
DeaU RefeUeeV aQd AVVRciaWe EdiWRU, 
 
ThaQN \RX fRU \RXU UeYieZ Rf WhiV PaQXVcUiSW. IQ WhiV UeVSRQVe fiOe, SOeaVe fiQd RXU SRiQW-b\-SRiQW UeVSRQVeV WR 
UefeUee cRPPeQWV. The OefW cROXPQ iV Whe cRPPeQW, aQd Whe UighW cROXPQ iV RXU UeVSRQVe, ZiWh aVVRciaWed 
chaQgeV iQdicaWed if aSSOicabOe. LRcaWiRQV Rf chaQgeV UefOecW Whe UeYiVed PaQXVcUiSW. (POeaVe QRWe WhaW WheVe 
SRiQW-b\-SRiQW UeVSRQVeV aUe aOVR iQcOXded aV VXSSOePeQWaO fiOeV iQ RXU AXWhRU CRPPeQWV.) 
 
The UeYiVed PaQXVcUiSW ZiWh chaQgeV highOighWed fROORZV RXU UeVSRQVeV. POeaVe QRWe WhaW Whe PaQXVcUiSW ediWV 
aOVR UefOecW Whe iQSXW Rf a USGS iQWeUQaO UeYieZeU, MaUN Reid, ZhR SURYided PRVWO\ PiQRU cRPPeQWV. 
 
ThaQN \RX YeU\ PXch fRU \RXU WiPe aQd effRUW. 
 
CheeUV, 
 
LiaP (RQ behaOf Rf aOO cR-aXWhRUV)  



 ESXUI UHYLHZHU #1 ² >DQRQ\PRXV@ 
 

LLQH RHYLHZHU FRPPHQW OXU UHVSRQVH 

1/A 7KH DXWKRUV VKRXOG VWDWH PRUH FOHDUO\ ZKDW LV WKH 
QRYHOW\ RI WKHLU VWXG\, HVSHFLDOO\ LQ WKH LQWURGXFWLRQ. I 
WKLQN WKDW LW ZRXOG LQFUHDVH WKH LPSDFW RI WKH SDSHU. 
IQ WKH FXUUHQW VKDSH, LW LV QRW FOHDU ZKDW WKLV VWXG\ 
EULQJV, FRPSDUHG WR WKH UHIHUHQFHV FLWHG LQ WKH 
IQWURGXFWLRQ DQG BDFNJURXQG VHFWLRQV. 

A ODUJH FRPSRQHQW RI WKH QRYHOW\ RI WKLV VWXG\ LV WKH 
GDWDVHW ² WKHVH DUH WZR YHU\ ODUJH HYHQWV ZLWK YHU\ 
VLPLODU FKDUDFWHULVWLFV, ​aQd ​ WKH\ ZHUH UHFRUGHG 
H[WHQVLYHO\ E\ DFRXVWLF DQG VHLVPLF VHQVRUV. :H 
HPSKDVL]H WKLV LQ SDUDJUDSK 3 RI WKH IQWURGXFWLRQ 
VHFWLRQ. 
   :H DOVR VWUHVV WKH VLPLODULW\ RI WKH HYHQWV DQG 
DFFRPSDQ\LQJ EHQHILWV LQ WKH WLWOH, AEVWUDFW, DQG WKH 
ILUVW SDUDJUDSK RI CRQFOXVLRQV. 

1/A IQ WKH DEVWUDFW, WKH DXWKRUV DUH VWDWLQJ: ³6HLVPLF 
DQG DFRXVWLF VLJQDOV IURP WKHVH RIWHQ-UHPRWH 
SURFHVVHV, FRPELQHG ZLWK RWKHU JHRSK\VLFDO 
REVHUYDWLRQV, FDQ SURYLGH NH\ LQIRUPDWLRQ IRU 
PRQLWRULQJ DQG UDSLG UHVSRQVH HIIRUWV DQG HQKDQFH 
RXU XQGHUVWDQG- LQJ RI HYHQW G\QDPLFV´. I ZDV 
H[SHFWLQJ PRUH GLVFXVVLRQ RQ WKLV SRLQW LQ WKH PDLQ 
ERG\ RI WKH SDSHU. :KDW LV WKLV VWXG\ EULQJLQJ 
UHJDUGLQJ WR WKLV VWDWHPHQW? 

:H KDYH DGGHG DQ DGGLWLRQDO VHFWLRQ, �6.7, ZKLFK 
H[SOLFLWO\ DGGUHVVHV WKH IHDVLELOLW\ RI WKH IRUFH 
LQYHUVLRQ PHWKRG IRU UDSLG KD]DUG UHVSRQVH. 

1/A IQ JHQHUDO, WKH DXWKRUV DUH KDYLQJ D QLFH GLVFXVVLRQ 
RQ WKHLU UHVXOWV, FRPSDULQJ WKHP WR RWKHU VWXGLHV, 
GLVFXVVLQJ WKH OLPLWDWLRQV RI WKH PHWKRGV WKH\ DUH 
XVLQJ. HRZHYHU, I WKLQN WKH SDSHU ZRXOG EH LPSURYHG 
E\ KDYLQJ D PRUH IXQGDPHQWDO GLVFXVVLRQ: ZKDW DUH 
WKHVH UHVXOWV WHOOLQJ XV RQ WKH HYHQWV, KRZ FDQ ZH 
XVH WKHP WR PRQLWRU WKLV NLQG RI HYHQWV? MD\EH WKH 
GLVFUHSDQFLHV EHWZHHQ WKH LQYHUVLRQ UHVXOWV IRU WKH 
WZR YHU\ VLPLODU HYHQWV FRXOG EH PRUH GLVFXVVHG DV 
ZHOO. (DPRQJ RWKHU SRVVLEOH GLVFXVVLRQV) 

3OHDVH VHH WKH DERYH UHVSRQVH WR DGGUHVV \RXU 
PRQLWRULQJ SRLQW. 
    :H KHVLWDWH WR DQDO\]H WKH VPDOOHU-VFDOH 
GLVFUHSDQFLHV EHWZHHQ WKH WZR HYHQWV, VLQFH WKHVH 
DUH PRUH OLNHO\ WR DULVH IURP HYHQW-VSHFLILF QRLVH RU 
VWDWLRQ FRYHUDJH IDFWRUV (H.J., VHH WKH GLIIHUHQFH LQ 
YHUWLFDO VFDOLQJ EHWZHHQ WKH 2016 DQG 2019 YHUWLFDO 
WUDMHFWRULHV). 
    HRZHYHU ² ZH KDYH PDGH D QHZ VHFWLRQ, �6.6, 
ZKLFK LQFRUSRUDWHV DQ H[LVWLQJ SDUDJUDSK DQG QRZ 
DOVR GLVFXVVHV WKH REVHUYHG GLIIHUHQFH LQ IRUFH-WLPH 
IXQFWLRQ DPSOLWXGHV EHWZHHQ WKH WZR HYHQWV. 

1/A FLQDOO\, LW LV QRW FOHDU WR PH ZKDW LV WKH XVH RI WKH 
DFRXVWLF GDWD LQ WKLV VWXG\: WKH PDLQ UHVXOWV RQ WKH 
G\QDPLFV RI WKH DYDODQFKHV FRPH IURP WKH VHLVPLF 
GDWD. 7KH DFRXVWLF GDWD DUH RFFXS\LQJ D ODUJH SDUW LQ 
WKH WLWOH DQG PDLQ ERG\. HRZHYHU, FRQVLGHULQJ WKH 
RXWSXW IURP WKLV GDWD, I ZRXOG UHGXFH WKHLU 
GHVFULSWLRQ, RU HPSKDVL]H EHWWHU ZK\ WKH\ DUH QHZ 
DQG LPSRUWDQW LQ WKLV VWXG\. 

:H EHOLHYH WKDW WKH DFRXVWLF GDWD UHSRUWHG RQ LQ WKLV 
VWXG\ YDOLGDWH WKHLU DSSHDUDQFH LQ WKH WLWOH DQG PDLQ 
ERG\. 
    FLUVWO\, DFRXVWLF UHFRUGLQJV RI ODUJH PDVV 
PRYHPHQWV DUH UDUH; WR KDYH GDWD IURP WZR KLJKO\ 
VLPLODU HYHQWV LV HYHQ PRUH VR. :H IHHO WKDW LW LV 
LPSRUWDQW WR SUHVHQW WKHVH GDWD. 
    6HFRQGO\, WKH DFRXVWLF GDWD GR SURYLGH 
FRPSOHPHQWDU\ LQIRUPDWLRQ WR WKH VHLVPLF GDWD. FRU 
LQVWDQFH, ZKHQ ERWK ZDYHIRUPV DUH DOLJQHG (FLJ. 8) 
WKH DEVHQFH RI DQ LQLWLDO DFRXVWLF WUDQVLHQW WR PDWFK 
WKH LQLWLDO VHLVPLF WUDQVLHQW VXJJHVWV D VXE- RU 
LQWHU-JODFLDO VRXUFH (DV PHQWLRQHG LQ WKH WH[W) UDWKHU 
WKDQ D VXUIDFH VRXUFH VXFK DV D SUHFXUVRU\ URFN RU 
LFH IDOO, VLQFH WKH ODWWHU ZRXOG SURGXFH LQIUDVRXQG DV 
ZHOO. AGGLWLRQDOO\, VLPLODU DOLJQPHQW RI VHLVPLF DQG 
LQIUDVRXQG ZDYHIRUPV KDV EHHQ REVHUYHG IRU RWKHU 
SURFHVVHV VXFK DV GHEULV IORZV. 7KHLU DOLJQPHQW 
KHUH PD\ LQGLFDWH VRPHWKLQJ DERXW WKH IORZ UHJLPH 
DIWHU IUDJPHQWDWLRQ (VWDJH B RQZDUGV). 
    :H¶YH DGGHG DGGLWLRQDO GLVFXVVLRQ LQ �6.4. 



1/A 7KH IQWURGXFWLRQ DQG BDFNJURXQG VHFWLRQV DUH D ELW 
ORQJ. 7KH\ PD\ EH JURXSHG? 

:H KDYH UHPRYHG D SDUDJUDSK IURP WKH IQWURGXFWLRQ 
DQG PRYHG RQH GDWD-UHODWHG VHFWLRQ IURP WKH 
BDFNJURXQG WR DDWD, ZKLFK PDNHV ERWK RI WKRVH 
VHFWLRQV D PRUH PDQDJHDEOH OHQJWK. 

FLJ. 
1 

IQ WKH OHJHQG RI FLJXUH 1: DGG WKH GLVWDQFHV RI WKH 2 
FORVHVW VWDWLRQV 

7KH GLVWDQFHV IRU WKHVH WZR VWDWLRQV QRZ DSSHDU LQ 
WKH PDS. 

70 IV WKHUH D UHIHUHQFH? 7ZR VHQWHQFHV ODWHU, ZH SURYLGH VHYHUDO UHIHUHQFHV. 

188±
189 

³7KH HYHQWV DOVR SURGXFHG SURGLJLRXV ORQJ-SHULRG 
HQHUJ\ ZLWK D GRPLQDQW SHULRG RI 35 V (FLJ. 5)´ :KDW 
FDQ EH WKH VRXUFH RI WKLV? 

7KH VRXUFH RI WKH ORQJ-SHULRG VHLVPLF UDGLDWLRQ LV 
GLVFXVVHG LQ WKH ILUVW SDUDJUDSK RI �2.1. 

FLJ. 
6 

FLJXUH 6, DFRXVWLF WUDQVPLVVLRQ ORVV: WKH SDWWHUQV DUH 
SUHWW\ GLIIHUHQW, ZKHUHDV WKH DXWKRUV DUH VWDWLQJ WKDW 
WKH VRXUFHV DUH YHU\ VLPLODU. :KDW FDQ H[SODLQ WKLV 
GLVFUHSDQF\? (RYHUDOO RQ WKH ZHVWHUQ SDUW) I WKRXJKW 
LW FRXOG EH GXH WR WKH DGGLWLRQ RI DFRXVWLF VWDWLRQV LQ 
WKH ZHVWHUQ UHJLRQ, EXW WKHVH VWDWLRQV GLG QRW VHHP 
WR GHWHFW DQ\ VLJQDO. I ZRXOG OLNH VRPH GLVFXVVLRQ RQ 
WKLV SRLQW. 

IQ WKLV UHVSRQVH ZH DVVXPH WKDW WKH SDWWHUQV \RX 
UHIHU WR DUH WKH WUDQVPLVVLRQ ORVV SDWWHUQV. 6LQFH WKH 
UHJLRQDO LQIUDVRXQG DUUD\V DOO GHWHFWHG WKH VLJQDO, ZH 
IRFXV RQ VLQJOH LQIUDVRXQG VHQVRUV LQ WKH EHORZ 
GLVFXVVLRQ (LQYHUWHG WULDQJOHV DQG VTXDUHV LQ FLJ. 6). 
2XU DELOLW\ WR GHWHFW DQ LQIUDVRXQG VLJQDO DW D VLQJOH 
LQIUDVRXQG VHQVRU LV VWURQJO\ FRQWUROOHG E\ WKUHH 
IDFWRUV: 

1. 7KH QRLVH OHYHO DW WKH VHQVRU (LQGLFDWHG E\ 
VHQVRU 5M6 SUHVVXUH). MDQ\ RI WKH 
³VLQJOH-VWDWLRQ´ W\SH LQIUDVRXQG VHQVRUV 
XVHG LQ WKLV VWXG\ DUH SDUW RI WKH 
PHWHRURORJLFDO VHQVLQJ SDFNDJH DGGHG WR 
7UDQVSRUWDEOH AUUD\ VHLVPLF VWDWLRQV. 7KLV 
PHDQV WKDW WKH VWDWLRQV ZHUH VLWHG SULPDULO\ 
IRU VHLVPLF, QRW LQIUDVRQLF, SHUIRUPDQFH. 
7KHUHIRUH, QRLVH LQ WKH LQIUDVRQLF EDQG ² IRU 
H[DPSOH, WXUEXOHQFH FUHDWHG E\ WKH 
LQWHUDFWLRQ RI ZLQG ZLWK QHDUE\ WRSRJUDSK\ 
(RU WUHHV/URFNV/VWUXFWXUHV QHDU WKH VHQVRU) 
² FDQ EH ODUJH IRU WKHVH VWDWLRQV. EYHQ IRU 
GHGLFDWHG VLQJOH VHQVRU LQIUDVRXQG LQVWDOOV, 
VXFK DV WKRVH GHSOR\HG IRU YROFDQR 
PRQLWRULQJ, QRLVH LV DQ LVVXH. AUUD\V FDQ 
KHOS PLWLJDWH WKLV SUREOHP E\ GHWHUPLQLQJ 
FRKHUHQW HQHUJ\ DFURVV WKH DUUD\. 

2. 7KH SURSDJDWLRQ FRQGLWLRQV (LQGLFDWHG E\ 
WUDQVPLVVLRQ ORVV). FRU QRQ-ORFDO (> 15 NP) 
LQIUDVRXQG, SURSDJDWLRQ LV HVSHFLDOO\ 
LPSRUWDQW VLQFH HQWLUH SRUWLRQV RI EDUWK¶V 
VXUIDFH FDQ UHVLGH LQ ³VKDGRZ ]RQHV´ LQ 
EHWZHHQ ERXQFH SRLQWV RI WKH DWPRVSKHULF 
ZDYHJXLGHV (GXFWV, VHH �5.1.3). 

3. 6RXUFH VWUHQJWK. :H DVVXPH WKDW WKH VRXUFH 
VWUHQJWK DQG GLUHFWLRQDOLW\ DUH YHU\ VLPLODU 
EHWZHHQ WKH WZR HYHQWV, EDVHG XSRQ WKH 
VLPLODULW\ RI WKH DFRXVWLF GDWD DQG GHSRVLWV. 

FLJ. 6 LV GHVLJQHG WR GLVSOD\ WKH ILUVW WZR RI WKHVH 
IDFWRUV RQ RQH PDS. IQ WKH FDVH RI WKH DGGLWLRQDO 
VWDWLRQV WR WKH ZHVW LQ 2019, ZKLOH ZH ZHUH EHWWHU 
DEOH WR VDPSOH WKH ZDYHILHOG, PRVW RI WKH DGGHG 
VWDWLRQV ZHUH QRLV\, VR HYHQ ZLWK VHHPLQJO\ 
IDYRUDEOH SURSDJDWLRQ WR WKH ZHVW, ZH KDYH QR 
DGGLWLRQDO GHWHFWLRQV. �5.1.2 GLVFXVVHV WKLV. FLQDOO\, 
QRWH WKDW WKH WUDQVPLVVLRQ ORVV PRGHOLQJ LV IRU D 



EDVLF SRLQW VRXUFH DQG LV LQGHSHQGHQW RI VRXUFH 
FKDUDFWHU EHWZHHQ WKH WZR \HDUV ² YDULDELOLW\ RI WKH 
WUDQVPLVVLRQ ORVV SDWWHUQ FRUUHVSRQGV WR YDULDELOLW\ 
LQ WKH DWPRVSKHUH EHWZHHQ WKH WZR \HDUV. LLNHZLVH 
IRU WKH 5M6 SUHVVXUH FDOFXODWLRQ ² WKLV VROHO\ 
UHIOHFWV GLIIHUHQFHV LQ ORFDO VLWH QRLVH EHWZHHQ WKH 
WZR \HDUV. 

6HF. 
4.1.2 

ZKDW LV WKH GHILQLWLRQ RI WKH URRW PHDQ VTXDUH 
SUHVVXUH? 

FRU DQ\ WLPH VHULHV VLJQDO, WKH URRW-PHDQ-VTXDUH LV 
WKH VTXDUH URRW RI WKH PHDQ RI WKH VTXDUHV RI HDFK 
GDWD YDOXH. IW LV D UHODWLYHO\ UREXVW PHWKRG IRU 
GHWHUPLQLQJ WKH DYHUDJH YDOXH ² LQ WKLV FDVH, 
DYHUDJH SUHVVXUH ² RI D ZDYHIRUP. 

344±
346 

³:H XVH WKH VDWHOOLWH LPDJHU\ VKRZQ LQ FLJ. 2 WR 
HVWLPDWH WKH PDVV IRU HDFK HYHQW. FLUVW, ZH VXEWUDFW 
WKH DYDODQFKH VRXUFH DUHD IURP WKH WRWDO DUHD, 
LJQRUH HQWUDLQPHQW, DQG DVVXPH D XQLIRUP 1.5 P 
GHSRVLW WKLFNQHVV HYHU\ZKHUH RQ WKH VORSH WR REWDLQ 
D YROXPH.´ IV LW QRW SRVVLEOH WR GHGXFH LW IURP WKH 
DEMV? 

IW ZDV QRW SRVVLEOH WR GHGXFH WKH DYDODQFKH YROXPHV 
IURP DEM DQDO\VLV. 7KH 6IM DEM ZDV DFTXLUHG LQ 
ODWH JXO\ 2019, RQH PRQWK DIWHU WKH JXQH 2019 HYHQW. 
6LQFH WKH DYDODQFKH GHSRVLWV KDYH D ODUJH LFH 
FRPSRQHQW, LW LV XQOLNHO\ WKDW WKH 6IM DEM 
DFFXUDWHO\ FDSWXUHV WKH JXQH 2019 HYHQW¶V GHSRVLW. 
MRUH FULWLFDOO\, ZH GR QRW KDYH SUH-HYHQW DEMV IRU 
HLWKHU HYHQW (QRU D SRVW-HYHQW DEM IRU WKH MD\ 2016 
HYHQW), SUHFOXGLQJ DEM VXEWUDFWLRQ. 
    :H¶YH DGGHG D VHQWHQFH H[SODLQLQJ WKLV OLPLWDWLRQ 
WR WKH QHZ ³MDVV HVWLPDWLRQ´ VHFWLRQ (�4.1) RI WKH 
PDQXVFULSW. 

356±
368 

IW LV QRW FOHDU WR PH KRZ WKH DXWKRUV FKRRVH WKH HQG 
SRLQW. 

:H GR QRW LQ IDFW SLFN D C2M HQG SRLQW. :H SLFN D 
C2M VWDUW SRLQW, DQG ILQG WKH C2M UXQRXW OHQJWK 
WKDW UHVXOWV LQ WKH EHVW PDWFK RI WKH IRUFH-WLPH 
IXQFWLRQ IHDWXUHV WR WKH WRSRJUDSK\ DQG IORZ IHDWXUHV 
HYLGHQW LQ WKH GHSRVLWV. :H¶YH DGGHG VRPH 
FODULILFDWLRQ WR WKLV HQG LQ �4.3.3. 

FLJ. 
8 

6HLVPLF DQG DFRXVWLF VLJQDOV DUH VKLIWHG WR EH 
DOLJQHG RQ WKH WLPH 0 RI WKH LQYHUVLRQ. BXW I GR QRW 
XQGHUVWDQG ZK\ WKH\ DUH VKLIWHG IRU WUDYHO WLPH IURP 
GLIIHUHQW SRLQWV? (SRLQW IRUFH ORFDWLRQ IRU WKH VHLVPLF 
VLJQDOV, DQG DYDODQFKH SDWK PLGSRLQW IRU WKH 
DFRXVWLF VLJQDOV?) CDQ WKH DXWKRUV H[SODLQ WKLV 
FKRLFH, VLQFH LW KDV DQ LPSDFW RQ WKH LQWHUSUHWDWLRQ 
(SDUDJUDSK EHJLQQLQJ LLQH 505)? 

7KH VHOHFWLRQ RI D VRXUFH ORFDWLRQ WR IDFLOLWDWH 
VRXUFH-WR-UHFHLYHU GLVWDQFH FDOFXODWLRQV (DQG WKXV 
WUDYHO WLPH UHPRYDO) LV GLIILFXOW GXH WR WKH PRYLQJ 
VRXUFH (C2MV PRYHG XS WR 8 NP). :H VHOHFWHG WKH 
DYDODQFKH SDWK PLGSRLQW IRU WKH LQIUDVRXQG VRXUFH 
ORFDWLRQ VLQFH WKLV LV OLNHO\ WKH PRVW DFRXVWLFDOO\ 
HQHUJHWLF SRUWLRQ RI WKH IORZ (VHH VHFRQG DQG WKLUG 
SDUDJUDSKV LQ �6.4 IRU GLVFXVVLRQ). 7KH VHOHFWLRQ RI 
D VRXUFH ORFDWLRQ IRU WKH KLJK-IUHTXHQF\ (HF) 
VHLVPLF VRXUFH LV WULFNLHU, VLQFH ZH KDYH LGHQWLILHG 
PXOWLSOH HF WUDQVLHQWV WKDW FRUUHVSRQG WR GLIIHUHQW 
VRXUFH ORFDWLRQV. FRU H[DPSOH, WKH LQLWLDO HF 
WUDQVLHQW LV DVVRFLDWHG ZLWK D IDLOXUH QHDU WKH FURZQ 
RI WKH DYDODQFKH, EXW WKH IROORZLQJ VSLQGOH LV 
DVVRFLDWHG ZLWK WKH IUDJPHQWDWLRQ RI PDVV IXUWKHU 
GRZQVORSH (VLPLODU WR WKH LQIUDVRXQG VRXUFH 
ORFDWLRQ). 
    FRU FRQVLVWHQF\ ZLWK WKH LQIUDVRXQG WUDYHO WLPH 
UHPRYDO ORFDWLRQ, ZH¶YH FKDQJHG WKH ORFDWLRQ IRU 
VKLIWLQJ RI WKH VHLVPLF VLJQDOV WR WKH DYDODQFKH 
PLGSRLQW. 7KLV GRHV QRW FKDQJH RXU LQWHUSUHWDWLRQV 
(SDUDJUDSK EHJLQQLQJ RQ OLQH 509 LQ WKH UHYLVHG 
PDQXVFULSW). 

456, ³PDQLIHVWHG DV D KLJK-IUHTXHQF\´: IQGLFDWH WKH AGGHG ³(> 5 H])´ LQ WKHVH WZR SODFHV. 6HH DOVR FLJ. 



460 IUHTXHQF\ KHUH. (6DPH LLQH 460) 4. 

  



 E6XUI UHYLHZHU #2 ² 9HOLR CRYLHOOR 
 

LLQH RHYLHZHU FRPPHQW OXU UHVSRQVH 

N/A 6WUXFWXUH: WKH EDFNJURXQG DQG PHWKRGV VHFWLRQV DUH 
TXLWH ORQJ DQG KDYH PDQ\ VXE-VHFWLRQV. I ZRXOG WU\ 
WR VKRUWHQ WKH SDSHU DQG VLPSOLI\ LWV VWUXFWXUH. FRU 
LQVWDQFH, I ZRXOG VNLS VHFWLRQ 2.3 DQG PRYH SDUW RI 
WKH WH[W GHVFULELQJ LFH-URFN DYDODQFKH WR WKH 
IQWURGXFWLRQ. IQ DGGLWLRQ, I VXJJHVW PRYLQJ WKH WH[W 
FRQWDLQHG LQ WKH VHFWLRQ 2.5 WR WKH EHJLQQLQJ RI DDWD. 
FLQDOO\, I ZRXOG VNLS WKH ZKROH VHFWLRQ 4.2.3 DQG 
PRYH LW DOO WR D VXSSOHPHQW ILOH. 

:H KDYH PRYHG WKH WH[W LQ �2.5 WR WKH EHJLQQLQJ RI 
WKH DDWD VHFWLRQ. :H ZRXOG OLNH WR UHWDLQ �2.3 WR 
SURYLGH VRPH JHQHUDO FRQWH[W WR WKH IROORZLQJ 
GHVFULSWLRQ RI IOLDPQD¶V LFH±URFN DYDODQFKHV. :H 
KDYH PRYHG WKH IRUPHU �4.2.3 LQWR D VXSSOHPHQWDO 
ILOH. 

N/A DDWDVHW: GLG \RX FRQVLGHU H[WHQGLQJ \RXU DQDO\VLV 
WR VLPLODU HYHQWV WKDW RFFXUUHG DW IOLDPQD 9ROFDQR 
EHIRUH 2016? IQ CDSODQ-AXHUEDFK DQG HXJJHO 
(2007) TXLWH D ORW RI LFH-URFN DYDODQFKHV DUH 
UHSRUWHG WKDW SURGXFHG VHLVPLF VLJQDOV DW IOLDPQD 
9ROFDQR. 

IW LV WUXH WKDW WKHUH DUH PDQ\ FDQGLGDWH 5HG GODFLHU 
DYDODQFKHV ZKLFK ZH FRXOG DQDO\]H. HRZHYHU, KHUH 
ZH IRFXVHG RQO\ RQ WKH WZR PRVW UHFHQW HYHQWV 
EHFDXVH: 

1. 7KHVH WZR HYHQWV RFFXUUHG GXULQJ/DIWHU WKH 
GHSOR\PHQW RI WKH 7A QHWZRUN, ZKLFK 
SURYLGHV XV ZLWK DFRXVWLF DV ZHOO DV VHLVPLF 
GDWD. :H GRQ¶W KDYH DFRXVWLF UHFRUGLQJV IRU 
HDUOLHU HYHQWV. 

2. 7KHUH ZHUH YHU\ IHZ EURDGEDQG 
VHLVPRPHWHUV DYDLODEOH LQ 2004 DQG HDUOLHU. 
AQ I5I6 VWDWLRQ TXHU\ IRU VWDWLRQV ZLWKLQ 200 
NP RI IOLDPQD WKDW ZHUH RSHUDWLRQDO/DYDLODEOH 
RQ 1 JDQXDU\ 2006 UHYHDOV RQO\ 4 EURDGEDQG 
VWDWLRQV DYDLODEOH ² 3 G�UDOS 67D¶V (30 V 
FRUQHU) DQG 1 G�UDOS 407 (60 V FRUQHU). 7KH 
2016 LQYHUVLRQ DOVR EHQHILWHG IURP WKH 
SUHVHQFH RI WKH WHPSRUDU\ 6ALM2N VHLVPLF 
DUUD\. 

3. AYDLODELOLW\ RI DX[LOLDU\ GDWD VXFK DV VDWHOOLWH 
DQG JURXQG-EDVHG LPDJHU\ LV QRW DV JRRG 
IRU WKH HYHQWV IURP 2004 DQG HDUOLHU. 

N/A MHWKRGV: WKH LQYHUVLRQ RI ORZ-IUHTXHQF\ VHLVPLF 
GDWD XVHG WR UHFRQVWUXFW WKH IRUFH KLVWRU\ RI WKH 
WZR LFH±URFN DYDODQFKHV LV D FRQVROLGDWHG PHWKRG. 
GLYHQ WKH ODUJH QXPEHU RI HYHQWV (VHH SRLQW 1) DQG 
EURDGEDQG VHLVPLF VWDWLRQV DYDLODEOH, LW ZRXOG EH 
SRVVLEOH WR VKRZ DQG GLVFXVV WKH LPSDFW RI WKH 
QHWZRUN JHRPHWU\ RQ WKH IRUFH KLVWRU\? 

7KRXJK WKHUH DUH D UHODWLYHO\ ODUJH QXPEHU RI 5HG 
GODFLHU DYDODQFKHV, RQO\ WKHVH WZR HYHQWV KDYH 
VXIILFLHQW GDWD IRU LQYHUVLRQ (VHH UHVSRQVH 
LPPHGLDWHO\ DERYH). 7KHUHIRUH, WKH EHVW ZD\ WR 
H[SORUH WKH VHQVLWLYLW\ RI LQYHUVLRQ UHVXOWV WR 
FKDQJLQJ QHWZRUN JHRPHWU\ LV YLD V\QWKHWLF 
H[DPSOHV. :H GR QRW SHUIRUP D IRUPDO LQYHVWLJDWLRQ 
RI WKLV HIIHFW KHUH, EXW ZH SODQ WR DGGUHVV WKH 
QHWZRUN JHRPHWU\ FRQVLGHUDWLRQ LQ DQ XSFRPLQJ 
IRUFH LQYHUVLRQ ³EHVW SUDFWLFHV´ SDSHU. 7KH 
MDFNNQLIHG WUDMHFWRULHV VKRZQ LQ WKLV SDSHU VHUYH WR 
FRQYH\ VRPH LGHD RI WKH H[SHFWHG VSUHDG RI WKH 
VROXWLRQV XQGHU FKDQJLQJ LQSXW GDWD. BXW ZH ODFN D 
KLJK-TXDOLW\ EDODQFH RI WKUHH FRPSRQHQW GDWD (PRVW 
GDWD XVHG KHUH LV YHUWLFDO) WR XQGHUVWDQG WKLV LVVXH 
IURP UHDO GDWD DORQH ² KHQFH WKH QHHG IRU V\QWKHWLF 
WHVWLQJ. 

N/A EYHQW YROXPHV: KRZ GLG \RX HVWLPDWH WKH YDOXH RI 
1.5 P GHSRVLW WKLFNQHVV? I ZRXOG DGG WKH UDQJH RI 
HUURU WR WKH HYHQW YROXPHV. IFH-URFN SDUWLWLRQ: LV 

7KH GHSRVLWV IRU WKHVH WZR HYHQWV ZHUH QRW 
PHDVXUHG GLUHFWO\, VR ZH PXVW PDNH DQ HGXFDWHG 
JXHVV. 3UHYLRXV VWXGLHV KDYH EHHQ IRUFHG WR GR WKH 



ILIW\-ILIW\ FRQVLVWHQW ZLWK ILHOG-EDVHG HVWLPDWHV RI 
SUHYLRXV HYHQWV? IQ DQ\ FDVH, I GR QRW H[SHFW WKDW 
VXFK DQ LQIRUPDWLRQ RQ WKH YROXPH XQFHUWDLQW\ 
ZRXOG H[SODLQ WKH GLVFUHSDQFLHV EHWZHHQ WKH 
PDVVHV LQIHUUHG IURP WKH IRUFH LQYHUVLRQ 
WUDMHFWRULHV YHUVXV WKH RQHV FDOFXODWHG ZLWK 
VDWHOOLWH LPDJHU\. I VXJJHVW LQGLFDWLQJ ZKHUH DQG 
ZKHQ IUDJPHQWDWLRQ DQG HURVLRQ- GHSRVLWLRQ 
SURFHVVHV RFFXU, PD\EH DGGLQJ VRPH JUDSKLFDO 
IHDWXUHV WR ILJXUH 10 RU VRPH WH[W WR WKH GHVFULSWLRQ 
RI VWDJHV A-E LQ VHFWLRQ 6.2. 

VDPH ² HXJJHO HW DO. (2007) HVWLPDWHG GHSRVLW 
WKLFNQHVVHV RI 1±3 P IRU D 2004 DYDODQFKH RQ 
IOLDPQD¶V LDWHUDO GODFLHU. :D\WKRPDV HW DO. (2000) 
HVWLPDWHG 1.5 P WKLFNQHVV DQG D FRPSRVLWLRQ RI ³DW 
OHDVW 50 SHUFHQW´ LFH/VQRZ IRU 1996 DQG 1997 5HG 
GODFLHU DYDODQFKHV. :H¶YH DGGHG D FLWDWLRQ IRU WKH 
50±50 FRPSRVLWLRQ, DQG DWWDFKHG XSSHU DQG ORZHU 
ERXQGV WR WKH 1.5 P WKLFNQHVV HVWLPDWH ZKLFK ZH 
SURSDJDWH LQWR WKH YROXPH DQG PDVV FDOFXODWLRQV. 
    :H FDQ¶W PDNH WRR PDQ\ VWDWHPHQWV DERXW 
HURVLRQ/GHSRVLWLRQ SURFHVVHV EDVHG XSRQ RXU OLPLWHG 
JURXQGWUXWK. :H QRZ PHQWLRQ IUDJPHQWDWLRQ LQ ERWK 
VWDJHV B DQG C. 

N/A 5HVXOWV: TXDQWLWDWLYH UHVXOWV GHVFHQG IURP WKH 
DQDO\VLV RI WKH VHLVPLF LQIRUPDWLRQ. I DSSUHFLDWHG 
WKH H[SOLFLW DFNQRZOHGJHPHQW RI WKH OLPLWDWLRQV 
SUHFOXGLQJ WKH DXWKRUV IURP DVVHVVLQJ D FRPSOHWH 
LQIUDVRXQG VRXUFH HVWLPDWH. AFWXDOO\, LQIUDVRXQG 
GDWD DUH PDLQO\ XVHG LQ WKH GLVFXVVLRQ WR KLJKOLJKW 
WKH OLPLWDWLRQV RI WKH IRUFH-KLVWRU\ LQ GHVFULELQJ WKH 
PDVV PRYHPHQWV. HRZHYHU, I KDYH WKH LPSUHVVLRQ 
WKDW VHFWLRQ 6.4 FDQ EH H[WHQGHG PHQWLRQLQJ WKDW 
WKH WUDQVLWLRQ IURP D EORFN-W\SH IDLOXUH WR D JUDQXODU 
IORZ OLNHO\ UHVXOWV LQ D KLJKHU IUHTXHQF\ VHLVPLFLW\. 
NHDU-ILHOG VHLVPRDFRXVWLF REVHUYDWLRQV RI GHEULV 
IORZV FDQ VXSSRUW WKLV GLVFXVVLRQ, VHH H�UOLPDQQ 
HW DO. (2019) DQG UHIHUHQFHV WKHUHLQ. 
 
H�UOLPDQQ, M., CRYLHOOR, 9., BHO, C., GXR, ;., BHUWL, 
M., GUDI, C., H�EO, J., ML\DWD, 6., 6PLWK, J.B., DQG 
<LQ, H.<., 2019, DHEULV-IORZ PRQLWRULQJ DQG ZDUQ- 
LQJ: 5HYLHZ DQG H[DPSOHV: EDUWK-6FLHQFH 
5HYLHZV, Y. 199, S. 102981, 
GRL:10.1016/M.HDUVFLUHY.2019.102981. 

7KDQN \RX IRU DOHUWLQJ XV WR WKLV YHU\ UHOHYDQW UHYLHZ 
SDSHU. :H¶YH DGGHG VRPH GLVFXVVLRQ LQ �6.4 
UHJDUGLQJ WKH VLPLODULW\ RI KLJK-IUHTXHQF\ VHLVPLF 
DQG LQIUDVRXQG ZDYHIRUPV IRU WKH 2016 DQG 2019 
HYHQWV DQG WKH UHVHPEODQFH RI WKLV REVHUYDWLRQ WR 
VRPH RI WKH GHEULV IORZ VWXGLHV UHIHUHQFHG LQ 
H�UOLPDQQ HW DO. (2019). 7KLV SURYLGHV DGGLWLRQDO 
HYLGHQFH WKDW IOLDPQD LFH±URFN DYDODQFKHV WUDQVLWLRQ 
LQWR D JUDQXODU IORZ WKDW (DW OHDVW VHLVPRDFRXVWLFDOO\) 
H[KLELWV IORZ G\QDPLFV VLPLODU WR WKRVH RI GHEULV 
IORZV. 

N/A 6WLFN-VOLS DFWLYLW\: DOWKRXJK WKLV LV QRW WKH REMHFWLYH 
RI WKH SDSHU, WKLV LV DQ LQWULJXLQJ SRLQW. I DP 
ZRQGHULQJ LI SUHFXUVRU\ WUHPRUV OLNH WKRVH 
PHQWLRQHG LQ WKH SDSHU FDQ EH SURGXFHG E\ VPDOO 
LFH-URFNIDOO HYHQWV SUHFHGLQJ WKH PDLQ FROODSVH. 
3URJUHVVLYH URFNIDOO DFWLYLW\ LV D FRPPRQ SURFHVV 
GXULQJ WKH ILUVW SKDVH RI PRWLRQ RI D ODUJH 
ODQGVOLGH. :KDW GR \RX WKLQN? 

CDSODQ-AXHUEDFK DQG HXJJHO (2007) PDNH D 
FRPSHOOLQJ FDVH IRU WKH RULJLQ RI WKH IOLDPQD 
DYDODQFKH SUHFXUVRU\ VLJQDOV EHLQJ RQ WKH LFH-URFN 
LQWHUIDFH RU ZLWKLQ LFH. 7KH SUHFXUVRU\, WUDQVLHQW 
VLJQDOV DUH IRXQG WR EH KLJKO\ VLPLODU DQG WKHLU 
LQWHU-HYHQW WLPLQJ VKULQNV DV WKH WLPH WR IDLOXUH 
DSSURDFKHV. 6HH H.J. FLJ. 10 LQ CDSODQ-AXHUEDFK 
DQG HXJJHO (2007). :KLOH SUHFXUVRU\ LFH-URFNIDOO 
DFWLYLW\ PD\ FHUWDLQO\ EH LQWHUPLWWHQWO\ SUHVHQW, WKH 
KLJK VLPLODULW\ RI WKH SUHFXUVRU\ WUDQVLHQW VLJQDOV DQG 
WKHLU UHOLDEOH LQFUHDVH LQ HYHQW IUHTXHQF\ LV PRUH 
FRQVLVWHQW ZLWK D VXE- RU LQWUD-JODFLDO VRXUFH. 
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Abstract. Surficial mass wasting events are a hazard worldwide. Seismic and acoustic signals from these often-remote pro-

cesses, combined with other geophysical observations, can provide key information for monitoring and rapid response efforts

and enhance our understanding of event dynamics. Here we present seismoacoustic data and analyses for two very large ice–

rock avalanches occurring on the “natural laboratory” of Iliamna Volcano, Alaska (USA) on 22 May 2016 and 21 June 2019.

Iliamna is a glacier-mantled stratovolcano located in the Cook Inlet, ⇠200 km from Anchorage, Alaska. The volcano experi-5

ences massive, quasi-annual slope failures due to glacial instabilities and hydrothermal alteration of material
:::::::
volcanic

:::::
rocks

near its summit. The May 2016 and June 2019 avalanches were particularly large and generated energetic seismic and infra-

sound signals which were recorded on numerous stations at ranges from ⇠9 to over 600 km. Both avalanches initiated in the

same location near the head of Iliamna’s east-facing Red Glacier, and their ⇠8 km long runout shapes are nearly identical.

This repeatability – which is rare for
::::
large

:::
and

:::::
rapid mass movements – provides an excellent opportunity for comparison and10

validation of seismoacoustic source characteristics. For both events, we invert long-period (15–80 s) seismic signals to obtain

a force-time representation of the source. We model the avalanche as a sliding block which exerts a spatially-static
:::::::
spatially

::::
static

:
point force on the Earth. We use this force-time function to derive constraints on avalanche acceleration, velocity, and

directionality which are compatible with satellite imagery and observed terrain features. Our inversion results suggest that the

avalanches reached speeds exceeding 80 m s�1
::::::::
70 m s�1, consistent with numerical modeling from previous Iliamna studies.15

We lack sufficient local infrasound data to test an acoustic source model for these processes. However, the acoustic data suggest

that infrasound from these avalanches is produced after the mass movement regime transitions from cohesive block-type failure

to granular and turbulent flow – little to no infrasound is generated by the initial failure. At Iliamna, synthesis of advanced nu-

merical flow models and more detailed groundtruth
::::::
ground

::::::::::
observations

:
combined with increased geophysical station coverage

could yield significant gains in our understanding of these events.20
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1 Introduction

Surficial gravitational mass movements, such as debris flows, rockfalls, lahars, and avalanches, constitute a broad collection of

Earth processes which are a significant hazard around the world (Voight, 1978). These events can cause devastating damage to

life and property when they occur in at-risk, populated areas in mountainous regions or on the flanks of volcanoes. Avalanches

involving mixtures of ice and rock are a subset of these processes usually occurring in topographically extreme, glaciated25

terrain. Some of the most deadly surficial gravitational mass movements (hereafter, just “mass movements”) in history were

ice–rock avalanches. For example, the Huascarán avalanches occurring in 1962 and 1970 in the Peruvian Andes together

claimed an estimated 22,000 lives (Plafker and Ericksen, 1978). However, due to their high mobility and frequently remote

location, eyewitness observations of these dramatic processes are rare (Caplan-Auerbach and Huggel, 2007; Coe et al., 2016),

and other assessment methods such as geologic mapping or satellite imagery analysis may not be timely or even possible due30

to the rugged terrain and volatile mountain weather typically found in such settings.
:

Seismoacoustics is an emerging tool which can help us understand these powerful yet elusive processes (Allstadt et al.,

2018, and references therein). Mass movements transfer energy into the solid Earth as seismic waves and into the atmosphere

as acoustic waves. The atmospheric waves are primarily in the infrasonic range at frequencies below the range of human

hearing (<
:
<

:
20 Hz). These signals contain valuable and complementary information about the character and size of the event,35

and also provide a high-resolution record of event timing. Even moderately-sized mass movements
::::
Most

:::::
mass

::::::::::
movements

::::
large

::::::
enough

:::
to

::
be

:::::::::
destructive

:
can be recorded

::::::::::::::::
seismoacoustically from sufficiently safe distances. By analyzing the seismic

and acoustic waves generated by these processes, we can better understand their dynamics and work towards improved hazard

mitigation and response. Seismology and infrasound are therefore some of most promising tools for near-real-time detection

and characterization of remote mass movements (Allstadt et al., 2018). However, development of detailed seismoacoustic40

source models is still an area of active research, as relatively few high-resolution recordings
:::::::::::
well-recorded

::::::
events

:
–
::::::::::
particularly

::::
those

::::
with

::::
both

:::::::
seismic

:::
and

:::::::::
infrasound

::::
data

::
– exist.

Here, we focus on two ice–rock avalanches occurring in May 2016 and June 2019 on Iliamna Volcano, Alaska, USA. These

avalanches were very large, each measuring ⇠8 km from crown to toe. Both events produced energetic seismic and acoustic

signals broadly recorded at local (< 100
:::::
< 100 km) and regional (> 100

:::::
> 100 km) distances. Relatively dense regional seismic45

and acoustic networks were in place during these events (Fig. 1), providing a unique opportunity for source quantification and

comparison. Additionally, the location and nature of failure and the material, shape, and size of the resulting deposits are very

similar between the two events (Fig. 2), providing excellent datasets for comparison. Iliamna Volcano is known for frequent,

large mass movements of this nature (e.g., Caplan-Auerbach et al., 2004; Caplan-Auerbach and Huggel, 2007; Huggel et al.,

2007; Schneider et al., 2010).50

Numerous studies have analyzed seismic and acoustic data from mass movements (see Allstadt et al., 2018, and references therein)

. Here we apply consistent methodology to analyze two very similar events with excellent regional seismoacoustic station

coverage. The repeatability of the Iliamna Volcano avalanches facilitates validation of source models and, in the case of

infrasound, allows for separation of the acoustic source from typically highly time-dependent atmospheric path effects.

2
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Figure 1. Map of the Cook Inlet region, Alaska.
::::::
Iliamna

::::::
Volcano

::
is

:::::::
indicated

::
by

::
a
::::
green

:::::::
triangle. Broadband seismic stations used in the

2016 (28 stations) and 2019 (23 stations) force inversions are shown as blue squares and red
:::::
inverted

:
triangles, respectively. Overlapping

markers denote stations used in both inversions. The station distribution varies greatly between the two events due to the presence of a

temporary seismic array in 2016 and increased Transportable Array station coverage in 2019. Reference stations ILSW and O20K (the

closest seismometer and infrasound sensor to the events, respectively) are shown as gray diamonds
:::
with

:::::::
distances

::
to

::::::
Iliamna

::::::
Volcano

:::::
given

:
in
:::::::::
parentheses. The city of Anchorage and town of Homer are marked as black dots. Red box in inset shows main map extent.

In this study, we describe the acoustic and seismic signals generated by the 2016 and 2019 Iliamna Volcano avalanches,55

along with auxiliary information including aerial, ground-based, and satellite imagery. We explore the timing and strength

of the avalanche acoustic signal and assess the possibility of acoustic source directionality. We invert the strong long-period

seismic signals produced by the events to obtain the time series of forces that the center of mass (COM) of each avalanche

exerted on the Earth – the “force-time function”. From there, we calculate the acceleration, velocity, and displacement of the

COMs and compare these to auxiliary data such as digital elevation models and satellite imagery. Our modeled forces and60

trajectories generally agree well with the satellite imagery and observed terrain features and offer insight into the acoustic

::::::::::::
seismoacoustic

:
source properties of these massive avalanches.

2 Background

2.1 Analysis of long-period seismic waves from mass movements

The amplitude and frequency content of the seismic wavefield radiated by a surficial mass movement are strongly controlled by65

the spatial and temporal scales involved as well as the structural coherence of the moving material. Processes such as powdery
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Figure 2. Satellite images of the 2016 and 2019 Red Glacier avalanche deposits acquired on (a) 23 May 2016 and (b) 22 June 2019, both

less than 48 h post-event. Red outlines delineate approximate avalanche extents (source, track, and deposit areas). Yellow
:::::
Green stars mark

the location of the inversion point force. Blue arrows indicate the location of superelevation-like flow lobes. Blue dashed lines delineate the

northern margin of an unnamed tributary glacier which joins Red Glacier from the southwest. Translucent blue
:::::::
Magenta patches show the

approximate locations of two fumarole zones located to the east of the summit. Imagery © 2016 and 2019 Planet Labs, Inc.

snow avalanches and lahars, which primarily involve incoherent collections of fine-grained particles, produce relatively high-

frequency seismicity (Allstadt et al., 2018). However, larger events which move coherently – such as rockfalls and ice–rock

avalanches – can additionally produce significant long-period (> 10 s
:::::
> 10 s) seismic energy that can be recorded globally (Hi-

bert et al., 2017; Allstadt et al., 2018). These long-period seismic waves originate from the bulk acceleration and deceleration70

of
:::
the mass as it moves downslope (Ekström and Stark, 2013).

Long-period seismic waves can be used to invert for quantitative mass movement source properties. The wave propagation

(i.e. Green’s function) at these periods is often straightforward to model due to the relatively small influence of topography

and Earth structure on such long-wavelength signals. Once the propagation is accounted for, one can invert for the time-

varying force vector that the moving mass exerted on the Earth (e.g., Kawakatsu, 1989; Allstadt, 2013; Ekström and Stark,75

2013; Coe et al., 2016; Gualtieri and Ekström, 2018). The trajectory can then be obtained if the mass, generally assumed to be

constant, is known or can be estimated (e.g., Ekström and Stark, 2013; Moore et al., 2017; Gualtieri and Ekström, 2018; Schöpa

et al., 2018). However, complexities such as entrainment and deposition along the flow path clearly violate the constant mass

approximation, so this method has generally only been successful for simple runout paths. The infrequent nature of catastrophic

4



mass movements capable of generating sufficiently long-period seismic radiation means that opportunities to apply this model80

are limited (Hibert et al., 2017).

2.2 Acoustic studies of mass movements

More recently, studies have incorporated observations and analysis of infrasound generated by mass movements. Since infra-

sound is
:::::::
stations

:::
are often deployed in a volcano-monitoring context

::::::
settings

:
(Fee and Matoza, 2013; Matoza et al., 2019),

many acoustic observations of mass movements have documented volcanic phenomena such as pyroclastic flows (e.g., Ya-85

masato, 1997; Ripepe et al., 2009, 2010; Delle Donne et al., 2014), lahars (e.g., Johnson and Palma, 2015), rockfalls (e.g.,

Moran et al., 2008; Johnson and Ronan, 2015), and flank collapse events (e.g., Perttu et al., 2020). Outside of the volcanic

context, debris flows (e.g., Kogelnig et al., 2014; Schimmel and Hübl, 2016; Marchetti et al., 2019b), powder snow avalanches,

(e.g., Ulivieri et al., 2011; Havens et al., 2014; Marchetti et al., 2015, 2019a), non-volcanic rockfalls (e.g., Zimmer et al., 2012;

Zimmer and Sitar, 2015), and rock avalanches (e.g., Moore et al., 2017) have been observed acoustically. Infrasound recordings90

of large surficial mass flows are rare, particularly at local and regional distances
::
at

:::::::
regional

::::::::
distances

::
are

::::
rare.

Infrasonic source directionality has previously been assessed for dense recordings of volcanic explosions. For example,

Iezzi et al. (2019) performed a multipole acoustic source inversion on explosions from Yasur volcano, Vanuatu, describing

the source as a combination of monopole (uniform radiation) and dipole (directional radiation) components. Mass movement

acoustic radiation has been suggested to be highly directional and potentially described by an acoustic dipole (Haney et al.,95

2018; Allstadt et al., 2018). However, assessment of
:::::::
acoustic source directionality for mass movements requires dense station

coverage which is not usually available
:::::::::::::::
(Iezzi et al., 2019); therefore the actual source directionality has not been validated with

data. Additionally, beyond local distances, path effects from the usually highly spatiotemporally variable atmosphere become

important. These effects can mask source directionality or produce spurious source directionality and must be accounted for
::
in

:::::::
analyses (e.g., Perttu et al., 2020).100

Arrays of infrasound sensors can be used to determine the backazimuth of incident acoustic waves and can track flow

fronts in certain circumstances (e.g., Johnson and Palma, 2015; Marchetti et al., 2019a). Though infrasonic records of mass

movements are becoming more common, the
::::::
relevant

:
acoustic source theory is currently underdeveloped (Allstadt et al., 2018).

Very simple mass movements such as rockfalls have been treated as monopoles (e.g., Moran et al., 2008), but often the source

of infrasound is moving and distributed, complicating modeling. Marchetti et al. (2019b) modeled a debris flow as a linear105

series of monopole sources in motion, but found that infrasound array processing results always pointed back to fixed locations

corresponding to check dams in the debris flow drainage, the most acoustically energetic sources. Using infrasound arrays,

Johnson and Palma (2015) tracked a lahar which registered as a moving source until it encountered a topographic notch, at

which point the source location became fixed on this acoustically “loud” flow feature. The dynamic, spatiotemporal variability

of the atmosphere also complicates infrasound source modeling (Poppeliers et al., 2020). These studies highlight the challenge110

in determining the source of mass movement generated infrasound.
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2.3 Ice–rock avalanches

Ice–rock avalanches are a subset of mass movements which consist of rapid flows of pulverized ice and rock. They are

characterized by their exceptionally high mobility and often catastrophic size (Schneider et al., 2011; Hungr et al., 2014).

Though the initial failure of an ice–rock avalanche can free larger blocks of material, such blocks quickly disintegrate into small115

fragments of rock and ice as they impact asperities in the flow path at speed. This debris travels on a saturated,
:::::::::::
low-strength

layer of materialwhich essentially acts as a lubricated bed surface, increasing ,
:::::::::
increasing

:::::::::
avalanche mobility (Hungr et al.,

2014). Additionally, since these processes often take place in steep, heavily glaciated terrain (Schneider et al., 2011), the

avalanches commonly flow over glaciers. This further enhances mobility due to the low friction of glacier ice (Schneider et al.,

2010).
:::::
Debris

:::::::::
avalanches

:::::::::
involving

:::::::
volcanic

:::::
rocks

:::
can

:::
be

::::::::
especially

:::::::
mobile

:::
due

::
to

:::
the

:::::::::
weakened

::::::
edifice

::::
rock

::
of

::::::
which

::::
they120

::
are

::::::::::
composed,

:::::
which

:::::
more

::::::
readily

:::::::::
transforms

::
to

:::::::::::::::::
low-internal-friction

:::::::
granular

::::
flow

:::::::::::::::::
(Davies et al., 2010).

:
Owing to their high

mobility and often large volumes
::::::::::::::::::::::::::::::::::
(Schneider et al., 2011; Hungr et al., 2014), debris avalanches such as ice–rock avalanches

are among the most seismogenic types of mass movements (Allstadt et al., 2018).

2.4 Iliamna Volcano, Alaska

Iliamna Volcano (hereafter, “Iliamna”) is a 3,053-meter-tall stratovolcano located in the Cook Inlet region of south-central125

Alaska, USA (Fig. 1). The volcano lies about 215 km from the city of Anchorage, and roughly 100 km across the Cook Inlet

from the town of Homer. The geology of Iliamna consists primarily of stratified andesitic lava flows with smaller contributions

from mass wasting deposits of various types. The volcano’s summit is perennially mantled with snow and ice, and its edifice

hosts several large valley glaciers (Waythomas and Miller, 1999). Two zones of sulfurous fumaroles located on the eastern side

of Iliamna’s summit (see blue translucent patches
:::::::
magenta

:::::::
patches in Fig. 2) emit steam and volcanic gas quasi-continuously130

(Werner et al., 2011).

Though Iliamna has not erupted in historical time, it experienced two periods of seismic unrest occurring in 1996 and 2012

which were interpreted as magmatic intrusions and failed eruptions (Roman et al., 2004; Herrick et al., 2014). Additionally,

the deeply dissected and hydrothermally altered edifice of Iliamna hosts frequent mass wasting events. Geologic evidence of

Late Holocene lahars and debris avalanches is abundant (Waythomas et al., 2000), and Iliamna has experienced at least 12 very135

large (horizontal runout length L >
:::
L >

:
5 km) ice–rock avalanches since 1960 (Huggel et al., 2007; Allstadt et al., 2017). 10

of these 12 events occurred on Iliamna’s east-facing Red Glacier. These avalanches typically fail in ice or at the ice–bedrock

interface near the base of the hydrothermally altered fumarole zones near the summit. The avalanches are relatively frequent,

with a recurrence interval of 2–4 years. This interval may be linked to the “recharging” time required for ice thickness to grow

until shear stress exceeds shear strength (Huggel et al., 2007).140

Iliamna’s ice–rock avalanches have been extensively studied via geologic mapping, multispectral satellite image analysis,

numerical modeling, and seismic analysis. Geologic investigations by Waythomas et al. (2000) revealed that Late Holocene

debris avalanche deposits composed of hydrothermally altered rock are present in most of Iliamna’s glacier-filled valleys.

From the thin, blanket-like appearance of these deposits, Waythomas et al. (2000) inferred that the original avalanches likely

6



contained a significant amount of snow or ice in addition to rock. Caplan-Auerbach et al. (2004) documented the seismic signals145

associated with four very large Iliamna ice–rock avalanches. They found the signals to be remarkably similar, each exhibiting

a precursory pattern of 20–60 min of repeating discrete events which become closer together in time, culminating with a

high-amplitude “spindle” corresponding to
:::::::::::::
emergent-onset

::::::::
waveform

::::::::::::
corresponding

:::::
with the actual failure. This precursory

phenomenon was explored further by Caplan-Auerbach and Huggel (2007), who defined four phases of precursory activity:

1. Crevasse opening, with minimal seismic energy release.150

2. Acceleration of glacier movement.

3. Discrete slipping, manifested as repeating seismogenic stick-slip events.

4. Continuous slipping, which begins about 0.5–1 h prior to failure.

Caplan-Auerbach and Huggel (2007) also suggested that Iliamna’s glaciers are affected by volcanogenic heating, enabling

them to fail on slopes shallower than the 45° threshold broadly assumed to be the minimum slope for cold-ice failure (Huggel155

et al., 2004). Huggel et al. (2007) found that satellite-derived thermal anomalies in Iliamna’s summit region were spatially

correlated with zones of fumarolic activity and hydrothermally-altered
::::::::::::
hydrothermally

::::::
altered

:
rocks. Huggel et al. (2007) and

Schneider et al. (2010) used successively more sophisticated numerical flow models to reconstruct a very large 2003 Red

Glacier avalanche. Both studies were able to recreate flow features persistently observed for Red Glacier events since 1960,

such as multiple distal flow lobes (toes) and prominent superelevation-like flow lobes on the orographically
:::::::::
downslope left side160

of the flow.

2.5 The May 2016 and June 2019 ice–rock avalanches

3
::::
Data

On 22 May 2016 at 07:58 UTC (about midnight local time; hereafter, all times in UTC unless otherwise noted), the Alaska

Volcano Observatory (AVO) recorded notable seismic signals on
:::::::::::::
emergent-onset

::::::
seismic

::::::
signals

::::::
across

:
Iliamna’s local moni-165

toring network, and a subsequent pilot report confirmed that a large mass movement had occurred. A Landsat 8 image acquired

the following day revealed a large dark-colored deposit on Red Glacier; this deposit also was
:::
was

::::
also

:
visible from Homer

(Fig. 3a). A horizontal crown-to-toe runout length L of 8.5 km and a vertical drop height H of 1.7 km were estimated from

follow-up imagery analysis,
::::::::
resulting

::
in

::
an

:::::
H/L

::::
ratio

::
of

:::
0.2.

On 21 June 2019 at 00:03(16:03 on 20 June local time), AVO recorded signals on Iliamna’s
::::::
seismic

:
network indicative of170

another large avalanche. Photos from citizen overflights taken in the following several days (Fig
::::
Figs. 3b and c) showed a large

deposit on Red Glacier. Satellite imagery analysis produced values of L= 8.1 km and H = 1.7 km
:::::
(H/L

::::
ratio

:::
of

::::
0.2). The

combined source, track, and deposit areas for these two avalanches are delineated in Fig. 2.
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(c)

(b)(a)

Figure 3. Photographs of the 2016 and 2019 Red Glacier avalanche deposits. (a) West-northwest-looking photograph of
::
the 2016 deposit

taken from near Homer on 23 May 2016. Photo courtesy Dennis Anderson, Night Trax Photography; Alaska Volcano Observatory (AVO)

image database ID 95521. (b) West-northwest-looking aerial photograph of
::
the

:
2019 deposit,

::::
taken

:
22 June 2019. Photo courtesy Loren

Prosser; AVO image database ID 140871. (c) Southeast-looking aerial photograph of
::
the

:
2019 deposit,

::::
taken 25 June 2019. Photo courtesy

Greg Johnson; AVO image database ID 141431.

4 Data

The 2016 and 2019 Iliamna ice–rock avalanches are well-documented due to the relatively accessible nature of the vol-175

cano – by Alaska standards – as well as the exceptional instrument coverage afforded by several permanent and temporary

seismoacoustic networks. Our seismoacoustic observations and interpretations were assisted by high-resolution (spatial and

temporal
::::::::::
meter-scale,

::::
daily

::::::
revisit) satellite imagery, aerial and ground-based imagery acquired fortuitously or opportunisti-

cally in the days following the events, and high-resolution
::::::::::::::
(sub-meter-scale) elevation data.

3.1 Seismic signals180

Seismic signals from the events were broadly recorded on local and regional networks. Stations in the EarthScope USArray

Transportable Array (network code TA), AVO (network code AV; Power et al., 2020), and Alaska Earthquake Center (AEC;

8
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Figure 4. Vertical-component spectrograms (a, b) and seismic waveforms (c, d) from Alaska Volcano Observatory station ILSW for the

2016 (left column) and 2019 (right column) avalanches. Waveforms are highpass filtered at 100 s.

network code AK) networks recorded signals from both events. The temporary Southern Alaska Lithosphere and Mantle

Observation Network (SALMON; network code ZE; Tape et al., 2017), which was was deployed from 2015–2017, captured the

2016 event. Additionally, stations in the National Tsunami Warning Center (network code AT), temporary Alaska Amphibious185

Community Seismic Experiment (network code XO), and Global Seismograph Network (GSN; network code II) networks

recorded one or both of the events. Most stations which recorded the signal were broadband (120 s corner period) three-

component sensors.

AVO station ILSW, at ⇠6 km from the avalanche crowns (Fig. 1), was the closest seismometer with usable data in both 2016

and 2019. We note here that due to the size and mobility of these avalanches, source-to-receiver distances change drastically190

over the course of the event; ILSW is ⇠12 km from the toes of the deposits. Vertical-component spectrograms and waveforms

of avalanche seismic signals recorded at this station are shown in Fig. 4. Multiple high-frequency transients are visible in

the spectrograms prior to the main event, indicative of precursory stick-slip activity which has been observed for previous

Red Glacier avalanches and is thoroughly explored in Caplan-Auerbach and Huggel (2007). The main event waveforms have

an emergent “spindle” shape
::::
onset

:
characteristic of mass movement seismic signals (Allstadt et al., 2018). This same shape,195

albeit with a lower signal-to-noise ratio (SNR), is found on all stations which recorded the event. The events also produced

prodigious long-period energy with a dominant period of 35 s (Fig. 5). In this manuscript we do not analyze the precursory

stick-slip activity observed for the 2016 and 2019 avalanches.
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Figure 5. Power spectral densities (PSDs) of vertical-component seismic signals from the 2016 (blue lines) and 2019 (red lines) avalanches.

The signals were recorded on Alaska Earthquake Center station HOM, the closest station to Iliamna Volcano used in both force inversions.

Dotted lines are the PSDs for a 1000 s post-avalanche time window and indicate the approximate contemporaneous noise level. Grey
::::
Gray

box indicates the force inversion passband (15–80 s).

3.2 Acoustic signals

The 2016 and 2019 events produced strong infrasound signals which were recorded out to distances exceeding 600 km (Fig.200

6). Signals were observed on select infrasound “single station” sensors of the TA, GSN, and AEC networks, as well as regional

arrays operated by AVO and one International Monitoring System (network code IM) array. The nearest infrasound sensor at

the time was TA station O20K (Fig. 1) at ⇠19 and ⇠26 km from the avalanche toes and crowns, respectively.

“Waterfall” plots of the infrasound signal at
::::::
station O20K in different frequency bands for the 2016 and 2019 events are

shown in Fig. 7 and illustrate the signal’s broadband nature. The dominant frequency of the signal is about 0.5 Hz, but energy205

exists from 100 s up to 10 Hz (the Nyquist frequency for this station). In 2016, the ⇠120 s duration of the high-frequency

signal (2–10 Hz, red line) is nearly twice that of the longer-period signal (0.01–0.1 Hz, blue line). The 2016 and 2019 signals

are of similar amplitudes, but in 2019 the noise level is higher in the 0.01–0.1 and 2–10 Hz bands (Fig. 7b).

3.3 Aerial photos, satellite imagery, and elevation data

We interpret a wealth of image data
:::::
image

::::
data

:::::
from

::::
three

:::::::
sources

:
to augment our waveform-based analyses. Our satellite210

image sources are the Planet Labs PlanetScope (3-meter resolution) and RapidEye (5-meter resolution) satellite constellations

and the DigitalGlobe WorldView-3 (WV-3, sub-meter resolution) satellite. We use the near-infrared band (NIR) from Planet

Labs images each acquired less than 48 h post-event
::::::::
following

::::
each

:::::
event

:
(23 May 2016 and 22 June 2019) to constrain the

dimensions of the source and deposit areas for each avalanche (Fig. 2). Fortunately, cloud cover was minimal during this time
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Figure 6. Acoustic transmission loss at the Earth’s surface, modeled at 0.5 Hz for the (a) 2016 and (b) 2019 avalanches. The atmospheric

model is a single sonde (1D atmospheric profile) over the avalanche path midpoint. Iliamna Volcano is indicated by a green star
:::::
triangle.

Diamonds/squares denote arrays/stations where the avalanche signal was detected. Inverted triangles indicate other infrasound stations where

no signal was observed. The blue shades on the station markers indicate root-mean-square (RMS) pressure in the 0.5–2 Hz band for hour-long

windows prior to the predicted true arrival. This is a proxy for local site noise. (See §3 for description of network codes.)

window. A panchromatic WV-3 image from 22 June 2016 captured the finer details of the source and deposit, though we note215

that melting of the icy portion of the deposit as well as additional smaller mass movements during the month between the 2016

avalanche and acquisition of the WV-3 image complicate our analysis of the image.

The 2016 and 2019 deposits were readily visible from Homer (Fig. 3a). Members of the community captured oblique aerial

photos of the 2019 event during flyovers on 22 and 25 June 2019 (Fig
:::
Figs. 3b and c). Additionally, in late July 2019 National

Park Service and AVO staff flew a structure from motion (SfM) mission in the area around Iliamna, capturing about 4,400220

photos of the edifice and Red Glacier areas that were used to produce a 70 cm resolution digital elevation model (DEM). The

DEM extent completely covers the total areas of both events. We use this DEM in our analysis with the caveat that the bed

surface of Red Glacier is highly dynamic due to erosion from mass movements as well as glacial activity; the DEM is therefore

more valid for
::::::::
applicable

::
to

:
the 2019 event than the 2016 event.
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Figure 7. Infrasound signals in different frequency bands for the (a) 2016 and (b) 2019 avalanches. Signals were recorded on
:::
the Trans-

portable Array station O20K, the closest infrasound sensor to Iliamna Volcano at the time. Signals plotted as solid lines are normalized

relative to the black unfiltered trace. Translucent lines are individually normalized signals.

4 Methods225

4.1
::::

Mass
:::::::::
estimation

:::
We

:::
use

:::
the

:::::::
satellite

:::::::
imagery

:::::
shown

:::
in

:::
Fig.

::
2
::
to

:::::::
estimate

:::
the

:::::
mass

:::
for

::::
each

:::::
event.

:::
We

:::
are

::::::
unable

::
to

:::::::
perform

:::::
DEM

::::::::::
subtraction

::
to

:::::
obtain

::
a

::::::
volume

:::
for

:::::
either

:::::
event

:::
due

:::
to

:::::::::
insufficient

:::::
data.

::::::
Instead,

:::
we

::::::::
delineate

:::
the

::::::::::
depositional

::::
area

::::
and

::::::
assume

::
a
:::::::
uniform

:::::::::
(1.5 ± 1) m

:::::::
deposit

::::::::
thickness

:::::::::
everywhere

:::
on

:::
the

:::::
slope

::
to

:::::
obtain

:
a
:::::::
volume.

::::
Red

::::::
Glacier

:::::::::
avalanche

:::::::
deposits

:::
are

:::::::
typically

:::
on

:::
the

::::
order

:::
of

:
a
::::
few

::::::
meters

::::
thick

:::::::::::::::::::::::::::::::::::::
(Waythomas et al., 2000; Huggel et al., 2007)

:
,
::
so

::::
this

:::::::::
represents

:
a
::::::::::
reasonable

:::::::
estimate.

::::
We

::::
then230

:::::::
multiply

:::
this

:::::::
volume

:::
by

:::
the

:::::::
density

::
of

::
a

:::::::
mixture

::
of

:::::::::::::::::::::::::::::::::::::::::::::::::::::::
50% ice (density 920 kg m�3) and 50% rock (density 2500 kg m�3)

:::
to

:::::
obtain

:::::
mass

::::::::
estimates.

::::
This

::::::::
assumed

::::::
mixture

::
is

:::::
based

:::::
upon

:::
the

::::
color

:::
of

::
the

::::::::
deposits

::::
seen

::
in

:::
Fig.

::
2
::
as

::::
well

::
as

:::
the

:::::::::::
composition

::::::
inferred

:::
for

:::::::
previous

::::
Red

:::::::
Glacier

:::::::::
avalanches

::::::::::::::::::::
(Waythomas et al., 2000)

:
.

4.2 Infrasound analyses

Infrasound signals travel in atmospheric waveguides created primarily by vertical gradients in temperature and horizontal235

winds (Drob et al., 2003). The presence or absence of such waveguides in a given propagation direction from the source

strongly controls our ability to detect and characterize infrasonic signals (Fee et al., 2013). Furthermore, cultural and natural

noise, especially locally-sourced
::::::
locally

:::::::
sourced wind noise, can obscure a true signal. Just as in seismology, our goal for
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source studies is to isolate source properties from path and station effects. To achieve this for the Iliamna avalanches, we model

infrasound propagation conditions and assess station noise levels for time periods surrounding each event.240

4.2.1 Propagation modeling

We use the AVO-G2S (ground-to-space) open-source atmospheric specification (github.com/usgs/volcano-avog2s; Schwaiger

et al., 2019) to examine infrasound propagation from the avalanches. We extract a 1D atmospheric profile above the avalanche

path midpoint for the forecast hours of 22 May 2016 08:00 and 21 June 2019 00:00. AVO-G2S smoothly merges lower-

atmosphere numerical weather prediction (NWP) products with upper-atmosphere empirical climatologies. We use the ERA5245

NWP model from the European Centre for Medium-Range Weather Forecasts. The upper atmosphere winds and temperature in

AVO-G2S are defined by the 2014 update to the Horizontal Wind Model (Drob et al., 2015) and the NRLMSISE-00 atmospheric

model, respectively. The output 1D profile defines temperature, zonal (east–west) and meridional (north–south) winds, density,

and pressure as a function of altitude.

We then use the aforementioned profiles and the Modess code from NCPAprop (github.com/chetzer-ncpa/ncpaprop; Waxler250

et al., 2017) to model infrasonic transmission loss on the Earth’s surface in the region around Iliamna. The transmission loss

(TL) is the accumulated sound pressure loss as a function of range and height, expressed in decibels (dB). Modess solves a

generalized Helmholtz equation for the propagation of a monochromatic pulse in a stratified (i.e., 1D) atmosphere. The method

of normal modes is used to solve the equation, which uses the “effective sound speed approximation” – that is, the sum of the

static sound speed and the along-path contribution of the horizontal wind field define the effective sound speed. We choose a255

0.5 Hz frequency for modeling, as that is the dominant frequency of the observed acoustic signal, and we set the source height

at 900 m, the approximate elevation of the midpoint of the avalanche paths. We compute the surface acoustic TL in dB from

0–1000 km range for azimuths of 0–360° in 1° increments. We then map the data from range–azimuth space (with the origin

being Iliamna) to longitude–latitude on the WGS84 ellipsoid and grid the result to produce continuous TL maps for the two

events .
:::
(Fig.

:::
6).

:
260

4.2.2 Noise characterization

To assess the effect of local station noise on signal detection for single infrasound stations, we compute root-mean-square

(RMS) pressure in the 0.5–2 Hz band on hour-long windows for each infrasound-equipped station within 900 km of Iliamna.

We remove the instrument response, detrend, and taper the data prior to filtering. Windows are defined to sample the data in

the hour immediately preceding signal arrival at a given station to avoid possible upwards biasing of extremely quiet stations265

by the avalanche signal itself. This is guaranteed by specifying a maximal acoustic celerity (distance / travel time) of 350 m

s�1 to define the moveout of the window end time. We remove stations with excessive glitches or dead channels
::
(5

:::::::
stations

::
in

:::::
2016;

:
3
:::::::
stations

::
in

:::::
2019).
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4.3 Force inversions

We invert the long-period seismic signals generated by these events to obtain the time-varying forces that the avalanche COMs270

exerted on the Earth. We use a version of the approach detailed in Allstadt (2013) and applied in Coe et al. (2016). We model the

avalanche as a block sliding down a slope experiencing a net force given by the balance between the slope-parallel gravitational

and dynamic friction forces. By Newton’s second law, this net force is equal and opposite to the time-varying force that the

avalanche COM exerts on the Earth (Allstadt, 2013). In our model, this avalanche “force-time function” is applied to the Earth

as a spatially static point force, which is valid for long-wavelength signals where the shift in source location due to mass motion275

is small relative to the signal wavelength. We define the point force location to be the COM of the avalanche source region (see

§4.3.3 and yellow
::::
green

:
stars in Fig. 2).

4.3.1 Data selection

We use data from seismic stations within 80–200 km of Iliamna. We omit all stations less than 80 km from the source because

we know from satellite imagery that the COM locations for both events
::::::::
avalanches

:
moved up to 8 km. This constraint ensures280

that we only use stations for which the source-receiver distance changed by a maximum amount of 10% over the course of

the event. Limiting our station search to 200 km results in a data volume sufficient to constrain the source yet small enough to

make manual signal inspection feasible. Prior to inspection, waveforms were detrended using a second-order polynomial and

rotated into the vertical–radial–transverse (Z–R–T) reference frame. In this frame, radial is defined to be the direction from

source to receiver, and transverse is orthogonal to radial. Both are defined in the horizontal plane. We additionally deconvolve285

the instrument response to obtain units of displacement and apply a 15–80 s bandpass filter. The passband was selected to avoid

noise associated with the secondary microseism (3–10 s, Gualtieri et al., 2015) and to ensure that the maximum period of the

filtered signals is below the corner period of the seismometers used. After this processing, we select waveforms with sufficient

SNR by visual inspection. This left us with 28 stations in 2016 and 23 stations in 2019.

4.3.2 Predicted ground displacements
::::::::
Inversion290

The
::
We

::::::
predict

:::
the

:
ground displacements at each station are predicted by convolving the force-time function with the Green’s

functions (GFs) between the point force location and each station. We use the wavenumber integration method, as implemented

in Computer Programs in Seismology (Herrmann, 2013), to calculate the GFs from the ak135
:::::::
ak135-f radial Earth velocity

model (Kennett et al., 1995)
::::::::::::::::::::::::::::::::::::::::::
(Kennett et al., 1995; Montagner and Kennett, 1996). For each station, the GFs describe the 3D

displacement as a function of time induced by a parabolic
:::
unit

:
impulse force at the source location. We filter the GFs in295

the same manner as the data. Mathematically, the three-component ground displacement time series predicted for a station,
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u(t) = [uZ(t), uR(t), uT(t)], is given by the convolutions

uZ(t) = [fN(t)cos�+ fE(t)sin�] ⇤ gZH(t)+ fZ(t) ⇤ gZV(t) , (1)

uR(t) = [fN(t)cos�+ fE(t)sin�] ⇤ gRH(t)+ fZ(t) ⇤ gRV(t) , and (2)

uT(t) = [fN(t)sin�� fE(t)cos�] ⇤ gTH(t) , (3)300

where the symbol ⇤ denotes convolution (Herrmann, 2013). f(t) = [fZ(t), fN(t), fE(t)] is the 3D force-time function exerted

on the Earth by the avalanche in terms of vertical (Z), north (N), and east (E) components and � is the source-to-station azimuth

measured clockwise from north.
:::
The

:::::::
Green’s

::::::::
functions

:
gZV(t), gZH(t), gRV(t), gRH(t), and gTH(t) are the Green’s functions

describing
:::::::
describe how vertical (Z), radial (R), and transverse (T) components of displacement are excited by vertical (V)

and horizontal (H) force impulses. Note that in the remainder of the text we use f when discussing the force-time function305

as a model vector – that is, a 1D column vector consisting of the three components of the force-time function concatenated

end-to-end. We use f(t) when referring to the 3D force-time function. These two symbols represent the same object. We use

the same convention for u and u(t).

4.3.3 Mathematical formulation and constraints

In numerical contexts, it is more convenient to formulate the convolution as a matrix multiplication. We therefore transform310

the GFs into convolution matrices ⇤ by reversing the GFs in time and staggering them as in Allstadt (2013), where the time

dependence of the GF is now implicitly stored in the matrix. (For example, the multiplication ⇤ZVfZ corresponds to the

convolution fZ(t) ⇤ gZV(t); see Allstadt (2013), Eq. A5.) Making this modification, we can combine Eqs. 1–3 into

uk = �kf ,

where now the superscript k denotes the station and �k is a matrix of GF convolution matrices:315

�k =

2

664

⇤k
ZV

⇤k
ZH

cos�k ⇤k
ZH

sin�k

⇤k
RV

⇤k
RH

cos�k ⇤k
RH

sin�k

0 ⇤k
TH

sin�k �⇤k
TH

cos�k

3

775 .

We can now write the linear forward model for N stations as

d=Gf ,

with d=
⇥
u1

, u2
, . . . , uk

, . . . , uN
⇤> and G=

⇥
�1

, �2
, . . . , �k

, . . . , �N
⇤>. The superscript > denotes the transpose; d

is a 1D column vector consisting of the data predicted for each component of each station uk concatenated end-to-end. This is320

an ill-conditioned problem, so regularization is required to reduce the condition number of G. We invert for f
:::
We

:::::
invert

:::
for

::::
f(t) using a higher-order Tikhonov-regularized least squares formulation (e.g., Aster et al., 2013). The solution is

f =
h
G>G+↵

2
⇣
a0I+ a1L1

>L1 + a2L2
>L2

⌘i�1
G>d ,
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where I is the identity matrix and L1 and L2 are first- and second-order roughening matrices which approximate the first and

second derivatives, respectively. The coefficients a0, a1, and a2 control the degree of importance given to “small,” “flat,” and325

“smooth” models, respectively. They must sum to one:

2X

i=0

ai = 1 .

The regularization parameter ↵ is chosen to balance the constraints on the model specified by the ai coefficients while still

fitting the data well. We use the L-curve criterion (Hansen, 1992) to find the optimal value for ↵. For both inversions we found

the optimal values for these parameters were ↵= 4.8⇥ 10�20 and ai = [0.4, 0, 0.6]. This selection of ai’s prioritizes a model330

that is both small in magnitude (more centered on zero) and smooth. The inclusion of the higher-order regularization matrices

L1 and L2 in Eq. A4 separates this method from the method used in Allstadt (2013) and (Coe et al., 2016), which only included

zeroth-order Tikhonov regularization.
:::::::
approach

:::::
which

:::
we

:::::::
describe

::
in
:::::
detail

::
in
:::::::::
Appendix

::
A.

:

To characterize the fit of the model to the data, we compute the variance reduction (VR), which is defined as

VR=

✓
1� kd�dobsk2

kdobsk2

◆
⇥ 100% ,335

where dobs are the observed data and d are the synthetic data predicted by the forward model (Eq. A3).

In addition to regularization, we constrain all of the components of f(t) to sum to zero to conserve the total momentum of

the Earth (see Allstadt, 2013, Appendix A). We also enforce all components of f(t) be zero prior to a specified “zero time.”

We choose the zero time to correspond to the point where the vertical component fZ(t) is non-zero and rising, signaling the

initial downward acceleration of the avalanche. The zero time for the 22 May 2016 event is 07:57:53 and the zero time for the340

21 June 2019 event is 00:03:08. The selection of the zero time was unambiguous for both events.

To assess the stability of the inversion, we use the jackknife technique (e.g., Moretti et al., 2015; Coe et al., 2016). We run

20 iterations of the inversion, each time randomly discarding 30% of the waveforms.

4.3.3 Trajectory calculations

For simple mass movements, the trajectory can be calculated from the force-time function if the mass is known or can be345

estimated. The acceleration felt by the avalanche COM is given by Newton’s second law

a(t) =�f(t)

m
, (4)

where m and a(t) are the mass and acceleration of the avalanche, respectively. The sign change arises from the fact that f(t)

is equal but opposite to the force felt by the avalanche. Integrating twice with respect to time yields the displacement. Since

the avalanche paths are straightforward and we have two stable inversions, we apply the double integration method to obtain350

trajectories for the 2016 and 2019 events. Note that this method assumes that the mass m is constant, which is clearly not the

case due to entrainment and deposition along the path. We start integration at the zero time and end at 200 s since the forces are
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essentially zero at this point. Unlike previous inversions, we add an additional, intuitive constraint that the velocity go to zero

at the end of avalanche. This was implemented for each component of the velocity by subtracting a linear trend starting at zero

at the zero time and ending at the value of the velocity at 200 s. Note that due to the cumulative effect of double integration,355

even a small amount of noise occurring early in a(t) can manifest as a large error in the calculated trajectory.

To compare the obtained trajectories with georeferenced data such as satellite imagery and DEMs, we pick a starting location

for the COM. Note that the COM start point is not the top of the avalanche crown. We employ a semiautomatic approach in

which we use the Planet Labs NIR imagery to estimate the extent of the source region in Google Earth. We define the source

region as the zone spreading from the avalanche crown down to where the scoured surface is no longer evident. We then360

manually outline this region and calculate the centroid of the resulting polygon. Our COM locations are both less than 500 m

from the highest point of the avalanche crown; we estimate our error in specifying the COM location to be similar.
:
of

::
a

::::::
similar

:::::::::
magnitude.

We use the satellite imagery shown in Fig. 2 to estimate the mass for each event. First, we subtract the avalanche source

area from the total area, ignore entrainment, and assume a uniform 1.5 m deposit thickness everywhere on the slope to obtain a365

volume. Red Glacier avalanche deposits are typically on the order of a few meters thick (Waythomas et al., 2000; Huggel et al., 2007)

, so this represents a reasonable estimate. Then we multiply this volume by the density of a mixture of 50% ice (density 920 kg m�3) and 50% rock (density 2500 kg m�3)

to obtain mass estimates. This assumed mixture is based upon the color of the deposits seen in Fig. 2. This approximate

calculation yields volumes of 13 million m3 in 2016 and 11 million m3 in 2019. The corresponding masses are 22 billion kg in 2016 and 19 billion kg in 2019.

370

Two major sources of uncertainty in the trajectory calculations are related to inversion regularization and our mass estimation
:::
the

::::::::
estimated

::::
mass

::::
used

:::
to

::::::
convert

:::::
from

::::
force

::
to
:::::::::::
acceleration. The Tikhonov regularization scheme

:::
(see

:::::::::
Appendix

::
A)

:
biases the

amplitudes of f
::::
f(t)

:
down from their true values. This means that even if an accurate mass is known, dividing the force-time

function by this mass will not recover the true acceleration of the avalanche. We therefore use our mass estimates only to obtain

an initial trajectory, which we in turn use to assess reasonable avalanche directionality and shape. To achieve a more realistic375

trajectory length that is independent of inversion-related biases, we set a target length for the event based on retrospective satel-

lite imagery analysis and iteratively determine the mass that results in this length. The trial mass starts at zero (giving an infinite

length) and is increased in increments of 10 million kg until the length calculated with the trial mass drops below the target

length. The mass obtained via this iterative process is therefore essentially a scaling factor; it is not physically meaningful.

Gualtieri and Ekström (2018) and Schöpa et al. (2018) also performed force inversions using seismic data and inferred380

masses from deposit imagery. However, in both of these studies the landslides flowed into water, and the authors chose the

shoreline as the COM end point. Our COM end points are less clearly defined, since the avalanche mass spread out and

formed flow lobes of unknown thickness (Fig. 2). Instead of defining a length by
::::::::
explicitly selecting an end point for the

COM, which is difficult and subjective due to poor constraints on the thickness of the deposit, we tie salient features in f(t) to

consistent features found in satellite imagery and DEM data, as in Allstadt (2013) and Coe et al. (2016). In particular, we align385

a prominent northward force in f(t) – which is indicative of the avalanche COM applying such a force to the Earth – with

the superelevation-like flow lobe consistently found in both 2016 and 2019 as well as earlier events (see Fig. 2 and Huggel
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et al., 2007). We then adjust our target length until the location of this northward force aligns with the lobe apex.
::::
Note

:::
that

::::
this

::::::
method

:::::::
avoids

:::
the

::::::
explicit

:::::::::::
identification

::
of

::
a

:::::
COM

:::
end

:::::
point.

:

5 Results390

5.1 Infrasound

5.1.1 Detection patterns

The 2016 avalanche was detected acoustically on two arrays and eight single stations (Fig. 6a). The 2019 avalanche was

detected on three arrays and four single stations (Fig. 6b). We define an array detection as a signal with high correlation

(median cross-correlation maxima >
::
>

:
0.6) across the array and a backazimuth pointing towards Iliamna (see e.g. Bishop395

et al., 2020, for a discussion of modern array processing techniques). We define a single station detection more qualitatively

as a signal with a high SNR
::::
(i.e.,

::
an

::::::::::::
unambiguous

::::::
arrival)

:
in the 0.5–2 Hz band and an acoustic celerity relative to the well-

constrained avalanche location and origin time. For both events, at local distances (< 100 km
::::::::
< 100 km) only stations to the

east of Iliamna detected the event. At greater distances (> 200 km
::::::::
> 200 km) there are detections at many azimuths

::::
from

:::
the

::::::
volcano. The larger number of infrasound stations present in 2019 reflects the westward expansion of the TA deployment, as400

well as an additional operational AVO array at Sand Point (station code SDPI, SW corner of Fig. 6b).

5.1.2 Noise characterization

Infrasound station noise levels varied widely (Fig. 6), but all detecting stations in 2016 and 2019 had RMS pressure levels not

exceeding 40 mPa in the 0.5–2 Hz band. For both events there are several stations which did not detect the avalanche in spite

of having RMS pressure levels less than 40 mPa. Figure 6b reveals that many of the stations installed after the 2016 event were405

noisy during the 2019 event, limiting the effective network size increase from 2016 to 2019. For reference, the maximum signal

amplitude in the 0.5–2 Hz band at TA station TCOL (the furthest detecting single station from Iliamna) is 18 mPa in 2016 and

23 mPa in 2019.

5.1.3 Propagation modeling

Figure 6 shows the acoustic TL predicted at the Earth’s surface for the 2016 and 2019 events. Dark red bands of lower410

TL correspond to ground surface returns from waveguides in the atmosphere, also known as ducts. In general, propagation

conditions differed between the two events within 150 km from Iliamna, becoming more similar at longer ranges. In both

years a strong duct to the west is present, with a low-TL band radially near array DLL. The radial extent of the shadow zone

associated with this duct is similar for both years. However, the local preferred propagation direction differs between 2016 and

2019, with sound being guided to the southeast in 2016 and west-southwest in 2019.415
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In both years, many stations residing in areas of low predicted TL and therefore higher predicted amplitude (e.g. north of

M19K in 2016 and north and southeast of DLL in 2019) did not detect the event. Conversely, for both events there were stations

which detected the signal despite being located in a predicted shadow zone, such as O22K in 2016 and KDAK in 2019.

5.2 Seismic inversion and derivative results

5.2.1 Inversion results420

The force-time functions for the two events are remarkably similar, showing nearly identical timing and relative amplitude

(Fig
::::
Figs. 8a–f). The fits of the modeled data to the true data are displayed in Fig. 9. The variance reduction is 84%

::::
83% for

the 2016 inversion and 74% for the 2019 inversion. Grey patches in Fig
::::
Gray

:::::::
patches

::
in

::::
Figs. 8a–f denote the 95% confidence

interval
::::::::
minimum

::::
and

::::::::
maximum

:::::
forces

:
derived from the jackknife iterations and indicate that our models are not very sensitive

to the choice of input waveforms within our dataset. The overall amplitude of the 2019 event is larger than the 2016 event,425

consistent with larger seismic waveform amplitudes in 2019 (see Figs. 4c and d and 9). Both results suggest similar durations

of about 150 s.

The avalanches initiate with an upward- and westward-directed force, indicating acceleration of the avalanche down and to

the east. This is followed by a complicated yet strikingly similar “coda” for the two events. There are prominent northward

force peaks at ⇠40 and ⇠80 s. The second is sharper and larger amplitude than the first. There is also a broad southward430

force occurring after the first (broad) northward force peak with about the same amplitude, at approximately 65 s. For both

avalanches, the vertical component of f(t) contains two distinct “stair steps” where the force shifts from upwards, to near-zero,

to downwards; these initiate at about 40 and 70 s. Both events conclude with an impulsive
::::::
vertical

:
downward force occurring

at about 100 s in 2016 and 95 s in 2019
:::::::::::::::::::::::
95 s in 2016 and 90 s in 2019. After this point, the vertical component is nearly zero,

while the horizontal components show low-amplitude, long-period undulations which are more pronounced in 2019.435

5.2.2 Trajectories and flow speeds

Seismically-derived
::::::::::
Seismically

::::::
derived

:
avalanche trajectories generally agree with true trajectories for both events. Map and

vertical profile views of the force inversion trajectories for the two events are shown in Fig. 10. As expected given the highly

similar force-time functions, the shapes of the trajectories are very similar. The horizontal displacements indicate that the

avalanche COMs moved almost due east before curving to the south, north, and south again. The vertical profiles in Fig
:::
Figs.440

10c and d show minor undulations on an otherwise fairly constant slope, and are strictly decreasing as expected. The black

lines are slices through the SfM DEM along the corresponding horizontal trajectory. The vertical 2016 trajectory (Fig. 10c) and

horizontal 2019 trajectory (Fig. 10b) show notable deviations from the DEM and imagery observations – we explore causes

for this in §6.5. Jackknifed trajectories, shown as translucent colored lines in Fig. 10, show about 1 km of spread on either

side of the true location for the horizontal COM end point. For both events the dominant eastward directionality is evident445

regardless of jackknife iteration. Note that the jackknifed trajectories primarily show uncertainties related to station coverage
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Figure 8. Force inversion results for the 2016 (left column) and 2019 (right column) events with seismoacoustic waveforms for reference. (a–

f) Three-component
::::::
(vertical,

:::::
north,

::::
east) force-time function f(t). Grey

::::
Gray patches show the jackknife-derived 95% confidence interval

:::::::
minimum

:::
and

::::::::
maximum

:::::
forces

:
for f(t). (g, h) Force-derived center of mass (COM) acceleration magnitude ka(t)k. (i, j) Force-derived

COM speed kv(t)k. (k, l) Vertical component seismic waveforms from station ILSW shifted for travel time from the point force location

:::::::
avalanche

::::
path

:::::::
midpoint using a Rayleigh group wavespeed at 1 Hz of 900 m s�1. (m, n) Infrasound waveforms from station O20K shifted

for travel time from the avalanche path midpoint using an acoustic wavespeed at 10 °C of 337 m s�1. The time shifts are indicated on the

corresponding plots. Seismoacoustic waveforms are highpass filtered at 0.1 Hz. The time axes are relative to the inversion zero time.
::::::
Vertical

:::
axis

:::::
scales

::
are

:::::
equal

::
for

::::
each

:::
row.

:
Colored patches correspond to those in Fig. 10 and letters A–E in §6.2.
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Figure 9. Waveform fits for the (a) 2016 and (b) 2019 force inversions. Observed data are plotted as black lines; modeled data are shown as red

lines. Letters in parentheses indicate vertical (Z), radial (R), and transverse (T) components, and distance to the point force location is noted

for each waveform. Boldface labels indicate components of stations used in both inversions (see Fig. 1). Waveforms are not individually

normalized, and the amplitude scale is identical between (a) and (b). The time axes are relative to the inversion zero time. (See §3 for

description of network codes.)

and data selection effects; other sources of trajectory uncertainties which also grow with time are not captured by the jackknife

procedure and are discussed in §6.5.

Force-inversion derived COM runout distances and flow speeds have realistic magnitudes and are similar between the two

events. Pinning the large northward force f(t) to the flow lobe on the orographically
:::::::::
downslope left side of the flow path450

as described in §4.3.3 gives a horizontal along-path COM distance LCOM of 5.8 km
::::::
5.7 km with a corresponding mass
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Figure 10. Map and profile views of trajectories integrated from the inversion force-time functions for the 2016 (a, c) and 2019 (b, d) events.

Multiple translucent lines correspond to trajectories computed from the jackknife runs. Background images in (a) and (b) are the same as in

Fig. 2. Black lines in (c) and (d) are profiles through the structure from motion digital elevation model (SfM DEM) along the corresponding

horizontal trajectory. Dashed line in (d) is the SfM DEM profile from (c). Colored segments correspond to those in Fig. 8 and letters A–E in

§6.2. Imagery © 2016 and 2019 Planet Labs, Inc.

of 2.1 billion kg for the 2016 event. For the 2019 event, LCOM = 6.6 km
::::::::::::::
LCOM = 6.4 km

:
and the mass is 3.0 billion kg.

Both trajectories indicate that most of the avalanche COM displacement occurred within the first ⇠150 s of flow (Fig.

10). Average and maximum speeds obtained by integration of f(t) are 33 and 75 m s�1 in 2016 and 34 and 74 m s�1 in

2019, respectively.
::::
Note

:::
that

:::::
these

::::::
results

:::
are

::
all

:::::::
derived

::::
from

:::
the

:::::
force

::::::::
inversion

::::::::::
magnitudes.

::::
Our

:::::::
satellite

::::::::::::::
imagery-derived455
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::::::::::
calculations

::::
yield

::::::::
volumes

::
of

:::::::::::::::::
(13 ± 8) million m3

::
in

:::::
2016

:::
and

:::::::::::::::::
(11 ± 7) million m3

::
in

:::::
2019.

::::
The

::::::::::::
corresponding

:::::::
masses

:::
are

::::::::::::::::::::::::::::::::::::::::::::::::::
(22 ± 14) billion kg in 2016 and (19 ± 13) billion kg in 2019.

6 Discussion

6.1 Acoustic source directionality

We lack sufficient infrasound station coverage to fully test an applicable acoustic source model, such as a single or distributed460

dipole, so we do not attempt an acoustic source inversion (e.g., Kim et al., 2012; Iezzi et al., 2019) here. Our infrasound

analysis is therefore largely qualitative. By modeling infrasound propagation and site noise conditions, we sought to isolate

source properties, such as size and directionality, from path effects. For example, Perttu et al. (2020) found that atmospheric

propagation effects could not explain the infrasound radiation pattern observed for the 2018 Anak Krakatau flank collapse, and

used this to infer that the collapse acted like a piston, pushing sound in a directed manner.465

For the Iliamna avalanches, examination of acoustic propagation alone might lead one to believe that source directionality is

present, given the consistent detections of stations to the east of Iliamna despite variable local propagation conditions between

the two events. However, there are two complicating factors in our case. Firstly
:::
First, station noise analysis (Fig. 6) shows

that local stations to the west of Iliamna (and to the north and south as well in 2019) had high noise levels, indicating that

preferential detection on stations to the east could simply be due to lower noise levels at those stations. Secondly
::::::
Second,470

while rugged topography surrounds Iliamna, there is less topography
:::::::
blocking

::::::::::
propagation

:
to the east than to the west (Fig. 1).

Furthermore, the avalanches occurred on the east flank of Iliamna. Since infrasound propagation at local distances is strongly

controlled by topography (Kim et al., 2015), propagation to the east from Iliamna may be topographically preferred. These

complicating factors preclude us from assessing source directionality or obtaining quantitative source estimates.

6.2 Multi-stage failure and flow475

Synthesis of the force-time function with high-frequency waveforms and force-derived COM acceleration magnitudes and

speeds (Fig. 8) as well as force-derived trajectories (Fig. 10) suggests a consistent multi-stage failure and flow pattern for both

avalanches. Our interpretation is as follows, with approximate times relative to the inversion zero time as well as color codes

given in brackets:

A. Initial failure of the source region in ice or at the ice–bedrock interface and subsequent sliding at an average angle480

of ⇠20
:::::
20–25°, manifested as a high-frequency

::
(>

:
5
::::

Hz)
:
seismic transient and a substantial eastward acceleration. No

detectable infrasound is generated by this process
::
the

::::::
initial

:::::
failure

:
(the small pulse visible at ⇠15

::
10 s in 2016 is not

seen on any other stations or arrays and is therefore likely noise) [0–20 s; red].

B. The avalanche mass reaches its maximum speed and material becomes fragmented, changing the flow regime from

coherent to granular and turbulent. This is manifested as a gradual increase in the high-frequency
:::
(>

:
5
::::

Hz)
:
seismic485

energy; infrasound energy begins to rise simultaneously as the flow bends to the south [20–50 s; orange].
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C. The
:::::::::::::
now-fragmented flow bends to the north and then to the south as both high-frequency seismic and infrasound signals

reach their peak amplitudes. Flow speeds decrease but stay between ⇠40–60 m s�1 [50–90 s; light green]
::::::::::::
⇠30–60 m s�1

:::::::::::::::::
[50–85 s; light green].

D. The flow encounters a change to a shallower slope angle (<
::
< 10°) where a tributary glacier joins Red Glacier from the490

southwest (see Fig. 2). This is manifested as an impulsive, relatively short-period (⇠30 s) downward force. The high-

frequency seismic and infrasound signals taper off and flow speeds continue a slow decline [90–105 s; dark green]
::::::::::::::::::
[85–105 s; dark green].

E. After passing the kink in topography
:::::
where

::::
slope

:::::
angle

::::::::
decreases, the flow broadens and decelerates, forming the wide,

flat debris lobe seen in Fig. 2. The east component of f(t) is largely positive, indicating deceleration of the flow. The

vertical component of f(t) is near-zero, and this portion of the flow is not seismically or acoustically energetic for495

frequencies > 0.1 Hz
::::::::
> 0.1 Hz [105+ s; blue].

Our trajectories are compatible with numerical flow models for Red Glacier
::::::::
avalanches

:
performed by Huggel et al. (2007)

and Schneider et al. (2010), which both indicate that the avalanche COM tends to the orthographic
::::::::
orographic

:::::::::
downslope

:
right

and then orthographic
:::::::::
downslope

:
left, in the latter case forming a superelevation-like flow lobe visible in Fig. 2. We do not

consider the possibility that the observed deposit was formed by two separate flows, as suggested by Huggel et al. (2007) for500

the 1980 and 2003 Red Glacier avalanches, as we do not see evidence for two separate flows in the seismoacoustic signals or

in satellite imagery of the deposits (Fig. 2) and our modeling assuming a single flow is compatible with previous modeling and

observations. This suggests that only one flow took place, at least in 2016 and 2019.

6.3 Mass estimation

One complication of extracting quantitative information from the force inversion results concerns the method of regularization.505

Since we impose penalties on the size, slope, and roughness of f
:::
f(t)

:
via the ai coefficients, the resultant force amplitudes

are likely artificially depressed compared to the true values, as mentioned in §4.3.3. This is evidenced by the much smaller

magnitude of the masses from the force inversion trajectories versus our satellite imagery based estimates (2.1 and 3.0 billion

kg versus 22 and 19 billion kg for the 2016 and 2019 events, respectively).
:::::

Even
:::
the

::::::
lower

::::::
bounds

:::
on

:::
our

:::::::::::::
imagery-based

::::
mass

::::::::
estimates

:::
are

::::
still

:::
far

:::::
larger

:::::
than

::::
their

:::::::::::::::
inversion-derived

:::::::::
equivalents, suggesting that the force amplitudes are indeed510

being suppressed by the regularization scheme
::::
(see

::::::::
Appendix

:::
A). Additionally, we are inverting a band-limited signal – energy

present at very long periods (> 80 s
::::::
> 80 s) is not reflected in f

::::
f(t), which also artificially depresses f

::::
f(t). Due to these

biases, we do not apply the scaling relationship of Ekström and Stark (2013) to these results. We note that in general the

masses of these events are not well constrained due to poor constraints on deposit thickness and the relative contributions of

entrainment and deposition to the total failure mass. Better groundtruth estimates
::::::
ground

::::::::::
observations

:
of avalanche deposit515

properties would help constrain the effect of regularization, and we encourage such studies in the future. We do note that

the phase and relative amplitude of the force-time function between the two events (Fig
:::
Figs. 8a–f) are not affected by the

regularization.
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6.4 Flow dynamics

Average flow speeds for mass movements can be estimated from the duration of the high-frequency seismic envelope if the520

horizontal runout length L is known (Caplan-Auerbach et al., 2004). However, it is often difficult to estimate the duration of the

flow from the seismic envelope, since the noise floor can bury the earliest and latest parts of the emergent signal (Huggel et al.,

2007). Caplan-Auerbach and Huggel (2007) estimated average flow speeds of about 20–50 m s�1 for Red Glacier avalanches

using this method. A more complete assessment of flow speeds can be obtained from numerical modeling or by examination

of the speed time series kv(t)k obtained from the force inversion, since
:
as

:
these provide both average and maximum values.525

Schneider et al. (2010) found an average flow speed of about 50 m s�1 and peak flow speeds between 70–100 m s�1 for a

numerically modeled 2003 Red Glacier avalanche. Our values derived from kv(t)k (average speeds of 33 and 34 m s�1 and

maximum speeds of 75 and 74 m s�1 in 2016 and 2019, respectively) are compatible with these results as well as those of

Caplan-Auerbach and Huggel (2007), though we note that our values describe COM dynamics, while those of Caplan-Auerbach

and Huggel (2007) are calculated using L and therefore apply to the flow front. Our results are also broadly compatible with530

other studies of similar large avalanches, such as the July 2007 Mount Steele rock–ice avalanche (35–65 m s�1 average speed;

Lipovsky et al., 2008) and the June 2016 Lamplugh Glacier rock avalanche (⇠55 m s�1 maximum speed; Dufresne et al.,

2019).

Inversion-derived COM acceleration magnitudes ka(t)k and flow speeds kv(t)k are plotted in Fig
::::
Figs. 8g–j. The peak in-

frasound amplitude does not correlate with peak acceleration magnitude nor peak speed, instead occurring about 50 s after the535

latter. This notable latency between peak speed and peak acoustic energy might be explained by a model similar to Marchetti

et al. (2019b), where infrasound is produced by waves at the free surface of the flow. Such waves would take time to de-

velop since the initially blocky mass needs to be sufficiently fragmented and turbulent, which requires high flow speeds.
:::
The

:::::::::
infrasound

:::
and

:::::::
seismic

:::::::::
waveforms

::::::
(Figs.

:::::
8k–n)

:::
do

::::::
exhibit

::::::
similar

::::::
shapes

::::
and

:::::
reach

::::
their

::::
peak

::::::
values

::
at
:::::::::::::

approximately
:::
the

::::
same

::::
time

:::::
(after

:::::
travel

::::
time

:::::::::
removal).

::::
This

:::::::::
alignment

::
of

:::::::::::::
high-frequency

::::::
seismic

::::
and

:::::::::
infrasound

::::::
signals

:::
has

:::::::::
previously

:::::
been540

:::::::
observed

:::
for

::::::
debris

::::
flows

::::::::::::::::::::::::::::::::::::::::
(Schimmel et al., 2018; Marchetti et al., 2019b)

::
and

::::::::
suggests

:::
that

:::::
after

::::
some

::::::
initial

:::::::
breakup

::::::
period,

::::::
Iliamna

:::::::
ice–rock

::::::::::
avalanches

::::
may

::::::
exhibit

::::::
similar

::::
flow

::::::::
dynamics

::
to

:::::
debris

::::::
flows,

::
at

::::
least

::::::::::::::::
seismoacoustically.

Another possibility is that flow interaction with a particular topographic feature along the flow path is generating infrasound,

and that the observed peak amplitude timing corresponds to the travel time for the flow to reach this feature. Figure
::::::
Figures

8m and n indicates
:::::::
indicate

:
that peak infrasound occurs anywhere from 60–85 s

::::::
50–85 s

:
into the flow. Since

:::::::
Because the545

prominent northward force linked to the flow lobe on the orographically
::::::::
downslope

:
left side of the flow occurs at about 80 s,

flow turbulence at this point could be responsible for the peak in infrasound energy. Moore et al. (2017) observed a ground-

coupled air wave
::::::
airwave

:
associated with the second of two very large rock avalanches at Bingham Canyon Mine (Utah,

USA). They inferred from the timing of the phase that the air wave
:::::::
airwave was likely coupled into the ground when the rock

avalanche was beginning to impact the pit bottom, ⇠50 s after the start of the event. However, this explanation makes less550

sense in the context of Red Glacier avalanches since
:::::::
because the topography of Red Glacier is far smoother (e.g., compare the

black line in Fig. 10c to Moore et al. (2017), Fig. 5).
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6.5 Inversion stability and trajectory uncertainties

The low variance of the jackknife iterations (Fig
:::
Figs. 8a–f) indicates that the inversion result is largely unaffected by changes

to the input data. We note two prominent issues with the calculated trajectories, however:555

1. The 2019 horizontal trajectory is rotated approximately 15° counter-clockwise relative to the 2016 trajectory, though

both have the same shape.

2. The 2016 vertical trajectory is too steep relative to the bed topography (black line in Fig. 10a).

There are several potential causes for these discrepancies. One possibility is that our model loses validity over the course

of the event. Since the premise of the force inversion assumes a single point force, as the avalanche moves downslope and560

transitions from a sliding block to a more distributed, fragmented flow,
:
our source model becomes less applicable (see Coe

et al., 2016). The vertical trajectories for both 2016 and 2019 show good agreement with the topography for the first ⇠50 s of

flow, before deviating significantly. This portion of the force history corresponds to the initial sliding block phase, where our

model is most valid, supporting the notion that our model validity decreases with time. However, the horizontal trajectories

provide a reasonable quantitative estimate for the entire flow path, not just the initial period of supposed higher model validity.565

Ultimately, without video footage of the events, improved mass estimates, or sophisticated flow modeling, understanding where

the model may begin to break down is challenging.

Another factor is noise within the passband of our inversion. We note that while the SNR for the longer-period portion of

the inversion passband was generally greater in 2019 than in 2016, the SNR for shorter periods (15–25 s) was lower in 2019

than in 2016 (Fig. 5). This greater short-period noise in 2019 is visible when comparing the waveforms in 2016 (Fig. 9a)570

to those in 2019 (Fig. 9b). We were unable to avoid this noise without increasing the minimum period of the inversion and

thereby sacrificing short-period details in f(t), which are consistent between the two events and thus not spurious. Since
::
As

this short-period noise is more prominent in 2019 than 2016, it could contribute to the misaligned horizontal trajectory for the

2019 event. We note that the VR for the 2019 inversion is about 10% lower than the VR for the 2016 inversion; this is readily

seen in Fig. 9.575

Finally, our inversion may be biased by uneven azimuthal station coverage or an uneven distribution of seismometer compo-

nents. For most stations, horizontal components tended to be noisier than vertical components. Consequently, most of our input

waveform data for the inversion is vertical component (see component labels in Fig. 9). Mathematically, Eq. 1 shows that given

sufficient azimuthal coverage,
:
f(t) should be recoverable from the vertical displacement time series uZ(t) alone. However,

our largely vertical-component input data could be biasing our fZ(t) amplitudes too high. This in turn would produce overly580

steep vertical trajectories. We tested the inversion’s sensitivity to azimuthal station coverage and found that the 2019 trajectory

showed negligible change unless significant deviations (e.g., only retaining stations to the south of Iliamna) were undertaken.

All of the preceding issues are exacerbated when we doubly integrate f(t) to
:::::
obtain displacement. Therefore, a relatively

small southward bias in f(t) could nudge the entire trajectory northward in the manner seen for the 2019 event. This also

applies to the overly steep vertical trajectory in 2016 – if at any point in f(t) the vertical component is overestimated, the585
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vertical trajectory will be affected from that point onwards. In spite of these issues, the consistent shape of the trajectories and

the strikingly similar phase and relative amplitude of the force-time functions give us confidence in our modeling.

6.6
:::::::::

Comparing
::::::
events

A key benefit of modeling two highly similar avalanches is the opportunity to compare the inversion results, determine which

features are consistent between the two years
:::::
events, and evaluate the inversion technique. Examination of f(t) for the 2016590

event alone might lead one to conclude that the shorter-period details are just spurious byproducts of noise or path effects.

However, the 2019 avalanche has flow and deposit characteristics that are remarkably similar to those of the 2016 event, and

we observe similar details in f(t) in spite of varying path effects due to different station configurations in 2016 and 2019. This

provides
::::
more

:
confidence in the inversion method used here.

:::
One

:::::::
notable

::::::::
difference

::::::::
between

:::
the

::::::::
force-time

::::::::
functions

::::::::
obtained

:::
for

:::
the

:::
two

:::::::::
avalanches

::
is
:::
the

::::::::
increased

:::::::::
amplitude

:::
for

:::
the595

::::
2019

:::::
event.

::::
This

:::::::
increase

::
is

:::::::::
consistent

:::::
across

::
all

:::::
three

:::::
force

::::::::::
components,

:::
yet

::
it

:
is
:::::::
unlikely

::
to
:::
be

::
an

::::::::
inversion

::::::
artifact

:::::
since

::::
both

::::::::
inversions

::::
have

::::
the

::::
same

::::::::::::
regularization

::::::::::
parameters.

::::
The

:::::::::::::
high-frequency

::::::
seismic

::::::
signals

::::::
(Figs.

::
8k

::::
and

::
l)

:::
also

:::::::
indicate

::::::
larger

:::::::::
amplitudes

:::
for

:::
the

::::
2019

::::::
event.

:::::
Since

:::
the

::::::::
observed

:::::::
deposits

::::
have

::::::
similar

:::::
sizes

:::
(see

::::
Fig.

:::
2),

:::
this

::::::::
suggests

:::
that

::
a
:::::
larger

:::::::
amount

::
of

::::
mass

::::
was

::::::
moved

::
in

:::::
2019

::::
than

::
in

:::::
2016

:::
but

::::
with

::::
little

:::::::
change

::
in

::::::
runout

::::::
length.

::::
The

::::
mass

::::::::::
discrepancy

:::::
could

:::
be

::::::
caused

:::
by

::::::
varying

:::::
initial

::::::
failure

::::::::::
thicknesses

::::
(i.e.,

::
a
::::::
thicker

::::::
crown

::
in

:::::
2019)

:::
or

::
an

::::::::
increased

:::::::
portion

::
of

::::
rock

::::::::
involved

::
in

:::
the

:::::
2019

:::::
event600

:::::
versus

:::
the

::::
2016

::::::
event.

::::::::::::
Unfortunately,

:::
we

::
do

:::
not

:::::::
possess

:::
the

:::::::::
field-based

::::::::::
observations

::::
and

::::::::::::
measurements

::::::::
necessary

::
to

:::
test

:::::
these

:::::::::
hypotheses.

:

6.7
::::::::
Feasibility

:::
for

::::::
rapid

::::::
hazard

::::::::
response

:::
The

:::::::
detailed

::::::::::
information

:::
on

::::::::
avalanche

::::::::
dynamics

:::::::::
retrievable

:::::
from

:::
the

::::::::::::::
rapidly-recorded

::::::
seismic

::::::
signals

:::
for

:::::
these

::::::
events

:::::
raises

::
the

::::::::
question

::
of

:::
the

::::::::
suitability

:::
of

:::
this

:::::::
method

::
for

::::::::::::
near-real-time

:::::::::::
applications.

:::::::
Besides

:::
the

::::::
seismic

::::::
signals

::::::::::
themselves,

::::
only

::::
two605

::::::::::
independent

:::::
pieces

:::
of

::::::::::
information

:::
are

:::::::
required

::
to

:::::
obtain

:::
3D

::::::::::
trajectories:

::::
The

:::::
event

:::::::
location

:::
(for

:::::::
locating

:::
the

:::::
point

:::::
force)

::::
and

::
the

::::::
failure

:::::
mass

:::
(for

:::::::::
converting

:::::
force

::
to

::::::::::::
acceleration).

::
In

:::
this

::::::
study,

::
we

:::::
used

::::::::::::
high-resolution

:::::::
satellite

:::::::
imagery

::
to
::::::::

estimate
:::
the

::::::
location

::::
and

::
to

::::::
inform

:::
the

:::::::
selection

:::
of

:
a
:::::
mass.

::
In

:::
the

:::::::
absence

::
of

::::
any

::::::::::
independent

:::::
data,

:::
the

::::::::
following

:::::
could

:::
be

::::::::::
performed:

:::
The

:::::
event

::::::::
location

:::::
could

::
be

:::::::::
estimated

:::::
using

::::::::
traditional

::::::::::
earthquake

::
or

::::
mass

::::::::::::::::
movement-specific

:::::::
location

:::::::
methods

::::::::::::::::::::::::::::::::::::::::
(see Allstadt et al., 2018, and references therein),

::::
and

:::
the610

:::::
failure

:::::
mass

::::
could

:::
be

::::::
roughly

::::::::
estimated

:::::
from

::
the

::::::
scaling

::::
laws

:::
of

:::::::::::::::::::::
Ekström and Stark (2013).

::
A

:::::::
location

:::::
could

:::
also

::
be

::::::::::
determined

::::
from

:::::::::
infrasound

::::::
signals

:::::
using

:::::::::::::
backprojection

::::::::::::::::::::::::::
(see e.g. Sanderson et al., 2020).

:::::
Note

::::
that

:::
due

::
to
::::

the
::::
long

::::::::::
wavelengths

:::
of

:::
the

::::::
signals

::::
used,

::
a
::::::
precise

:::::::
location

::
is

:::
not

::::::
critical

:::
for

:::
the

::::::::
inversion

:::::::
process.

::::
The

:::::::
resulting

::::::::::
seismically

::::::
derived

:::::::::
trajectory

:::::
would

:::
be

:
a
:::::
rough

::::::::::::
approximation

::::
due

::
to

::::::::::
uncertainties

::
in
:::::
mass

:::::::::
estimation

:::::
and/or

::::::::
location.

::::::::
However,

:::
the

:::::::::::
directionality

:::
and

::::::
relative

::::
size

::
of

::
the

:::::
mass

:::::::::
movement

::::::
would

::
be

:::::::::
preserved,

::::
and

:::
this

::::::::::
information

:::::
could

:::
be

::::::::
harnessed

:::
to

:::::::
remotely

:::::::::
determine

:::
the

:::::
likely

::::
path

::::
and615

::::
scale

::
of

::
a

::::
mass

:::::::::
movement.

:

::::::::::::
Unfortunately,

::::::::
automatic

::::::::
locations

:::
are

:::
not

:::::::
available

:::
for

:::
the

:::
two

:::::::
Iliamna

:::::
events

:::
or

::::
other

::::::
events

::
of

::::::::::
comparable

::::
size.

::::::::
However,

::
we

::::
note

::::
that

::
the

::::
very

:::::
large

::::
June

::::
2016

:::::::::
Lamplugh

::::::
Glacier,

::::::
Alaska

::::
rock

::::::::
avalanche

:::::::::::::::::::::::::::::::::::::::::::::
(see Bessette-Kirton et al., 2018; Dufresne et al., 2019)

27



:::
has

:
a
::::::::
cataloged

:::::::
location

:::
and

::::::
origin

::::
time.

::
In

:::::::
general,

::
at

:::
this

::::
time

:::
an

::::::::
automatic

::::::::
inversion

::::::
method

::::::
would

:::::
likely

::
be

:::::::::
successful

::::
only

::
for

::::
very

:::::
large

::::
mass

::::::::::
movements

::::
with

::::
high

::::
SNR

:::::::
seismic

:::
and

:::::::
acoustic

::::::::::
waveforms.

:::
We

::::
note

:::
that

:::
our

::::::::
methods

::
are

::::::::
primarily

::::::
aimed620

:
at
:::::::::

providing
::::::::::
information

:::::::::::::
complementary

:::
to

:::::
other

::::::::::
techniques;

::::
they

:::
do

:::
not

::::::::
currently

::::::::
constitute

::
a
::::::::::
stand-alone

:::
or

:::::::::
automated

::::::::
technique.

:::::
Still,

::
in

::::::
remote

::::::
settings

:::::
where

:::::
event

::::::::::
information

::::
from

:::::
other

::::::
sources

::::
may

:::
be

::::::
delayed

::
or

::::::::::
unavailable

:
–
:::::
such

::
as

::::::
Alaska

:
–
:::
this

::::::::
approach

:::::
could

:::::::
provide

:::
key

::::::::
estimates

::
of

:::::
basic

::::
flow

::::::::
properties

::
in
:::::::::::::
near-real-time.

7 Conclusions

Surficial mass movements transfer energy into the solid Earth and the atmosphere, producing seismoacoustic signals that yield625

complementary information about event dynamics. In this study, we took advantage of an extraordinary
::::::
analyze

::
an

::::::::::
exceptional

seismoacoustic dataset from two large, highly similar ice–rock avalanches to reconstruct the dynamics of the events. The

repeatability
:::::::
similarity

:
of these avalanches provides an excellent opportunity to test the robustness of our modeling methods.

Our force-time functions are derived from the inversion of long-period (15–80 s) seismic signals recorded on stations > 80 km

:::::::
> 80 km

:
from the avalanches. They indicate that over the course of about 150 s the avalanche COM slid to the east, was630

subsequently deflected slightly to the south and then to the north, and then broadly decelerated. Our results provide constraints

on time-varying avalanche acceleration, velocity, and directionality. This is important for hazard mitigation as well as general

understanding of seismic signals from mass movements, though better estimates of mass and flow properties from field studies

(e.g., Dufresne et al., 2019) and numerical modeling (e.g., Moretti et al., 2012) are needed to fully exploit this method’s

potential.635

While it was possible to model the avalanche seismic source, we lacked sufficient infrasound data to quantitatively charac-

terize the acoustic source. After accounting for propagation effects and station noise, we cannot assess whether the Iliamna

avalanches exhibit acoustic source directionality. Still, the acoustic data are qualitatively consistent with our force-derived re-

constructions. It appears that infrasound from these avalanches is produced after the mass movement regime transitions from

cohesive block-type failure to granular and turbulent flow, but controlled experiments and denser acoustic instrumentation are640

needed to
::::
fully test this hypothesis.

Iliamna Volcano is an excellent natural laboratory
:::
site

:
for the seismoacoustic and geomorphological study of these impressive

avalanches due to their relatively frequent occurrence at the volcano. Future work at Iliamna – as well as at other sites of

repetitive surficial mass movements – should synthesize advanced numerical modeling techniques with detailed groundtruth

information
::::::::::
observations

:
including video footage and repeat high-resolution DEM acquisitions. These efforts, combined with645

more complete acoustic station coverage – perhaps with arrays as well as single sensors – could result in a substantial increase

in our understanding of
::
the

::::::::
behavior

::
of large debris avalanches and other mass movements. This insight may then be applicable

for mitigation of, and response to, the significant hazards posed by these catastrophic
:::::::
dramatic

:
surface processes.
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Data availability. All of the seismic and infrasound data used in this study are available from the Incorporated Research Institutions

for Seismology Data Management Center (IRIS DMC). The CPS model file we used to compute GFs for the inversions is available at650

eas.slu.edu/eqc/eqc_cps/TUTORIAL/SPHERICITY/AK135/tak135sph.mod.

Appendix A:
::::::::
Inversion

:::::::::::
formulation

:::
and

::::::::::
constraints

:::::::
Consider

:::
the

:::::::::::
convolutions

:::::
given

::
by

:::::
Eqs.

::::
1–3.

::
In

::::::::
numerical

::::::::
contexts,

::
it

::
is

::::
more

::::::::::
convenient

::
to

::::::::
formulate

:::::
these

::::::::::
convolutions

:::
as

:::::
matrix

:::::::::::::
multiplications.

:::
We

::::::::
therefore

::::::::
transform

:::
the

:::::::
Green’s

::::::::
functions

:::::
(GFs)

::::
into

::::::::::
convolution

:::::::
matrices

::
⇤
:::
by

::::::::
reversing

:::
the

::::
GFs

::
in

::::
time

:::
and

:::::::::
staggering

::::
them

::
as
:::
in

::::::::::::
Allstadt (2013)

:
,
:::::
where

:::
the

::::
time

::::::::::
dependence

::
of

:::
the

:::
GF

::
is

::::
now

::::::::
implicitly

::::::
stored

::
in

:::
the

::::::
matrix.655

:::
(For

::::::::
example,

:::
the

::::::::::::
multiplication

:::::::
⇤ZVfZ::::::::::

corresponds
::
to

:::
the

::::::::::
convolution

::::::::::::
fZ(t) ⇤ gZV(t);::::

see
::::::::::::
Allstadt (2013)

:
,
:::
Eq.

::::
A5.)

:::::::
Making

:::
this

:::::::::::
modification,

:::
we

:::
can

:::::::
combine

::::
Eqs.

::::
1–3

::::::::
(dropping

:::
the

:::::::
explicit

::::
time

::::::::::
dependence

:::
for

::::::
brevity)

::::
into

:

uk = �kf ,
:::::::::

(A1)

:::::
where

::::
now

:::
the

:::::::::
superscript

::
k

::::::
denotes

:::
the

::::::
station

:::
and

:::
�k

::
is

:
a
::::::
matrix

::
of

:::
GF

::::::::::
convolution

::::::::
matrices:

:

�k =

2

664

⇤k
ZV

⇤k
ZH

cos�k ⇤k
ZH

sin�k

⇤k
RV

⇤k
RH

cos�k ⇤k
RH

sin�k

0 ⇤k
TH

sin�k �⇤k
TH

cos�k

3

775 .

:::::::::::::::::::::::::::::::::::::

(A2)660

:::
We

:::
can

::::
now

::::
write

:::
the

:::::
linear

:::::::
forward

::::::
model

:::
for

::
N

::::::
stations

:::
as

d=Gf ,
:::::::

(A3)

::::
with

:::::::::::::::::::::::::::::
d=

⇥
u1

, u2
, . . . , uk

, . . . , uN
⇤>

:::
and

:::::::::::::::::::::::::::::::
G=

⇥
�1

, �2
, . . . , �k

, . . . , �N
⇤>.

:::
The

::::::::::
superscript

::
>

:::::::
denotes

:::
the

:::::::::
transpose;

:
d
::
is
::
a
:::
1D

:::::::
column

:::::
vector

:::::::::
consisting

:::
of

:::
the

::::
data

::::::::
predicted

:::
for

::::
each

::::::::::
component

::
of

:::::
each

::::::
station

:::
uk

:::::::::::
concatenated

::::::::::
end-to-end.

::::
This

:
is
:::
an

::::::::::::
ill-conditioned

::::::::
problem,

::
so

::::::::::::
regularization

::
is

:::::::
required

::
to

::::::
reduce

:::
the

::::::::
condition

::::::
number

:::
of

::
G.

::::
We

:::::
invert

:::
for

:
f
:::::
using

::
a665

::::::::::
higher-order

::::::::::::::::::
Tikhonov-regularized

::::
least

::::::
squares

::::::::::
formulation

::::::::::::::::::::
(e.g., Aster et al., 2013).

::::
The

:::::::
solution

::
is

f =
h
G>G+↵

2
⇣
a0I+ a1L1

>L1 + a2L2
>L2

⌘i�1
G>d ,

::::::::::::::::::::::::::::::::::::::::::::::::

(A4)

:::::
where

:
I
::
is
:::
the

:::::::
identity

::::::
matrix

:::
and

:::
L1:::

and
:::
L2:::

are
::::
first-

::::
and

:::::::::::
second-order

:::::::::
roughening

::::::::
matrices

:::::
which

:::::::::::
approximate

:::
the

:::
first

::::
and

::::::
second

:::::::::
derivatives,

:::::::::::
respectively.

:::
The

::::::::::
coefficients

:::
a0,

:::
a1,

::::
and

::
a2::::::

control
:::
the

::::::
degree

::
of

::::::::::
importance

:::::
given

::
to

:::::::
“small,”

:::::
“flat,”

::::
and

::::::::
“smooth”

::::::
models,

:::::::::::
respectively.

::::
They

:::::
must

::::
sum

::
to

::::
one:670

2X

i=0

ai = 1 .

:::::::::

(A5)

:::
The

::::::::::::
regularization

::::::::
parameter

::
↵
::

is
:::::::

chosen
::
to

:::::::
balance

:::
the

:::::::::
constraints

:::
on

:::
the

:::::
model

::::::::
specified

:::
by

:::
the

::
ai::::::::::

coefficients
:::::
while

::::
still

:::::
fitting

:::
the

::::
data

::::
well.

:::
We

:::
use

:::
the

:::::::
L-curve

:::::::
criterion

:::::::::::::
(Hansen, 1992)

::
to

::::
find

::
the

:::::::
optimal

:::::
value

:::
for

::
↵.

:::
For

::::
both

:::::::::
inversions

:::
we

:::::
found
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::
the

:::::::
optimal

::::::
values

::
for

:::::
these

:::::::::
parameters

:::::
were

::::::::::::::
↵= 5.3⇥ 10�17

:::
and

:::::::::::::::
ai = [0.4, 0, 0.6].

::::
This

::::::::
selection

::
of

:::
ai’s:::::::::

prioritizes
:
a
::::::
model

:::
that

::
is

::::
both

:::::
small

::
in

:::::::::
magnitude

:::::
(more

:::::::
centered

:::
on

::::
zero)

::::
and

:::::::
smooth.

:::
The

::::::::
inclusion

::
of

:::
the

:::::::::::
higher-order

:::::::::::
regularization

::::::::
matrices675

::
L1::::

and
::
L2::

in
:::
Eq.

:::
A4

::::::::
separates

:::
this

:::::::
method

::::
from

:::
the

::::::
method

::::
used

::
in

:::::::::::::
Allstadt (2013)

:::
and

:::::::::::::::
(Coe et al., 2016),

:::::
which

::::
only

::::::::
included

::::::::::
zeroth-order

::::::::
Tikhonov

::::::::::::
regularization.

:

::
To

::::::::::
characterize

:::
the

::
fit

::
of
:::

the
::::::
model

::
to

:::
the

::::
data,

:::
we

:::::::
compute

:::
the

::::::::
variance

::::::::
reduction

:::::
(VR),

:::::
which

::
is

::::::
defined

:::
as

VR=

✓
1� kd�dobsk2

kdobsk2

◆
⇥ 100% ,

::::::::::::::::::::::::::::::

(A6)

:::::
where

::::
dobs:::

are
:::
the

::::::::
observed

::::
data

:::
and

::
d

:::
are

:::
the

:::::::
synthetic

::::
data

::::::::
predicted

:::
by

:::
the

::::::
forward

::::::
model

::::
(Eq.

::::
A3).680

::
In

:::::::
addition

::
to

::::::::::::
regularization,

:::
we

::::::::
constrain

:::
all

::
of

:::
the

:::::::::::
components

::
of

::
f

::
to

::::
sum

::
to

::::
zero

:::
to

:::::::
conserve

:::
the

:::::
total

:::::::::
momentum

:::
of

::
the

:::::
Earth

:::::::::::::::::::::::::::
(see Allstadt, 2013, Appendix A)

:
.
:::
We

::::
also

::::::
enforce

:::
all

::::::::::
components

::
of

::
f
:::
be

::::
zero

::::
prior

::
to

::
a

:::::::
specified

:::::
“zero

::::::
time.”

:::
We

::::::
choose

::
the

::::
zero

::::
time

:::
to

:::::::::
correspond

::
to

:::
the

::::
point

::::::
where

:::
the

::::::
vertical

::::::::::
component

::::
fZ(t)::

is
::::::::
non-zero

:::
and

::::::
rising,

::::::::
signaling

:::
the

:::::
initial

::::::::
downward

:::::::::::
acceleration

::
of

:::
the

:::::::::
avalanche.

::::
The

::::
zero

::::
time

:::
for

:::
the

:::
22

::::
May

:::::
2016

:::::
event

:
is
::::::::

07:57:57
::::
and

:::
the

::::
zero

::::
time

:::
for

:::
the

:::
21

::::
June

::::
2019

:::::
event

::
is

::::::::
00:03:13.

:::
The

::::::::
selection

::
of

:::
the

::::
zero

::::
time

::::
was

:::::::::::
unambiguous

:::
for

::::
both

::::::
events.685

::
To

:::::
assess

:::
the

:::::::
stability

::
of

:::
the

::::::::
inversion,

:::
we

:::
use

:
a
::::::::
variation

::
on

:::
the

::::::::
jackknife

::::::::
technique

::::::::::::::::::::::::::::::::::
(e.g., Moretti et al., 2015; Coe et al., 2016)

:
.
:::
We

:::
run

::
20

::::::::
iterations

::
of

:::
the

:::::::::
inversion,

::::
each

::::
time

::::::::
randomly

:::::::::
discarding

::::
30%

::
of

:::
the

::::::::::
waveforms.
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