonds: 32
◦ - 55

◦; Red invertedtriangles: 133
◦ - 160

◦. The solid line denotes the swit
h to the upgraded HFS array, the dotted lines are new years. Lower:Per
entage of total number of events in the REB that Hagfors 
ontributed to.5.1.1 Hagfors data in the REBDuring the studied time period the REB 
ontains 81972 events. Data from Hagfors was used for 5855 events, seeFig. 25, 
on
entrated in 
ertain regions of the world. We see from Fig. 25 that Hagfors data is mainly utilized forevents in Europe and the mid-east, but that there is also a signi�
ant 
ontribution to events lo
ated in 
entral Asiaand as far away as the Tonga tren
h (PKP and related 
ore phases).If we subdivide the REB data based on the events' distan
es from Hagfors, see Fig. 26, we observe that Hagforsis present on more of the 
loser events 
ompared to the distant events, as expe
ted. More importantly, however,we see that there is a signi�
ant shift in the level of the 
urves from approximately month 33, i.e. O
tober 2002.This shift is not due to the in
orporation of the upgraded Hagfors array into the IDC pro
essing, sin
e that did noto

ur until De
ember 17, 2002. Conta
ts with the IDC sta� 
on�rmed that on September 24, 2002, a new versionof the auxiliary station request software was put into operation. The new version requests data from all auxiliarystations within 30◦ of the event, whi
h explains the sharp rise in the 
loser 
urves in Fig. 26. It does, however, notexplain why there are more requests for the 32◦ - 55◦ events. We see from Fig. 26 that the 
hange utilizes Hagforsin a more 
onsistent way, and also that the 
hange has brought about a signi�
ant in
rease of Hagfors data in theIDC pro
essing.As this report does not aim at seismi
ity studies of spe
i�
 regions of the world, we have not investigated howthe REB 
ompares to other world-wide seismi
 bulletins. We have for referen
e in
luded the period's REB eventsin the regions of the 
entral Asian nu
lear weapons test sites, Iran/Iraq and the Korean peninsula, see Appendix B.There we plot all events in the REB as well as the events with Hagfors 
ontribution.26



FOI-R--1309--SE5.1.2 Azimuth and slowness residualsWe have 
ompared the azimuth and slowness residuals as 
al
ulated by the IDC for the Hagfors array for fourdi�erent areas at di�erent distan
es and azimuths and where there is su�
ient Hagfors data in the REB. Theresiduals are 
al
ulated as observed minus theoreti
al values.
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Figure 27: Maps showing the regions, red boxes, from whi
h we studied azimuth and slowness residuals. The blue stars arenu
lear weapons test sites. A) Northern Afghanistan B) Russia-Mongolia border C) Gree
e D) Tonga-Kermade
 tren
hNorthern Afghanistan We used 254 events o

urring all through the studied time period from the area ofnorthern Afghanistan, northern Pakistan and Tajikistan, see map A in Fig. 27. These events have a ba
k-azimuth of approximately 98◦ and a slowness of approximately 10 s/deg for the �rst arriving P-phase. Thesmallest events with HFS 
ontribution from the area are of magnitude mb = 3.1, the median for the group is3.8. 27



FOI-R--1309--SEFigure 28 shows the distribution of azimuth and slowness residuals with time. For 
larity of presentation, timeis here represented by the event number and the events are numbered in 
hronologi
al order. We see 
learlyhow the slowness residuals 
hange 
hara
ter as the upgraded HFS array is entered into the IDC pro
essing.Using the old array the slowness residuals show eviden
e of a bimodal distribution, with one mode very 
loseto the model slowness value and the other signi�
antly higher than the model slowness. With the new array,this bimodal shaped distribution disappears and is shifted to +2.3 s/deg, i.e. larger slowness than the modelpredi
ts. The standard deviation is signi�
antly de
reased with the new array, but the median is 2.0 s/degfurther from the model slowness. The azimuth residuals show a less dramati
 
hange, but we see that thereis an almost four degree shift in the median and that the standard deviation redu
es as the new array entersthe pro
essing. This behavior of the residuals do not 
hange if we 
on
entrate on the 
ore group of events inFig. 27A and is thus not a small s
ale lo
ation e�e
t.
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Figure 28: A) Azimuth and B) slowness residuals for 254 events from the northern Afghanistan area. The solid verti
alline denotes the 
hange over from the old to the new array in the IDC pro
essing. 	m is the median, 	x the mean and σ thestandard deviation of the residuals.Russia-Mongolia border We studied a small group of 85 events on the Russia-Mongolia border, see Fig. 27B.These events took pla
e in the two weeks of 27/9-03 to 12/10-03 and therefore o

urred solely during theoperation of the upgraded HFS-array. Ba
k azimuth for the events are 81◦ and P slowness approximately 9s/deg. The minimum magnitude in the group is mb = 3.7, the median 4.0.In Fig. 29 we have plotted azimuth and slowness residuals for the events. We see that azimuths are notvery well estimated for these events, the median residual is +11.2◦ and the standard deviation 28◦. Theslowness residuals 
luster around the model value, the median is 0.8 s/deg., but have a rather large standarddeviation, 5.4 s/deg. It is interesting to 
ompare these results with the northern Afghanistan group above.Both event groups are almost equally far from Hagfors, 43◦ for northern Afghanistan, 41◦ for this group,but the azimuth and slowness residuals are signi�
antly larger for this group. The residuals 
ould be dueto poorer signal-to-noise ratios for this group, whi
h has a median SNR of 5.5 
ompared to the northernAfghanistan group's median SNR of 9.5.Gree
e In order to study azimuth and slowness residuals on 
loser events we 
hose the REB registered eventsfrom Gree
e, 710 events with HFS 
ontribution. These events were registered during the entire studied timeperiod, have a ba
k-azimuth of approximately 158◦, the distan
e is approximately 25◦ and they have a Pslowness of approximately 11 s/deg. The minimum magnitude is mb = 3.0, the median 3.9.We see again in Fig. 30 that the residuals are more 
on
entrated when the new array enters the pro
essing.Azimuth residual standard deviation drops from 20◦ to 11◦ and in slowness the standard deviation de
reases28
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Figure 29: A) Azimuth and B) slowness residuals for 85 events from the Russian-Mongolian border area. The solid verti
alline denotes the 
hange over from the old to the new array in the IDC pro
essing. 	m is the median, 	x the mean and σ thestandard deviation of the residuals.from 3.38 s/deg. to 2.56 s/deg. There is a slight de
rease in the median azimuth residual when the newarray 
omes in so that the new array underestimates azimuths by approximately 2.3◦. The slowness estimateis, 
onversely, slightly overestimated, by 1.2 s/deg. Compared to the two groups of events above, the Greekevents show smaller residuals and less deviation, as expe
ted from 
loser events.The Greek events are spread over a fairly large region and it is possible that there is some stru
ture in theresiduals with respe
t to where the events are lo
ated. We have, however, not looked into that issue.
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Figure 30: A) Azimuth and B) slowness residuals for 710 events from the Gree
e area. The solid verti
al line denotes the
hange over from the old to the new array in the IDC pro
essing. 	m is the median, 	x the mean and σ the standard deviationof the residuals. 29



FOI-R--1309--SETonga-Kermade
 tren
h The Hagfors 
ontribution to the Tonga-Kermade
 tren
h events is a result of the IDCpoli
y of using stations where spe
i�
 phases show spe
i�
ally well. Hagfors is ideally situated to re
ord thePKP (and asso
iated 
ore phases, PKPb
, SKPb
, PKhKP) from Tonga. The group 
ontains 732 events,they have a ba
k-azimuth of approximately 67◦, distan
e is approximately 143◦ and PKP slowness 3.3 s/deg.The PKP phase 
omes in 
lose to verti
ally beneath the Hagfors array, making azimuth estimation ratherdi�
ult. This is 
learly shown in Fig. 31 where the azimuth residuals have a standard deviation of 67◦ withthe old array and 58◦ with the new array. We also see that there is a large di�eren
e in the median azimuthbetween the old and new arrays, where the new array overestimates azimuth by 41.5◦ 
ompared to the oldarray's 19◦ overestimation. The slowness residuals, 
onversely, are rather well estimated and with a surprisingin
rease in standard deviation of the residual with the new array.
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Figure 31: A) Azimuth and B) slowness residuals for 732 events from the Tonga-Kermade
 subdu
tion zone. The solidverti
al line denotes the 
hange over from the old to the new array in the IDC pro
essing. 	m is the median, 	x the mean and
σ the standard deviation of the residuals.5.1.3 SummarySin
e the upgrade of the IDC auxiliary seismi
 station request software in September, 2002, Hagfors data isin
orporated in the IDC pro
essing of all events within a 30◦ radius of the station. Not all of these events aredete
ted at the Hagfors array, but towards the end of 2003 Hagfors 
ontributed to approximately 77% of them.There is also a signi�
ant Hagfors 
ontribution to events in 
entral Asia and, with the PKP related phase, to theTonga-Kermade
 seismi
ity. As pointed out in the beginning of this se
tion, and 
learly expressed by the results,Hagfors 
ontributions to the REB is only to a minor degree the result of the array's qualities and more an issue ofIDC poli
ies.Our study of four regions of the world shows that with the new Hagfors array un
ertainties in azimuth andslowness determinations are generally improved, 
ompared to the old array. It is interesting to note, however, thatthe medians of azimuth and slowness residuals with the new array show larger deviations from the 
orre
t/modelvalues than the old array residuals. This di�eren
e in the behavior of the residuals is not due to a major 
hangein the azimuthal response of the array after the upgrade. As was shown in se
tions 2.2 and 2.4, the azimuthalvariation in array response is very similar at the two arrays, although the resolution of the new array is signi�
antlybetter than the old. The tenden
y toward better resolved, yet less a

urate residuals should be further investigatedand will fa
ilitate the implementation of phase/azimuth/region dependent array 
orre
tions.30



FOI-R--1309--SE5.2 EP pro
essing at NORSARThe Hagfors seismi
 array data is pro
essed at NORSAR, Norway, for phase dete
tion (DP) and event dete
tion(EP). This is a a regional event dete
tion algorithm whi
h fo
uses on S
andinavia, from northern Germany in thesouth to Svalbard in the north. It is an entirely automati
 pro
ess, whi
h during the studied time period wasnot optimized for the new array. During the time of simultaneous operation of the old and new seismi
 arrays atHagfors, 2/4-2002 to 21/9-2003, DP and EP pro
essing was 
arried out on both of the arrays. Here, we will reportsome statisti
s of the operation of the arrays and 
ompare the performan
e of the two. During the studied period,data is missing between 22/6 - 8/7 2002.The EP algorithms de�ne an event ([5℄ and S
hweitzer, personal 
ommuni
ation) based on the identi�
ationof P and S phases with similar azimuths. If there are P and S phases with similar azimuths within a 
ertain timewindow, the pro
ess tries to de�ne an event whi
h would produ
e phases with the observed time di�eren
es atthe array. Phase identi�
ation is performed by f-k analysis and phase-slowness relationships. There is no overallquality measure produ
ed by the EP pro
essing, events are de�ned if they pass internal residual limits. Theseresidual limits are unique for individual arrays and need tuning, whi
h has 
urrently not been performed for thenew array at Hagfors.The old and new arrays are distinguished below by the use of the abbreviation HFS for the old array and SVEfor the new array.
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Figure 32: Distribution of events de�ned in the EP-pro
essing for the new array SVE, red, and the old HFS, blue. Thelo
ation of Hagfors is marked with a green star. In the map of Europe, to the left, 
ir
les are drawn in green at distan
esof 100, 200, 400, 600, 800 and 1500 km from Hagfors. In the map of southern Sweden, right, the 
ir
les are at 100, 200, 300and 400 km.5.2.1 EP statisti
sDuring the studied time period the old HFS array de�ned 8081 events and the new array, SVE, de�ned 21221events, see Fig. 32. Most of these events are probably spurious asso
iations of phases but we will refer to themas events for the remainder of this se
tion. In spite of the probably large amount of erroneous asso
iations, it isinteresting to note the fa
tor of 2.5 in
rease in dete
tions at the new array. Before examining the event lo
ations31
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Local magnitudeFigure 33: A) Logarithm of the maximum amplitude of the event de�ning S-wave, in nm, vs time in days from 1/4-2002.Red, SVE array, blue, HFS array. B) Lo
al magnitude estimated for all events vs. time in days from 1/4-2002. Colors asabove. C) Gutenberg-Ri
hter plot of number of events above a 
ertain magnitude vs. magnitude. Here we only use eventsafter day 148, i.e. 27/8-2002. Colors as above.we note that there was in the beginning of the time period, from 2/4-2002 to 27/8-2002, a problem with themagnitudes at the new array, see Fig. 33. Magnitudes are estimated from the amplitudes of S/LG phases and wesee that the amplitudes were erroneously 
al
ulated before August 28, whi
h a�e
ted the magnitude estimates. Wenote in Fig. 33C, whi
h only uses data after 27/8-2002, that even after 
orre
tion of the amplitude 
al
ulation, theSVE array estimates slightly higher magnitudes than the HFS array. We also note that there is a 
lear de�
ien
yin small magnitude events at the arrays. Fig. 33C gives the impression that the 
ompleteness level of the arrays isas high as magnitude 2.Although rather 
luttered, one feature stands out in Fig. 32. It is the southbound line of events from Hagfors,extending all the way into northern Italy. In order to investigate the spatial distribution of events we plottedazimuth and distan
e from Hagfors distributions for the two arrays, see Fig. 34. We immediately note in Fig. 32A32



FOI-R--1309--SE

C

0
50

100
150
200
250
300

0 60 120 180 240 300 360

Backazimuth [deg]

A

0

200

400

600

800

1000

1200

1400

0 60 120 180 240 300 360

B

0

200

400

600

800

1000

1200

1400

1600

1800

2000

0 500 1000 1500 2000

D

0
50

100
150
200
250
300

0 500 1000 1500 2000

Distance [km]Figure 34: A) Azimuth distribution of dete
ted events at the SVE array. Red are all events, green are events with magnitudelarger than 1.25 (see text for more details). B) Distan
e from Hagfors distribution for the SVE events. C) and D) show thesame information for the HFS array, with blue being all events and yellow all events above magnitude 1.5.the large number of events at SVE due south of Hagfors. These �southern� events are also present at HFS but inmu
h smaller numbers, also relative to the total number of events. It is interesting to note that there is a peakdue north of Hagfors as well, about 300 events high at SVE and equally high at HFS, thereby dominating the HFSazimuth distribution. If we 
on
entrate on the larger events (M >= 1.5 at HFS and M >= 4.9 for the �rst 148days at SVE, then M >= 1.25. We use a lower threshold at SVE in order to 
reate data sets that are equally largerelative to the total number of events at the two arrays.), the green and yellow histograms in Fig. 34, we see thatthe southern peak still dominates the histograms, but that the northern peak seems to have vanished.Looking at the distan
e histograms in Fig. 34B and D, we see that there is a large number of very 
lose events.Interestingly, these events are in the se
ond 10 km bin at SVE but in the �rst at HFS. There is a small trough inthe distribution around 100 km, at both arrays, and then a se
ond maximum around approximately 180 km. Wesee from Fig. 32 that the 180 km maximum is related to events lo
ated in the Oslo region. Event numbers fall o�rapidly to about 300 km and then there is a more gradual de
rease out to 1400-1500 km, after whi
h the a
tivityis very low. At the HFS array, we see that at approximately 750 km the yellow distribution 
ompletely 
overs theblue distribution, indi
ating that at larger distan
es there are no events smaller than magnitude 1.5. The situationis a little di�erent at SVE, where there is a more gradual in
rease of the green, large events, distribution. It isnot until approximately 1100 km that there are no smaller events than magnitude 1.25, whi
h is a little surprising.This feature of the distribution 
ould, however, be in�uen
ed by the di�
ulty of homogenizing the SVE data setsbefore and after August 28, 2002.We have, as of yet, not fully investigated the many events de�ned due south of Hagfors. Studying the temporaldistribution of events we observed that the 180◦ events persist all through the studied time period. It is likely thatthe events are due to a nearby 
ultural noise sour
e, the obvious 
andidate being the Hagfors steel works, lo
atedapproximately 15 km due south of the arrays. Further investigations of these events are underway.33



FOI-R--1309--SESignal-to-noise ratios and event quality As noted above, it is somewhat di�
ult to assess whi
h events arereal and whi
h are just spurious asso
iations of phases without a
tually going through the waveform data. TheEP-pro
essing does not produ
e an overall event quality measure, we are left with only the signal-to-noise ratios
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Signal-to-noise ratioFigure 35: A) Logarithm of the number of events vs. signal-to-noise ratio. Red lines are P-wave SNR:s, blue lines areS-wave SNR:s, full lines are from the SVE array, dashed lines from HFS. B) Detail of the �rst part of A.(SNR) available for the individual phase dete
tions. Therefore, to 
ompare the SVE and HFS arrays in terms ofhow many real events they dete
t and lo
ate is not a very straightforward issue. We made an attempt by lookingat the SNR:s for the P- and S-waves used to de�ne an event, see Fig. 35. SNR is 
al
ulated as a simple ratio of thedete
tors short-term to long-term averages, SNR = STA/LTA. In the SVE pro
essing, there are 26 events wherethe P-wave has an SNR above 300, in the HFS pro
essing there are 10 su
h events. Only �ve of these events are
ommon to both arrays, and the remaining �ve events on HFS 
annot be found on SVE even if the SNR is loweredto 10. Although we have not 
he
ked the waveform data, these �ve �undete
ted� events are probably just spuriousphase asso
iations. Of the �ve 
ommon events, four 
an be found in NORSAR's regional reviewed bulletin andare, thus, proper events. The remaining event has very similar lo
ation, in the Värmland region, on both arraysand a magnitude around 1 so it is probably a proper event but too small to enter NORSAR's bulletin.We see that high SNR, by itself, is not a good measure of the likelihood of an EP entry being a �real� event. Thisis, of 
ourse, not surprising seeing that a nearby noise sour
e might very well produ
e a high amplitude transient,whi
h might then be asso
iated with lower amplitude, unrelated, noise to an event. Even for proper events the EPalgorithms do not always 
hoose the 
orre
t phases in the event asso
iation pro
ess. We list some issues with theEP-pro
essing that we have en
ountered in Appendix C.5.2.2 Comparison with the NORSAR regional reviewed bulletinNORSAR, the Norwegian NDC, publishes an analyst reviewed, regional event bulletin (NRRB) for the Nordi

ountries. The Hagfors seismi
 array data is used in the produ
tion of the bulletin and we have 
hosen this bulletinas �ground truth� for our evaluation and 
omparison of the two arrays at Hagfors. The use of the NRRB may biasthe results present below somewhat sin
e data from the old HFS array was used in the produ
tion of the NRRB allthrough the time period we study here. We will 
ompare the bulletin with the results of single array pro
essing,using the EP-algorithms, at the two arrays.For ea
h event in the NRRB we will sear
h for an event de�ned by the EP-pro
essing where at least one P, orone S, wave phase �t the estimated arrival time at Hagfors for that phase. Note however, that we do not sear
hfor individual phase dete
tions �tting the estimated arrival times, we sear
h for an event that the EP-pro
essinghas de�ned. For the travel-time 
al
ulations we have used NORSAR's velo
ity model for S
andinavia [5℄ and theTauP program [6℄.During the time of simultaneous operation of the two arrays, 1327 events were reported in the NORSAR bulletin.The magnitude of the events range from lo
al magnitude 1.4 to 5.1, with most events above magnitude 2. Hagfors(i.e. HFS) phases were used for lo
ation of 857 of the events, a

ording to the bulletin. Sear
hing through theEP single array pro
essing, we found that 454 of the events had event de�nitions at HFS and 464 had de�nitionsat SVE, see Fig. 36. The EP-pro
essing, thus, dete
ts only approximately half of the events that the NORSAR34
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Figure 36: The red dots show the distribution of events in the NORSAR regional reviewed bulletin for the time period2/4-2002 to 21/9-2003. Green dots overlay the red for events for whi
h there are Hagfors readings in the bulletin. The sizeof the 
ir
les are proportional to event magnitudes. Hagfors is marked with a green star, green 
ir
les show distan
es of 100,200, 400, 600, 800, 1000, 1500 and 2000 km from Hagfors. Left) Events identi�ed by the HFS array, in blue, overlay thegreen/red dots. Right) Events identi�ed at the SVE array, in blue, overlay the green/red dots.operator is able to pi
k out, with the aid of data from the other Nordi
 seismi
 arrays.In Fig. 36 the events in the NRRB have been plotted as red 
ir
les. These red 
ir
les have then been overprintedwith other 
olors for events that also belong to other groups, su
h as being de�ned at one of the arrays. This
onvention of overprinting events in the �gures is adhered to all through the entire se
tion. We see in Fig. 36 thatthe two arrays pi
k up approximately the same events (blue dots), 
overing western Norway and the Swedish west
oast very well.The events in eastern Sweden, southern Finland and the Balti
 
ountries are also well resolved, with somepe
uliar failures in south 
entral Sweden and in the Värmland region (the latter are di�
ult to see due to the smalls
ale of the maps). The mining a
tivity in Gällivare is well identi�ed but not that in Kiruna, an additional 100 kmto the north. Most of the events within a 1000 km radius from Hagfors have Hagfors 
ontributions in the NRRB(green dots), so there are 
lear phase dete
tions at the arrays but the EP algorithms have not always su

eeded inasso
iating the phases to an event (blue dots). There are three obvious 
lusters of this type of events, where theNRRB has Hagfors dete
tions but the EP-pro
essing fails, one in Kiruna, one in southern Finland 
lose to Helsinkiand one on the border of Belarus and Russia, just outside the 1000 km radius. Beyond 1000 km, both the phasedete
tion and event de�nition rate is signi�
antly lower and Hagfors mainly pi
ks up the larger events.In Fig. 37 we have investigated the EP-pro
essing event de�nition 
apability with respe
t to distan
e andmagnitude. We see, as expe
ted, that at shorter distan
es the Hagfors arrays identify most of the events (greenand blue dots) and further away only the larger events are identi�ed. It is, however, a little surprising that some ofthe very 
losest events go unde�ned in the EP-pro
essing. We also see more 
learly in Fig. 37 the la
k of EP-de�nedevents at some distan
es. Note that we have trun
ated the event distribution at 2000 km sin
e Hagfors 
ontributesvery little beyond that distan
e.
35



FOI-R--1309--SE

1

2

3

4

5

M
ag

ni
tu

de
0 500 1000 1500 2000

SVE

1

2

3

4

5

M
ag

ni
tu

de

0 500 1000 1500 2000

Distance [km]

HFS

Figure 37: Plots of lo
al magnitude vs. distan
e from the Hagfors arrays. The red dots show all the events in the NORSARregional bulletin, the green dots are overlaid the red where there are Hagfors readings in the bulletin, the blue dots areevents for whi
h the single array EP-pro
essing has de�ned an event. SVE) Results from the SVE array. HFS) Results fromthe HFS array.
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Figure 38: Plots of distan
e from the Hagfors arrays vs. ba
k azimuth. The red dots show all the events in the NORSARregional bulletin, the green dots are overlaid the red where there are Hagfors readings in the bulletin, the blue dots areevents for whi
h the single array EP-pro
essing has de�ned an event. SVE) Results from the SVE array. HFS) Results fromthe HFS array. 36



FOI-R--1309--SEFig. 38 explores the azimuthal distribution of su

essfully EP-de�ned events, with distan
e. The �gure shows
learly how Hagfors is in the southern part of the NRRB area of interest, there are very few events in the bulletinbeyond 500 km south of Hagfors. We see that there is no azimuthal dependen
y of the EP identi�ed events at thetwo arrays, what stands out in Fig. 38 is only the previously observed distan
e dependen
y. We also note, again,that the two arrays identify approximately the same events.Estimation errors in the lo
ation pro
essIn the se
tions below we will study the errors in the EP lo
ations, for both arrays, as 
ompared to the NRRBlo
ations. We in
lude all NRRB events that have EP de�nitions at the arrays, i.e. 464 events at SVE and 454events at HFS. We will also highlight four 
lusters of events whi
h have been well dete
ted on both arrays in orderto study azimuthal and distan
e dependent errors. The 
lusters are at Gällivare (67◦N, 21◦E) purple dots, Karelia(61◦N, 29◦E) green dots, western Norway (62◦N, 4◦E) yellow dots, and Göteborg (58◦N, 12◦E) red dots, see themap in Fig. 36. In the �gures below we have denoted the median, mean and L2 standard deviation in order tohave some simple, statisti
al measures of the distributions. We are, however, aware that some of the distributionsdo not resemble normal or exponential distributions, espe
ially the skew apparent velo
ity residuals.Azimuth residuals The azimuth residuals at array SVE and array HFS versus distan
e to the event, are shownin Fig. 39. We see that at both arrays the azimuth residuals are small for nearby events and grow rapidlyfor events out to approximately 300 km, after whi
h they stay rather 
onstant (ex
ept for the odd outlier).This observation, that the azimuth errors are rarely more than 30◦, almost independent of the distan
eto the event is probably explained by the event asso
iation pro
ess. There is a 
ut o� on how mu
h theazimuth estimates of the di�erent phases 
an di�er from ea
h other for an event to be de�ned. This 
ut o� isfrequently set to 30◦ (S
hweitzer, personal 
ommuni
ation) and is therefore likely to be 
ausing the observede�e
t. Our four spe
ial areas show a similar azimuth residual pattern as the entire distribution, indi
ating
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Figure 39: Plots of azimuth residuals vs. distan
e from the Hagfors arrays. 	m is the median, 	x the mean and σ thestandard deviation of the residuals. The rightmost se
tion of the plots shows frequen
y per
ent histograms of the residualdistributions. SVE) Events de�ned at the SVE array. HFS) Events de�ned at the HFS array.no azimuthal variation in the residuals. SVE has generally larger residuals than HFS, the standard deviationis 21◦ 
ompared to 17.6◦ at HFS, and is also more o�set from zero than HFS. This is surprising, 
onsidering37



FOI-R--1309--SEthat SVE is the larger array with more instruments, but may be explained by the aforementioned bias in theNRRB due to its use of HFS data and the la
k of pro
essing optimization of the SVE array.Apparent velo
ity residuals We show the apparent velo
ity residuals at SVE and HFS in Fig. 40. Most ofthese residuals are P wave residuals, but a small number of S wave residuals, 22 for SVE and 26 for HFS,are also present. The S wave residuals are generally more negative than the P wave residuals and, therefore,shift median and mean values to lower values. This shift is, however, small and less than 0.1◦. The standarddeviations are even less a�e
ted. As expe
ted, the residuals are small for events 
lose to the arrays and grow
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Figure 40: Plots of apparent velo
ity residuals vs. distan
e from the Hagfors arrays. 	m is the median, 	x the mean and σ thestandard deviation of the residuals. The rightmost se
tion of the plots shows frequen
y per
ent histograms of the residualdistributions. SVE) Events de�ned at the SVE array. HFS) Events de�ned at the HFS array.with distan
e. The residual distributions are skew, ranging from approximately -2 km/s to +4 km/s. Thisimplies that the observed apparent velo
ities are generally higher than those 
al
ulated from the NORSARmodel. Interestingly, up to a distan
e of approximately 300 km the residuals grow in the negative dire
tionand there are relatively few positive residuals. After 300 km, however, the lower limit of negative residuals isset and the residuals immediately show a more positive 
hara
ter. The residuals for the Göteborg and westernNorway groups have less variability than those from Gällivare and eastern Finland, and also less variabilitythan the rest of the events. This is, however, most likely not a result of varying azimuthal properties east towest. The Göteborg group, at 250-300 km distan
e, have apparent velo
ity residuals that are very similar tothose from a group outside of Sto
kholm, lo
ated at a similar distan
e from Hagfors but due east. Finally, wesee that SVE again has higher standard deviation of the residuals than HFS. The apparent velo
ity residualdistributions are, however, skew and the standard deviation is not the best measure of deviation.Lo
ation residuals We have 
al
ulated the distan
es between the 
orre
t lo
ation of the events and the lo
ationsprovided by the EP algorithm for the individual arrays, see Fig. 41. The �gure shows that the lo
ation errorsare very large and that the grow approximately linearly with distan
e from the arrays. Both arrays showan interesting �upper� line of very mis-lo
ated events, with lo
ation errors almost as large as the distan
es.Below these, the bulk of the residuals grow more slowly. Again, the SVE array has generally larger residualsthan the HFS array. 38
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Figure 41: Plots of lo
ation residuals vs. distan
e from the Hagfors arrays. 	m is the median, 	x the mean and σ thestandard deviation of the residuals. The rightmost se
tion of the plots shows frequen
y per
ent histograms of the residualdistributions. SVE) Events de�ned at the SVE array. HFS) Events de�ned at the HFS array.In addition to the material presented here we have listed some spe
i�
 issues with the EP pro
essing in Appendix C.There are examples of phase identi�
ation, phase asso
iation and event de�nition mishaps in the pro
essing.5.2.3 Comparison with the SNSN bulletinThe Swedish National Seismi
 Network, operated by the Department of Earth S
ien
es at Uppsala University,re
orded 374 earthquakes during the time of simultaneous operation of the two Hagfors arrays. Most of theseevents are below magnitude one, the median lo
al magnitude is 0.46, whi
h implies that many of them are notdete
ted at Hagfors. The EP-algorithms de�ned 42 events at SVE and 35 events at HFS whi
h �t with phasearrival times from events in the SNSN bulletin, see Fig. 42. For the pro
essing of the SNSN data we have utilizedthe SNSN velo
ity model for S
andinavia [Slunga, personal 
ommuni
ation℄.We see that, as above, the EP pro
essing at the two arrays �nd approximately the same events. Also, as withthe NRRB events, EP at the new SVE array manages to identify more of the SNSN events than the HFS array.Seeing that so few of the SNSN events are seen at Hagfors, we will not present an in depth analysis as with theNRRB events above. Studying the events we 
on
lude that most of the observations above are in agreement withthe SNSN events, i.e. the residuals are generally a little poorer at SVE, there is no obvious azimuthal dependen
y(note however that from Hagfors most of the SNSN events are to the NE), azimuths are mu
h more dependablethan lo
ations.
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Figure 42: The red dots show the distribution of events in the SNSN reviewed bulletin for the time period 2/4-2002 to21/9-2003. The Hagfors array is marked with a green star, green 
ir
les show distan
es of 100, 200, 400, 600, 800 and 1000km from Hagfors. Left) Events identi�ed by the HFS array in blue. Right) Events identi�ed at the SVE array in blue.5.2.4 SummaryThe results of the study of single array station event lo
ation using the EP algorithms show that single arraylo
ation in not a trivial matter. Comparing the single array lo
ations at HFS and SVE with the NORSAR regionalreviewed bulletin (NRRB) it is dis
on
erting to �nd that only approximately half of the events from HFS/SVEin
luded in the bulletin, with enough phases to de�ne an event, are a
tually de�ned in the EP pro
essing. The mainproblem seems to be to asso
iate a 
orre
t S phase with the identi�ed P phase. On
e de�ned, azimuth estimatesto the events seem rather robust but distan
es are, again probably be
ause of the S phase di�
ulty, notoriouslyproblemati
.The dete
tion level at SVE seems to be greatly enhan
ed as 
ompared to HFS, many more events are de�ned(although many probably spurious) and the issue of an �event generator� due south of the Hagfors station mighthave gone unnoti
ed were it not for the dete
tion 
apability of the new array. Unfortunately, in this study theex
ellent dete
tion properties are not a

ompanied by equally high quality lo
ation properties. This is, however, asdis
ussed above, most likely an e�e
t of a less than optimal, non-tuned implementation of the EP software 
oupledwith a bias from the use of the NRRB whi
h was based partly on the old, HFS, array. The performan
e of theSVE array should therefore be optimized using the tools available in the EP-software and then validated using theNRRB, based on SVE data, and other high quality bulletins.
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FOI-R--1309--SE6 SoftwareDuring the 
ourse of the work reported here a number of pie
es of software was developed in order to fa
ilitate theanalysis. Mu
h of the work of the �rst se
tions were performed using Matlab, so Matlab s
ripts for noise and eventspatial 
orrelation are available, as are s
ripts for array gain analysis and general signal 
hara
teristi
s.In order to parse and extra
t information from the various bulletins the following programs were developed.All these take the -h option for some helpful text.readgbf.
 C program that reads the daily, automati
 NORSAR GBF (Generalized Beam Forming) �les.readgbf [-h℄ [-a lat1 lat2℄ [-b lon1 lon2℄ [-l lo
ation_string℄ [-m magn℄[-n nstat℄ [-s stat℄ GBF_file(s)The program sear
hes through any number of GBF daily files, as spe
ifiedon the 
ommand line, and prints events that meet the sear
h 
riteria.One option has to be spe
ified and all options have to go beforethe GBF files.-a Upper and lower latitude limits.-b Upper and lower longitude limits.-l String, within double quotes, with a geographi
 lo
ation.-m Lowest magnitude.-n Lowest number of stations.-s Spe
ifi
 station, e.g. SVE.Björn Lund, Feb 2003readREB.py Python s
ript that reads daily Reviewed Event Bulletin �les from the International Data Center atCTBTO in Vienna.Extra
t event information from one or more REB files written inthe IMS1.0 format. All events are listed if no furtheroptions are set. The s
ript writes to stdout by default.readREB.py [-h℄ [-
 lat_s lat_n lon_w lon_e℄ [-m mag℄ [-n num℄[-o output_file℄ [-r deg1 deg2℄ [-s num stat℄ [-x num℄ REB_file(s)Options:-
 lat1 2 lon1 2 Latitudes and longitudes defining a box.Def: -90 <= lat <= 90, South negative.-180 < lon <= 180, West negative.Always put the south 
oordinate before the north,and the west 
oordinate before the east.-h This text.-m mag Smallest magnitude (mb) for extra
tion.-n num Smallest number of defining stations for extra
tion.-o file Name of output file, default is to stdout.-r deg1 deg2 Span of angular distan
e from the station, min and max,default is 0 to inf.-s num stat(s) Extra
t events where the num station(s) stat(s) hasreported.-x num Output 
hoi
e:0) Everything.1) All event info.2) All station info.3) Event 
oords for GMT.4) Station azimuth and azimuth residual.5) Station slowness and slowness residual.6) Event numbers.Björn Lund, September 2003 41



FOI-R--1309--SEreadEPX.py Python s
ript that reads the daily, automati
 NORSAR EPX �les.Extra
t event information from one or more EPX files.All events are listed if no further options are set.The s
ript writes to stdout by default.readEPX.py [-h℄ [-
 lat_s lat_n lon_w lon_e℄ [-m mag℄[-o output_file℄ [-r deg1 deg2℄ [-x num℄ EPX_file(s)Options:-
 lat1 2 lon1 2 Latitudes and longitudes defining a box.Def: -90 <= lat <= 90, South negative.-180 < lon <= 180, West negative.Always put the south 
oordinate before the north,and the west 
oordinate before the east.-h This text.-m mag Smallest magnitude (ML) for extra
tion.-o file Name of output file, default is to stdout.-r deg1 deg2 Span of angular distan
e from the station, min and max,default is 0 to inf.-p SNR Smallest P-wave SNR for extra
tion.-s SNR Smallest S-wave SNR for extra
tion.-x num Output 
hoi
e:1) All event info.2) Event 
oords for GMT.3) Distan
e [km℄ and ba
k-azimuth.4) Max amplitude P-wave LOCATE string.5) Max amplitude S-wave LOCATE string.6) Event numbers.Björn Lund, De
ember 2003
ompEv.py Python s
ript that goes through �les from SNSN's bulletin or NORSAR's regional reviewed bulletin(html �les) and tries to �nd the 
orresponding events in the EPX �le lists.Find events from the EPX pro
essing also present in otherbulletins, su
h as the NORSAR regional, Uppsala et
.
ompEv.py [-h℄ [-a array℄ [-e epx_path℄ [-o utfil℄[-t type℄ [-v vel_mod℄ input_file(s)Options:-a arr Array, HFS=1, SVE=2. Default = 1-b Only write out a 
on
ise bulletin file.-e path Path to the EPX year subdire
tories. Default /dat/BULL/EPX/-h This text.-o fil Output file, default is epx_ut.dat.-t type Bulletin: 1=SNSN events.lib 2=NORSAR regional reviewed (html).Default = 1-v mod Velo
ity model. 1=SNSN, 2=NORSAR regional, 3=iaspei91, 4=PREM.Default = 1Björn Lund, Mar
h 2004readSeis.py Python module 
ontaining utility fun
tions for the reading of di�erent bulletins.seis.py Python module for some more general seismology oriented fun
tions, su
h as distan
e 
al
ulations on asphere. 42



FOI-R--1309--SE7 Summary and dis
ussionThe upgraded Hagfors seismi
 array has more elements and is somewhat larger than the old array, it has moderninstrumentation with higher sensitivity and a modern data a
quisition system. It should, therefore, performsomewhat better than the old array. This study shows that the performan
e of the new array is, indeed, a littlebetter than that of the old array. However, there are many fa
tors beside the physi
al hardware that determinesthe quality of array performan
e.We show in this report that resolution of the array in azimuth and slowness spa
e is signi�
antly improvedwith the new array. Noise investigations 
on�rms that Hagfors is a very silent area, all of our instruments re
ordnoise 
lose to the lower limit of the low noise model. The 
orrelation of the noise shows the behaviour anti
ipatedfrom the site investigation [1℄, i.e. large regions of intra-element spa
ings with negative 
orrelation, whi
h also
on�rms the expe
tations that the new array was 
onstru
ted to optimize intra-array element spa
ings to distan
esof observed negative 
orrelation.Maximum array gain is improved, in theory, from √
8 = 2.83 to √

10 = 3.16 simply by the addition of two extraelement sites. Studies of a
tual array gain, at di�erent frequen
ies, in this report 
on�rms that the gain of the newarray is an improvement over the old array gain. Interestingly, we observe that the utilization of a large number ofintra-array element spa
ings with negative 
orrelation does pay o� in terms of array gain. The new array frequentlyshows gain above the expe
ted maximum gain. We note that negative noise 
orrelation is seen in a rather wideband, between approximately 2 - 7 Hz, providing in
reased gain for a large range of teleseismi
 to lo
al events.The very 
lear dete
tion at Hagfors of the 12.5 ton 
hemi
al explosion during the Kazakhstan �eld experimentshows that the station is very sensitive to events in the region. We show that the signal is 
learly visible afterordinary bandpass �ltering, beamforming is not even ne
essary.As an auxiliary seismi
 station, Hagfors data is requested by the IDC on an event basis. We have shown howHagfors data today, after an upgrade of the IDC auxiliary station request software, is utilized in a more 
onsistentmanner than before and that Hagfors has dete
tions on more than 77% of the Reviewed Event Bulletin (REB)events within 30◦. The 
hange from the old to the new array in the IDC pro
essing on De
ember 17, 2002,signi�
antly improved the azimuth and slowness residuals of the Hagfors dete
tions, but also shifted the medianresiduals slightly o� the 
orre
t/model values. This tenden
y toward higher pre
ision, but less a

urate residualsneeds to be further investigated and, if proven 
orre
t, should be taken into a

ount in the pro
essing by theimplementation of phase/azimuth/region dependent array 
orre
tions.We show that the automati
 single array lo
ations at the Hagfors arrays did not work satisfa
torily during thestudied time period. A large number of events is de�ned, the new array de�nes approximately 2.5 times more events
ompared to the old array, many of these are probably spurious but the main problem is that large events withwell dete
ted phases are not 
orre
tly lo
ated. We found a large number of events due south of Hagfors, dete
tedmostly on the new array, whi
h have lo
ations from Hagfors to northern Italy. This is probably a lo
al noise sour
e,perhaps the steel works in Uddeholm, whi
h should be further investigated. Of the 857 events in the NORSARregional reviewed bulletin with Hagfors phases, most of the events above magnitude 2, only approximately half are
orre
tly identi�ed as events by the automati
 event pro
essing (EP). The events' phases are 
orre
tly dete
tedbut the asso
iation of phases to events is troublesome. Even relatively 
lose events with large magnitudes aresometimes missed. We re
ommend that more resour
es are dire
ted toward an enhan
ement of the single arraylo
ation pro
ess. It would be advantageous for FOI to have relatively reliable single array lo
ations, both lo
ally,regionally and world wide, in its role as a National Data Center.A
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FOI-R--1309--SEAppendi
es:A Sensitivities for sensors and digitizers in the new and theold array
Site Seismometer Seismometer Digitizer Preampli�ersensitivity (V/m/s) sensitivity (nV/
ount) gain (dB)HFA0 GS-13 2000 2538 29.61HFA1 GS-13 2000 2508 29.61HFA2 GS-13 2000 2560 29.61HFA3 GS-13 2000 2562 29.61HFB1 GS-13 2000 2582 29.61HFB2 GS-13 2000 2569 29.61HFB3 GS-13 2000 2544 29.61HFB4 GS-13 2000 2564 29.61HFB5 GS-13 2000 2565 29.61HFC2 STS-2 1500 864 -Table 6: Sensitivities for sensors and digitizers in the new array

Site Channel Seismometer Seismometer
ode sensitivityHFSA1 shz S-13 0.02655 nm/
ount � 1 se
ondHFSB1 shz 20171A 0.02623 nm/
ount � 1 se
ondHFSB2 shz 20171A 0.03068 nm/
ount � 1 se
ondHFSB3 shz S-13 0.02866 nm/
ount � 1 se
ondHFSB4 shz S-13 0.02929 nm/
ount � 1 se
ondHFSB5 shz S-13 0.02394 nm/
ount � 1 se
ondHFSC1 shz 20171A 0.02561 nm/
ount � 1 se
ondHFSC2 shz S-13 0.025 nm/
ount � 1 se
ondHFSC2 shn S-13 0.025 nm/
ount � 1 se
ondHFSC2 she S-13 0.025 nm/
ount � 1 se
ondHFSC2 lhz 7505A 0.34544 nm/
ount � 20 se
ondsHFSC2 lhn 8700C 0.32524 nm/
ount � 20 se
ondsHFSC2 lhe 8700C 0.35787 nm/
ount � 20 se
ondsHFSC2 bhz STS-1V 0.006 nm/
ount � 1 se
ondTable 7: Sensitivities for sensors and digitizers in the old array45



FOI-R--1309--SEB Hagfors REB events for various regionsFor referen
e we in
lude REB events for four additional regions of the world during the time period January 1,2000 to O
tober 12, 2003. The maps below show both all REB dete
ted events in the regions and the events whi
hhad Hagfors 
ontributions. These maps give some insight into the 
urrent event rate and REB dete
tion ability inthe regions.
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Figure 43: Orange dots are all events in the REB, green dots are events where Hagfors 
ontributed. Blue stars are nu
leartest sites. A) Semipalatinsk (Kazakhstan) and Lop Nor (China) test sites. 531 events with Hagfors 
ontribution, 2919 totalin the REB. B) Pokhran (India) and Chagai (Pakistan) test sites. 244/1595 events. C) Iran/Iraq. 302/1176 events. D)Korean peninsula. 8/175 events.
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FOI-R--1309--SEC EP-pro
essing issuesDuring our work with the EP-pro
essing we found a number of problems with the phase identi�
ation and asso
i-ation pro
edures. We will list two examples from the EPX-�les below (for an explanation of the EPX-�le entries,see [4℄), and also point to the south of Gotland event of De
ember 18, 2002, with origin time (OT) 21:14:25.16 andmagnitude 3.61 a

ording to the NRRB and OT 21:14:19.83 and magnitude 3.32 a

ording to the SNSN bulletin.This event was not identi�ed on SVE be
ause the major, well dete
ted, Pn phase was ignored. Subsequent mi-nor phases were asso
iated to two di�erent events. On HFS, the event was 
orre
tly de�ned and reasonably welllo
ated.EPX �le entries are as follows. Two lines de
lare an event, the HYP and EPX lines. The EPX line 
ontainsevent number, OT, latitude, longitude, ML, distan
e in km, ba
k-azimuth and �xed depth (0F). Following isasso
iated phases; ID number, arrival time, station 
ode, phase name, max. amplitude in nm, 
orrespondingdominant frequen
y in Hz, the SNR, the beam name, apparent velo
ity, ba
k-azimuth and an explanatory 
ode.LOCATE means the phase was used for lo
ation, ASSOC means it was asso
iated but not used for lo
ation. Telemeans interpretation as a teleseismi
 phase, Noplot3
i means not used for event de�nition. See also page 48-49of +
ite
h9.The �rst example shows a missed S phase at the old HFS array whi
h ruins the distan
e estimate to the array.Compare the lo
ation error between the HFS and SVE arrays:OT: 2002 5 10 7 43 36.230000 Lat: 58.558 Lon: 10.492 Mag: 2.30HFS02130.EPX330 HYP 536 VAERMLAND REGION SWEDEN330 130:07.44.03.5 EPX 59.661 12.597 1.04 80.9 229.6 0F915866 130:07.44.13.1 HFS PN 4.923 6.1 186.1 HB23 8.8 224.8 LOCATE915867 130:07.44.18.0 HFS PN 7.394 6.0 18.4 HF13 7.6 228.4 ASSOC915868 130:07.44.19.0 HFS PN 8.473 6.1 7.7 HD01 8.1 226.4 ASSOC330 130:07.44.20.0 MAG ML 6.876 5.7 2054.0 aVG 4.9 229.6 LOCATE915869 130:07.44.23.4 HFS PG 3.786 6.2 6.9 HC21 7.4 230.2 LOCATE915870 130:07.44.24.9 HFS LG 4.067 5.7 8.2 HD24 5.0 231.1 LOCATE915871 130:07.44.27.9 HFS S 3.055 3.9 4.2 HH02 5.9 232.4 ASSOC915873 130:07.44.48.0 HFS SG 19.931 3.5 14.2 HF14 3.4 231.6 Unasso
915876 130:07.44.53.6 HFS SG 8.126 5.3 8.4 HF20 4.2 208.3 ASSOC915874 130:07.44.54.0 HFS SG 9.557 5.2 18.1 HH02 4.0 209.9 ASSOC915877 130:07.44.55.7 HFS RG 7.304 1.5 4.2 HA03 3.0 221.3 Unasso
915878 130:07.44.57.2 HFS SG 7.649 3.6 4.8 HF16 3.3 222.4 ASSOCThe lo
ation routine does not use the large SG phase but puts the event mu
h too 
lose due to the misinterpretedLG and S phases. Lo
ation parameters are:Az di�: 2.190100 Lo
 err: 171.690757 km; P_t di�: -0.300000Vp_app di�: 0.597728 S_t di�: 7.440000 Vs_app di�: -1.339961Same event on SVE is SVE02130.EPX14570 HYP 536 SKAGERRAK14570 130:07.43.39.1 EPX 58.585 10.702 4.99 241.7 225.6 0F915886 130:07.44.13.2 SVE PN 4051.300 7.4 175.5 SA23 8.7 227.8 LOCATE915890 130:07.44.14.9 SVE PN 3640.100 7.3 15.6 SF16 8.1 226.7 ASSOC915893 130:07.44.19.5 SVE PN 4881.600 7.5 8.3 SE07 8.6 229.3 ASSOC915895 130:07.44.22.1 SVE PG 1541.800 5.5 10.4 SE12 6.5 222.1 LOCATE915898 130:07.44.25.4 SVE PG 1514.600 6.4 4.7 SA24 6.7 236.4 ASSOC915901 130:07.44.29.0 SVE PG 1557.300 7.4 3.2 SH03 7.5 211.5 ASSOC915912 130:07.44.47.5 SVE SG 11337.20 4.9 18.8 SH02 3.7 225.5 LOCATE915915 130:07.44.48.3 SVE SG 6884.800 3.2 12.7 SF20 3.6 227.2 ASSOC915918 130:07.44.53.7 SVE SG 10277.00 4.6 15.2 SC12 4.1 223.9 ASSOC915919 130:07.44.54.2 SVE SG 10601.80 4.5 9.9 SF10 3.5 228.6 ASSOC14570 130:07.44.55.0 MAG ML 7827.665 4.9 7827.7 aVG 3.2 225.6 LOCATE915921 130:07.44.57.4 SVE SG 4650.500 3.8 5.9 SF18 3.8 219.3 ASSOCHere the 
orre
t phase is identi�ed and the event is more or less 
orre
tly lo
ated.47



FOI-R--1309--SEAz di�: -1.809900 Lo
 err: 12.540646 km; P_t di�: -0.200000Vp_app di�: 0.497728 S_t di�: 6.940000 Vs_app di�: -1.039961Sometimes there are large errors in the EP-pro
essing, this is SVE and a magnitude 2.3 
lose by. Theoreti
alarrivals:OT: 2003 9 2 12 20 58.531000Phase, TT, ArrT, Slowness:P: 6.48, 2003 9 2 12 21 5.01, 0.165032826693S: 11.15, 2003 9 2 12 21 9.68, 0.284504002158SVE03245.EPX751730 245:12.19.19.3 SVE SG 0.800 3.9 6.5 SH02 3.8 240.1 Plot3
i751758 245:12.21.05.4 SVE PG 278.204 11.7 5670.0 SH04 6.7 219.6 Plot3
i751760 245:12.21.16.0 SVE nois 36.780 5.2 4.8 SB16 1.1 216.1 Plot3
i751759 245:12.21.14.0 SVE RG 36.391 5.0 7.9 SF19 1.8 33.1 Noplot3
i751761 245:12.21.19.4 SVE SG 46.994 7.3 2.7 SH03 3.5 53.8 Noplot3
i751797 245:12.31.15.8 SVE SG 1.309 3.7 5.7 SH02 4.2 236.2 Plot3
iWe see that the P arrival is in the phase dete
tion list, with very high signal to noise, but there has not been anevent de
lared. This is similar to the above mentioned south of Gotland event. Conversely, on HFS:HFS03245.EPX150 HYP 536 VAERMLAND REGION SWEDEN150 245:12.20.53.3 EPX 59.659 12.791 2.60 0.0 0.0 0F150 245:12.21.04.2 MAG ML 251.250 5.2 69331.5 aVG 6.7 223.8 LOCATE751736 245:12.21.05.2 HFS PG 439.757 8.4 5397.6 HC32 7.0 219.2 LOCATE751737 245:12.21.14.2 HFS LG 49.336 5.2 8.5 HE12 4.3 224.9 LOCATE751738 245:12.21.16.1 HFS nois 23.997 4.4 4.6 HA09 2.0 209.3 ASSOC
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