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INTRODUCTION EXPERIMENTAL SETUP w
) SeisCorr performs 3 main functions: 1) Creation of a Library of template events, 2) _ _ _ _ _ _
Waveform correlation techniques have garnered significant attention the last few vears, as their The aftershock sequence that followed the April 1, 2014 . . . L . ' The Chilean aftershock sequence (as defined by our latitude/longitude and time box) had 952 events listed
9 5 5 years, - - nif Waveform Correlat 3) Detection Validat It hical
- e : : - earthquake off the coast of Chile resulted in a significant aveform Correlation processing, 3) Detection Validation. S graphical user : : : aps »
value in detecting similar events has been demonstrated again and again. In this research, we show _ terf 1 I L £t lates detecti lidat It d in the LEB bulletin. Of these, 192 were considered “high work”, and 343 were added by hand.
the potential for waveform correlation to aid IDC analysts during their times of highest workload. ; ] ; Lation during the 3 bs af associated maps and metadata
We estimated analyst workload for all events in the late event bulletin (LEB), and identified source pher orrrllan}(I:e (l)< lewe orm ;:orre ation during td € monft 54 t}fr For each of the 3 primary stations in the region, we used a template library filled with foreshocks from the
regions and time periods that required significant analyst effort. We then performed waveform the mainshock. For template events we used events from the A template lib ts of P ts of k ts that will b q previous month and did waveform correlation to detect similar events. We then evaluated how many of the
correlation at nearby stations and examined how waveform correlation could have aided detection. _ _ to search for similar events. For obtimal results. temolates should be sood aualit LEB events and high workload events with arrivals at that station were detected.
PS06 (LPAZ) (4.2° from mainshock); two other nearby primary : p , p g00d quality,
: o o high signal-to-noise ratio waveforms. SeisCorr allows the automatic screening of _ _ L _ o _
stations were PS30 (CPUP, 14.1° ) and PS01 (PLCA) (21.0°). . . . . .o At station LPAZ, Waveform Correlation was able to detect a significant portion of the LEB origins (28%) in
template candidate events; however, screening can result in the accidental omission _
MOTIVATION . . . the aftershock sequence. Moreover, it detected 55 events that had to be added by hand, and 82 (44%) of
of useful templates. In this case, we used all events in the LEB that had an arrival at _
| | h . l Each l h oned lati hreshold the events labelled high workload.
Time distribution of earthquake is highly non-uniform; for a monitoring agency charged with Dates SeisCorr ran April 1-July 1, 2014 e station as temp ates. tach temp ate was thell assignec a corre ation tresho
_ _ ) 9 sty _ ) ’ & agency g. ) (mainshock occurred Aoril 1 2014) based on a desired false alarm rate of 1 per month. Our correlation thresholds were [ Station [ LPAZ
looking at all events in a timely manner, the variance in number of events per day means variance in pri* L, determined using our reverse-template method.!
workload. When major aftershock sequences occur, the workload for analysts can increase M LPAZ, CPUP, PLCA (IMS Primary Network) Template Library -
dramatically. Number of LEB events Components BHZ BHN, BHE : : : : : Number of LEB events in aftershock | 882
. per day in 2014 P ) )
P Waveform correlation pr9ce551ng con51st of qurelatlng .each template with the raw sequence with arrivals at LPAZ
- | A typical day sees Template Dates 3/1/2013 - 3/31/2014 data stream at each station, and declaring a single-station detection whenever the S o
300 f approximately 100 Template Lat/Lon Box [-22:-18,-73 : -69] correlation value exceeds the correlation threshold. For large datasets this is Detect eB 248 (28% of LEB ts with arrivals)
9 . . . . . . . etections: in 00 events witn arrivals
0 events, but in 2014 Template filtering T computationally expensive, hence SeisCorr runs distributed on multiple computers
5 200 on  occasion the : : : to allow for quick processing. Detections: added by hand 55 (19% of arrivals added by hand)
§150 number of events Template window size 30 seconds, starts 5 seconds before arrival Detect: iabelled hich doad | 82 (44% of high Kload arrival
3 xr . : : etections: labelle I WOrKloa or ni WOrKload arrivals
: spiked to almost 4x _ _ _ _ _ _ _ & (44% € )
100 Detection Validation is done as a post-processing step, called Multi-Station
that.
* \ Validation, where detections at each station are compared. y The other two stations were much farther from the mainshock and did not perform nearly as well - they
D s 0 10 0 20 W0 0 had far fewer detections in general, and only 18 and 5 (CPUP and PLCA, respectively) were linked to LEB
ay
events.
Not all events take equal analyst time to process. Some events formed by the automatic system and / WAVEFORM PLOTS OF TYPICAL TEMPLATES AND DETECTIONS \
listed in the final automatic event list, the Standard Event List 3 (SEL3), pass to the LEB with | Stati | o i
ation CPUP (14.1° from mainshock
.. . o . ( )’ b Orid: 10663388 Sensor: LPAZB Channel: BHZ (1-30) Orid: 10634407 Sensor: LPAZB Channel: BHZ (1-28) ( )
minimal changes. Others require significant reworking by the analysts. Moreover, some events are Template Library 1Eh buanie
not formed by the automated system but are seen and built by analysts. We looked at all the events . e oo | o Template 2014-05-17 2006135525
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in the LEB bulletin in 2014 and identified regions of the world where 51gn1flcant analyst effort had e ol L L L i i oomartomrpsremee oo | [ty 1 J;”*“”*” OO0 S 0 e s Number of LEB events in aftershock | 321
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First we ranked events that were listed in both SEL3 and LEB according to | eachorid s assigned a certain number of s ’?%#‘ *’:“1 Eﬁ“f‘“:t’“f“‘:‘:ﬂ: hm‘“f m?-}qim' R ki Detected events at \;txm&gﬂwm%ﬁwﬁ :ﬁ .Y,,M:WMJMV oo o L 0 523150 Detections: in LEB 18 (6% of LEB events with arrivals) “Total detections” lists the number of detections
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our algorithm for evaluating workload (see sidebar). The 20% of events | PO depending onhow many R prsezsoy ' b e nsz ] PAZ - Red denotes MR M b ot S 0102 1721317 (whether or not we linked the detection to an LEB event).
: : ‘yys ” modifications an analyst made to the ey !r"”'”w"w‘“*’“"““ sttt o [ A oAbt bl cc" 478 M Ef; 201+-04.20 04:21:17:550 Detections: added by hand 0 (0% of arrivals added by hand) As the plots indicate, many of these waveforms appear to
with the highest workload were deemed “High Workload Events”. ~ Below | originasitprogressed from SEL3 to LEB pm%@ bt ;Lwrwfww««ngsm -~ the template event, pn;;;ﬁ'g*h*‘"""“"'”i*""w“ e _ _ . _ be from events very similar to the template event.
we plot the number and ratio of high workload events for 1° x 1° gridpoints | For each orid e ‘pn.wa!{fﬂ'v‘.’r'wn'w#;w.w*wwﬁ*‘#*”f"'r‘M\' MREEESIEITEETEE S blue the detections; ot g T ————— e o " 1;'4”‘ Detections: labelled high workload | 17 (10% of high workload arrivals)
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largest number of High Workload events was off the coast of Chile. +5if az or slowness was changed et Rt window (the portion . 2~-w PTNSOEN SROIN FR e i ASUDROtashtaatta Station PLCA (21.0° from mainshock) time to form a calculated origin time, and seeing if there
end RO S e e w\wn*{.'J'M‘iﬁﬂ%w'mwwwn an 9428 Wﬁ ol . 40306404618 was an LEB event within a 4 second window. Sometimes
end SO SO ORPUNRUDN (PO g Aot ,w;w&wmwiﬁﬂ:;ﬁimm Correlated) Events S ":‘""-'”4"‘*‘”"';‘*' e e immmm ﬁﬁ,l llLlM r&,ﬂ Template Library 181 events an LEB event was detected both from a P template and
. J AR N A A A Aot :‘1’943 ; ‘(Tf'ldf'ﬂt-MMWA‘M!\WMh‘ﬁﬂf‘uﬂewﬁﬂ'r‘“mﬁ“-wc SQW\JW ottt that were ln the LEB _MWWMMHH#MWJ ﬂ"’rIWIWl w-'#'»\i'r'h‘.‘ﬂ‘\“ﬂ{. ‘HMWMWWW“W CCm 5566 M2, 1676 2014 0406 07:18:22.825 an Lg template; only unique LEB detections are listed.
:il:g:ber o Gridpoints with more than 50 high workload events in 2014 et AN s st onippens A gt ."l.’\'mmlfu\kmfmwﬁm’éﬂa&;z%_ zmﬂ j im have their arrival e rﬂ ﬁlu[;m}l b MT‘E ARl vt e sanosbad ‘”"“’W““é?”?ﬁﬁf‘@f&%ﬁ*&wﬁﬁ’?ﬁ% Number of LEB events in 293
Workload © 0y T 0| I At A AN s A annti " g';i ﬁMﬁ (R e r’h"th‘-’f‘n f a'”’n‘“‘v“’"\' YA ey R ot e LA o aftershock sequence with arrivals
90N S . N CC=.5622 sRM=-,1006 2014-04-02 22:49:00:325 marked On the v»-lw Wl H:\' " *\J Mﬁr ] Wll Ii ﬂ:ﬁ; : PA .Pl 2““
Events “‘w‘, w,d;n'm{dl‘[u.a(.rvﬂl.n-mwﬂwllw\ﬂﬁ\n-m‘,mw«%—a:wm4 PP —— . A Ar A A A i 95 i mllj'i MM Wl% W A Hr‘-’-" Il "Il ﬂ HJII; K 1 ch ianllicy ? ‘ rj \naw at PLCA
220 71 183 4 AN At A e A A AN A A AN AR A I’If‘ﬂﬁ","-lr#‘uﬁ"ﬁ' AR A AR WAL Y xﬁmﬁﬁgﬂwmgggzmq " Dwgﬁwmmw upper rlght Of eaCh %WP‘;HJW:” !‘J{WIIWMWMIJ!““W"“‘ [Wemtionisphaonmmmntiooion sl /| l ) ‘l] H Detections: total number
o 5 [ L kwtat | a | N i FT FPYTRITINTY PPy PO NI | "
43 il Vh"'*jm Ao '“foé”aéﬁ%‘ﬁ?”ﬁnﬁ“s“zﬁmﬂ%?m detection is the T e e S “‘“E“c]_:m I ;;M wj T : .
o4 18 178 - W A elpendpa CCm 5083 SRM=1.7630 2014-00-23 22:54:32:100 : WA UWQW J'WJ"J@ ’v‘h\w}ww'%w 1'a{jA“'ﬂ"""H""("‘"J’P‘“‘.]l “"\‘JF“W‘WV *'WWN"‘HMM }"M%M"‘J\M\"‘w \N;w?ﬁr’:'?omga J‘p‘}ﬁ\{:\ﬂ]ﬁ\ﬁ’; Detections: in LEB > (<1% of LEB events with arrlvals)
-7 154 133 b r’l{'[rqil'ull f h' it lv"r‘r ‘.'.‘N".}.\‘;‘prmw i A T {*HMNW%W "W"w"f'f'“lf‘}\ “ﬂ['\,il}rq\l{wwq,.VJY“-“L;;;":%?”\U}W ﬁﬁ“ﬁ???ﬁ?‘z‘??s“& Correlatlon SCOTe, r: 95003"3‘53['“1(l G m“l‘J‘l'!Lwﬂl At ‘NIM il nggw e e 4967 SR 15008 2014-04-28 00:07: 4j& Detections: added by hand 0 (0% of arrivals added by hand)
; e epet m’a‘%waww"wwNﬂwmww;;w\M relative magnitude | e R
21 7l 99 018 W 13w - B e R o e R e m.wmnwmwmmmm “@}4@ DM (relative to the ottt ,! A f»!‘}‘ NIV T— .,,.,a;w‘@wwmwf;ﬁifmfﬁfiilifiﬁif&ﬁ Detections: labelled high workload | 5 (17% of high workload arrivals)
< " 'III A A 1 N ! A I FR™ F‘ 43 67733 CC=.4792 sRM=-,9605 2014-04-05 19:37:02:875
» 2 % T e w.'.%,‘ﬂ,tm. \WJ&‘M‘J‘;{&.\N ,‘.Lw'\i'n:‘i Lo ﬂ\‘um&wé% RH@«;?D ;g‘;gﬁ‘gg“é{*gﬁ*;‘g’\;l,\zif template) an d ”!‘U""# o Wﬂ‘l‘ o ‘M"\“' r—— e e rerssonptyraa-"
WWMWWWWWW’*W mwttnianstionl o ] " ma,wmwmmam(m{w |l i}"tf*ﬁ*’ﬂ%‘%ﬂm‘ﬂ“ ol et IMGWMWN%MT‘NM#&?W;DTﬁGA’V;-";'*\'\:‘\é“é\:\«"‘n“"“-W\WMWJ ) . . . .
° S\ A A 4 i o WMWWW =.4509 sRM 774 2014 B
7 94 66 45°S - e " mﬁw«wﬁﬁﬂﬁ - Hﬂ B@gl}i@ﬂ‘ﬂi{ ﬂjﬁﬁ j ;&fﬂ i 3 T detection time. Wi s sorssn AR I,fw;,mk«mk»rw,wﬂwmm%WDE Multi-station Validation Results
: B i ey f& ﬁm l Pn 938061 I i : ' Pn 93806299160 sRM=-,3576 201 e . .
-7 155 61 . A A A A st W-«ﬂww‘fﬂﬁv "\MWJ-""P“:‘M‘]‘MWM”M’ M{\f‘rf"‘\d‘w*f‘*v\MWM\MMVWWm.NU::m\f‘\M %(“ whﬂmﬁwmui'[‘* "‘Hﬂt“ﬁ,‘ﬁ{]‘ fﬂ;iﬁ “M"‘M"W’M Vit cC=. Jj’aswl -2.3899 2;':\‘;:’2?;’;":3‘0"5@2 - 15 event were seen at 2 or more StatIOHS, 3 events were seen at all 3 stations. )
= < =.4209 sRM=-1,3148 2014-06-01 04:56:06:050 AAR WA f 1 y 1 I Mkl PRI e A y ot Al
00 WWrmﬁWWWWW«MWHN ﬁﬁ\‘b{.ﬁfﬁ{fcp’.ﬂ A %HWM!WPMWMWWW W\&M'W\’Vli M\HM. WV M‘Mm? }WIW‘#IW{’ ﬂ’HW‘I’ﬁJ&W '”; "hw lfﬂ"‘wﬁ B MTMWH‘/‘,\J*’ iy {.W"U] ‘r(,\fﬂgﬂm‘?’!& 1"!'\;4.4 ;‘zgh Bﬁ;%og'gﬁlﬂo'\g ;65:?5
sRM=-1.751 4 ! U 0 h ‘ f el kPN ANAD, TS PRI | ) ey} y
_ _ _ _ D R PR R T i A W\«‘ i ,,pﬂ", ,h“"‘,»*JH' W ADA g e e AN, MP(WMHMM-MM\W.W;; {n\W‘irm**\\‘iﬁ“'ﬁww;\)“»* R b iatevebitmpmerir el ~ N
Second’ We IOOked for e.‘,ents that W.ere ln the LEB bUt nOF ln .SEL3’ aS these. Were nOtlced and bUIlt by an 140 150 160 170 180 100 200 210 220 230 240 250 280 270 280 200 300 310 320 330 340 350 360 370 380 390 400 410 420 430 440 450 SUMMARY AND DISCUSSION
analyst (a much more time consuming process than confirming events built by the automated system). o 0 w0 o T o 2 2% 2 20 0 0 70 @ o 0 3 $0 w0 % ¥ %o 50 0 %0 %o 40 0 B0 4 _ _ _ _ _
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region of the world with the most number of analyst-added events was again off the coast of Chile. of azimuth and slowness , and 343 were added by hand (in the LEB but not in SEL3).  Both operations
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