TURPV

SHVSRQVH WR WKH UHIHBRHVY FRPPHQWYV
$+\GURJUDSK\ DQG FLUFXODWLRQ EHORZ )LPEXOLVHQ ,FH 61
\HDUV RI PRRUHG REVHUYDWLRQV"

‘H WKDQN $QRQ\PRXV 5HIHUHH DQG /DXULH 3DGPDQ IRU W
HIWHQVLYH FRPPHQWY RQ RXU PDQXVFULSW :H KDYH QRZ z
XSGDWHG WKH PDQXVFULSW DFFRUGLQJO\ %HORZ ZH KDYF
FRPPHQWY DQG ZH JLYHORXUFE@ DGIGLWLAQ WKLV ILOH FRC
PDQXVFULSW 3')V ZLWK WKH FRPPHQWY IURP ERWK UHIHUHH
WKHVH FRPPHQWYV LQ WKH 3')V

$V DQQRXQFHG LQ RXU SUHYLRXV UHVSRQVH WR WKH HGLW
LQFOXGHG D GDWD IURP DQ DGGLWLRQDO WHPSHUDWXUH
ORQJHU UHFRUGY DW 0 BXSSHU DQG 0 BXSSHU DQG E XS
'HFHPEHU DW 0 DQG 0 :H KDYH LPSURYHG WKH GDWD S
WKH HQWLUH WLPH VHULMH)HZZTBRW D ®G@GNVVRE BURKHVVLQJ LF
GLG QRW DIIHFW WKH RYHUDOO UHVXOWVY SUHVHQWHG LQ W
PDQXVFULSW :H KDYH XSGDWHG DOO ILIXUHV BGG WH[W DF
\HDUV" LQ WKH WLWOH WR 3 \HDUV’

'H KDYH DOVR DGMXVWHG RXU PHWKRG WR HVWLPDWH WKH
XVLQJ WKH 203 DQDO\VLV LQ WKH ROG YHUVLRQ RI WKH PD
PHDQ WHPSHUDWXUH VDOLQLW\ DQG R[\JHQ WEWLIDIWKH H
DQDO\VLY RQ WKHVH YDOXHV +RZHYHU WKHUH LV D QRQOL
WKHT XDUHG/LGXDOV DUH PLQLPL]JHG (TQ LQ WKH ROG YHLU
YHUVLRQ :H UHDOL]HG WKDW WKH FOHDQHU DSSURDFK LV
WKH GDLO\ WHPSHUDWXUH VDOLQLW\ DQG R[\JHQ YDOXHYV
DYHUDJH WKH UHVXOWLQJ WLPH VHULHV RI ZDWHU PDVV FR
PHDQ :': FRQFHQWUDWLRQ ZDV JHUR ZLWK WKH ROG DSSURLE
FRQFHQWUDWLRQ ZDV QRQ JHUR LQ WKH WLPH VHULHV :LW
FRQFHQWUDWLRQ LV QRQ JHUR

7KH UHYLVHG PDQXVFULSW DQG D YHUVLRQ ZLWK WUDFN FK

%HVW UHJDUGYV
-XOLXV /IDXEHU RQ EHKDOI RI bOO FR DXWKRUV



&RPPHQWYV IURP $QRQ\PRXV 5HIHUHH

5HYLHZ RI +\GURJUDSK\ DQG FLUFXODWLRQ EHORZ )LPEXOL
IURP \HDUV Rl PRRUHG REVHUYDWLRQV %\ /I DXEHU HW DO

7KH DXWKRUV GHVFULEH LQ GHWDLO GDWD IURP WKUHH PR
LQ WKH RFHDQ FDYLW\ EHQHDWK )LPEXOLVHQ (DFK PRRULC
LQVWUXPHQWY RQH ZLWKLQ P RU VR RI WKH LFH EDVH D
WKH ZDWHU FROXPQ 7KH XS WR \HDU ORQJ WLPH VHULH
EDVHG GDWD IURP XS VWUHDP RI WKH VWXG\ VLWHV &7' VH
7KH DXWKRUV ILQG WKDW WKH FDYLW\ LV SULPDULO\ YHQW
$QWDUFWLF 6XUIDFH :DWHU $6: LQWUXGHVY DORQJ WKH LF|
\HDU DQG WKDW :DUP 'HHS :DWHU :': FDQ HQWHU WKH FDY
9DULRXV JHQHUDWLRQ PHFKDQLVPV IRU WKH HGGLHV DUH C
IRU DQ\ LQ SDUWLFXODU LV DYDLODEOH IURP WKH GDWD
7KH GDWD FRQILUP DQG WR DQ H[WHQW H[WHQG FRQFOXV
XVH VKRUWHU YHUVLRQV RI WKH WLPH VHULHV $V WKH VDC
XQWLO WKH HQG RI WKH PRVW GHWDLOHG D®PO\VLV ZD
WKDW \HDU 7KLV LQYROYHG SDUWLWLRQLQJ WKH ZDWHU PI
DQ 2SWLPXP OXOWL3DUDPHWHU 203 DQDO\VLV ZLWK GLVVF
WHPSHUDWXUH 7 DQG VDOLQLW\ 6 DV WKH SDUDPHWHUV
': $6: DQG JODFLDO PHOWZDWHU *0:

7KLV ZDV D YHU\ GHWDLOHG UHDG DQG , P VXUH , PDQDJHC
OLQNV WKDW WKH DXWKRUV PDNH %\ WKH YHU\ QDWXUH RI
FRQFOXVLRQV DUH D ELW VSHEXODWLYH DQG KHUH DQG Wt
WKRVH VWDWHPHQWY DUH DSSURSULDWHO\ FDYHDWHG LQ V
EHHQ PDGH WR TXDQWLI\ XQFHUWDLQW\

, DP DWWDFKLQJ D PDUNHG XS 3') WKDW FRQWDLQV DOO P\
RQH JLYHQ EHORZ ORVW Rl WKH FRPPHQWY DUH PLQRU VXJ
UHTXHVWYV IRU UH SKUDVLQJ WR LPSURYH FODULW\ $00 FD
FKDQJHV WR WKH WH[W

7KDQN \RX DJDLQ IRU WDNLQJ WKH WLPH WR UHYLHZ RXU V!
DVVHVVPHQW

ODMRU FRPPHQW
, P YHU\ FRQFHUQHG ZLWK WKH VHOHFWLRQ RI $6: DV DQ HCc
DQDO\VLV &OHDUO\ LI $6: HQWHUV WKH FDYLW\ DQG WKH
WKH FDVH WKDW LW GRHV WKHQ WKH DQDO\VLV PXVW KDQ(
SURSHUWLHYVY FKDQJH GXULQJ WKH \HDU DQG LW PDNHV VRP
IRU HI[DPSOH KLJKO\ VXVSHFW $V WKH ZLQWHU FRPHV R
FRROHG WR WKH IUHH]LQJ SRLQW TXLWH UDSLGO\ ,Q DQ\ F
vLIJQDO WR LWV SURSHUWLHYVY 7KHUHIRUH WKH WUHQGV ZH
UHVXOW RI FKDQJHYVY LQ WKH HQG PHPEHU SURSHUWLHYV
7KLV LV SDUWO\ KDQGOHG E\ WKH ODUJH XQFHUWDLQW\ ER.
SODFHV RQ WKH WLPH VHULHV RI FRQFHQWUDWLRQV EXW V
YDULDWLRQ LQ WKH GLITHUHQW ZDWHU PDVV FRQFHQWUDW|
$6: HQG PHPEHU SURSHUWLHYVY GRHVQ W VROYH WKH SUREOI



ZHOO GHILQHG ZD\ ZLWKLQ WKH ER[ LQ SURSHUWLHV VSDFH
*DXVVLDQ

SHUKDSV WKH DXWKRUV FDQ H[SODLQ WKHLU WKLQNLQJ RQ
FDUU\LQJ RXW H[SHULPHQWY WR VHH WKH H[WHQW WR ZKLF
SURSHUWLHYV ZRXOG FKDQJH HQG PHPEHU FRQFHQWUDWLRC
ZKHWKHU PRUH FDYHDWYV QHHG WR EH GHFODUHG

‘H DFNQRZOHGJH WKLYV DV D YDOLG FRQFHUQ +RZHYHU DV
DXWKRU UHSO\ $& UHODWLQJ WR WKH FRPPHQW 5& IURP $
MRXUQDO ZHEVLWH DGGLQJ D VHDVRQDO SURILOH WR WKF
DFFRPSDQLHG E\ VHYHUDO DGGLWLRQDO VKRUWFRPLQJV RI
NHSW WKH FRQVWDQW $6: HQG PHPEHU SURSHAUWUHWHBXW .
WR WKH GHILQLWLRQ RI WKH VRXUFH ZDWHU PDVVHV

3$6: DQG :: VHDVRQDOO\ WUDQVLWLRQ LQWR HDFK RWKHU W
IUHVKZDWHU IOX[HV UHSUHVHQWLQJ HQG PHPEHUV RI WLPHI
SURSHUWLHV ,Q RXU DQDO\VLV ZH GHILQHG D FRQVWDQW
Rl se: 1  [&sss: J NJDQBss: PO DQG D FRQVWDQW ::
HQG PHPEHU ZLWK SURSHUWR&GIV RI JNIJDQB-

PO OHSUHVHQWLQJ WKH H[WUHPHV Rl WKHVH VHDVRQDO
PDVVHV ,Q WKLV ZD\ ZH FDQ LGHQWLI\ ZKHQ RWKHU ZDWH |
WKH :: :': *0: VSDFH FRQWULEXWH WR WKH FRPSRVLWLRQ RI
FDYLW\ +HQFH WKH TXDQWLILHG FRQFHQWUDWLRQV RI $6:
PHPEHU SURSHUWLHY $ PRUH H[DFW TXDQWLILFDWLRQ RI W
YDU\LQJ VXUIDFH ZDWHU PDVV HQG PHPEHU ZRXOG DOVR Gl
ZKLFK WKH VHDVRQDO VLJQDO LV SURSDJDWHG WR WKH PRI
SURSHUWLHV RI $6: FDQ YDU\ LQ WLPH DQG VSDFH )DKUEDI

VXFK WKDW $6: ZLWK GLIIHUHQW SURSHUWLHVWD\ DOV
FRPSRVLWLRQ 7KLV VFDWWHU LV DGGUHVVHG E\ DVVLJQLQ
XQFHUWDLQWLHYV WR WKH $6: VRXUFH ZDWHU SURSHUWLHYV

‘H DJUHH WKDW WKH XQFHUWDLQW)\ DQDO\VLV LVKGRW WDLC
$6: HQG PHPEHU 7R EH WUDQVSDUHQW DERXW XKLV LQ WK
VHQWHQFH DIWHU WKH GHVFULSWLRQ RI WKH XQFHUWDLQW

31RWH WKDW WKLV PHWKRG GRHV QRW DFFRXQW IRU WKH S
WKH $6: HQG PHPEHU DQG WKDW WKH JLYHQ XQFRHUQUBILQWL
RI $6: SURSHUWLHV ~

$GGLWLRQDO UHPDUN

,GHQWLI\LQJ WKH SDUWLFLSDWLRQ RI :': DQG $6& LQ EDVDC
PRUH XVHIXO ZRXOG EH DQ DWWHPSW WR TXDQWLI\ WKH FR
$6: 2U DW OHDVW SODFH ERXQGV RQ WKH FRQW® IEFHXWLRQ V
UHTXLUHG WR H[WUDSRODWH IURP WKH PRRULQJ GDWD EX
SURJUHVV VK\ RI D PRGHO

7KLV LV LQGHHG D JUHDW VXJJHVWLRQ DQG ZH DJUHH WKD
YDOXDEOH

,Q RXU SUHYLRXV UHSO\ ZRHWKH WKW A B STH BFIDFKNF XODWLRQ
FRQWULEXWLRQV RI $6: :: DQG :': IRU EDVDO PHOWLQJ DW



DGMXVWHG WKLY PHWKRG EXW WKH LGHD WR ZHLJK PDVV C
WKH FRQFHQWUDWLRQ DQG WKHUPDO IRUFLQJ RI D ZDWHU |
EHIRUH ‘H QRZ GHVFULEH WKH PHWKRG LQ WKH QHYZ VXEVH
PDVVHV WR LFH VKHOI PDVV ORVV" DQG ZH DGGHG D QHZ )l
WKLV DQDO\VLV

1RWH WKDW LQ RXU SUHYLRXV UHSO\ ZH VWDWHG 3>«@ WK
ORVV IRU WKH VKRZQ GHSWK UDQJH LV RQH WR WKUHH RUG
FRQWULEXWLRQV RI $6: DQG :': © 7KLV VWDWHPHQW RULJLQ!
FRQYHUWLQJ $6: DQG :': FRQFHQWUDWLRQV IURP SHUFHQW
OHDYLQJ :: DW SHUFHQW 1RZ WKH PDJQLWXGHV DUH FRPS
FRQWULEXWLRQ IURP :: LV VWLOO WKH ODUJHVW
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&RPPHQWYV IURP /DXULH 3DGPDQ

SHYLHZ RI +\GURJUDSK\ DQG FLUFXODWLRQ EHORZ )LPEXOL
I[URP \HDUV RI PRRUHG REVHUYDWLRQV E\ /DXEHU HW DO

, GRQTW QHHG WR EH DQRQ\PRXV « /IDXULH 3DGPDQ

2YHUDOO UDWLQJ , UDWHG WKLV DFFHSWHG VXEMHFW WR
VFLHQFH LV H[FHOOHQW DQG GHVSLWH DOO P\ FRPPHQWYV

P\ FRPPHQWY VKRXOG DOO EH IDLUO\ HDVLO\ DGGUHVVHG |
ZKHWKHU WKH UHVSRQVHY DUH VXIILFLHQW +RZHYHU LW L
DQG , P ZLOOLQJ WR UH UHYLHZ LW

7KLV PDQXVFULSW GHVFULEHY DQ LPSUHVVLYH UHFRUG RI (
IURP WKUHH PRRULQJV WKDW ZHUH GHSOR\HG LQ LQ WK
JLPEXOLVHQ $QDO\WVHV RI WKHVH UHFRUGY DUH VXSSRUWH
WKH FDYLW\

7KH DXWKRUV XVH WKHVH GDWD ZLWK 2SWLPXP 0XOWL3DU|
LGHQWLI\ VRXUFH ZDWHU PDVVHV WKDW HQWHU WKH FDYLW
7KH\ FRQFOXGH WKDW :LQWHU :DWHU :: LQ WKH PRVW LPS
DUH VHDVRQDOO\ YDU\LQJ FRQWULEXWLRQV IURP $QWDUFW
'HHS :DWHU :': 7KH ODWWHU DSSHDUV WR EH FDXVHG E\ Z
, DP LQFOXGLQJ D PDUNHG XS 3') ZLWK DOO P\ FRPPHQWYV [
DUH D ORW RRZWHKHMH WKH SDSHU ZDV ZHOO ZULWWHQ DQG
PRVW FRPPHQWY DUH IDLUO\ 3PLQRU" DQG FDQ EH GHFLGHCGC
ZLOO UHSHDW VRPH RI WKH PRUH PDMRU FRPPHQWYV

7KDQN \RX DJDLQ IRU WDNLQJ WKH WLPH WR UHYLHZ RXU V)
DVVHVVPHQW

0$-25 &200(176 UHSHDWLQJ $QRQ 5HI
, DJUHH ZLWK DOO PDMRU FRPPHQWYV E\ $QRQ\PRXV UHIHUH
KHUH IRU HPSKDVLYV
3, P YHU\ FRQFHUQHG ZLWK WKH VHOHFWLRQ RI $6: DV DQ H
DQDO\VLYVY &OHDUO\ LI $6: HQWHUV WKH FDYLW\ DQG WKH
WKH FDVH WKDW LW GRHV WKHQ WKH DQDO\VLV PXVW KDQ
SURSHUWLHV FKDQJH GXULQJ WKH \HDU DQG LW PDNHV VRP
IRU H[DPSOH KLJKO\ VXVSHFW $V WKH ZLQWHU FRPHV R(
FRROHG WR WKH IUHH]LQJ SRLQW TXLWH UDSLGO\ ,Q DQ\ F
VLIJQDO WR LWV SURSHUWLHYVY 7KHUHIRUH WKH WUHQGV ZH
UHVXOW RI FKDQJHV LQ WKH HQG PHPEHU SURSHUWLHYV
7KLV LV SDUWO\ KDQGOHG E\ WKH ODUJH XQFHUWDLQW\ ER.
SODFHV RQ WKH WLPH VHULHV Rl FRQFHQWUDWLRQV EXW V
YDULDWLRQ LQ WKH GLIIHUHQW ZDWHU PDVV FRQFHQWUDW!|
$6: HQG PHPEHU SURSHUWLHY GRHVQ W VROYH WKH SUREO]
ZHOO GHILQHG ZD\ ZLWKLQ WKH ER[ LQ SURSHUWLHV VSDFH
*DXVVLDQ
3HUKDSV WKH DXWKRUV FDQ H[SODLQ WKHLU WKLQNLQJ RQ
FDUU\LQJ RXW H[SHULPHQWY WR VHH WKH H[WHQW WR ZKLF



SURSHUWLHYV ZRXOG FKDQJH HQG PHPEHU FRQFHQWUDWLRC
ZKHWKHU PRUH FDYHDWY QHHG WR EH GHFODUHG

6HH RXU UHVSRQVH WR $QRQ\PRXV 5HIHUHH DERYH

$GGLWLRQDO UHPDUN

,GHQWLI\LQJ WKH SDUWLFLSDWLRQ RI :': DQG $6& LQ EDVDC
PRUH XVHIXO ZRXOG EH DQ DWWHPSW WR TXDQWLI\ WKH FR
$6: 2U DW OHDVW SODFH ERXQGV RQ WKH FRQWUEHXWLRQV
UHTXLUHG WR H[WUDSRODWH IURP WKH PRRULQJ GDWD EX
SURJUHVV VK\ RI D PRGHO

6HH RXU UHVSRQVH WR $QRQ\PRXV 5HIHUHH DERYH

0< *(1(5%$/ &200(176

ORVW RI WKH VXSSOHPHQWDO ILJXUHV DUH MXWW DV LP:
WKH PDLQ ILJXUHV , ZRXOG SUHIHU WKDW WKH\ MXVW JH\
WKH ULJKW SODFH

‘H KDYH QRZ PRYHG )LJ $ WR WKH PDLQ WH[W DV )LJ 'H
SDQHO LQ )LJ ROG )LJ ‘H DGGHG )LJ & D F WR )LJ
)L & G DV WKLV ZzDV WKH VDPH LQIRUPDWLRQ VKRZQ DOU]I

7TKHUH LV D ORW RI ,QWURGXFWRU\ PDWHULDO LQ 5HVXOYV
DERXW RWKHU GDWD VHWVY WKDW H[SODLQ ZKDW LV DOUHD«
XSZHOOLQJ DFURVY VLOOV DQG WKH DQQXDO F\FOH RI P:":
FRQWLQHQWDO VKHOI ,02 D EHWWHU ZD\ WR ZULWH WKH S
WKDW LV LPSRUWDQW WKDW LV DOUHDG\ NQRZQ VHWWLQJ
GHPRQVWUDWH WKH FRQVHTXHQFHV RI WKRVH H[WHHUQDO S
FDYLW\ DQG VXUBULVHV \RX ILQ
7KH SUREOHP WKH SUHVHQW IRUPDW FDXVHV LV WKDW LW L
NQRZQ IURP SULRU VWXGLHV ZLWK ZKBDRZ MWMXHHUQ BZ NPHD Q X D IE
WKH SDSHU LV ZHOO ZULWWHQ VR XQOHVV \RX VHH DQ HDYV
FKDQJH , ZRXOGQ W UHFRPPHQG LW

‘H DVVXPH WKDW \RX DUH UHIHUULQJ WR WKH 'LVFEXVVLRQ \
‘H DJUHH WKDW WKHUH LV VRPH QHZ PDWHULDO LQ WKLV VI
DOUHDG\ HDUOLHU ZH KDYH DGGHG WKH IROORZLQJ VHQWF

3>«@ DQG FRQWUDVW XSVWUHDP +LUDQR HW DO 2K VK
GRZQVWUHDP 5\DQ HW DO 6HPSHU DQG 'DUHOLXV
VKRZLQJ D FRLQFLGLQJ WLPLQJ RI D VKDOORZ RIIVKRUH WK
LQIORZ ~

‘H KRZHYHU SUHIHU QRW WR LQWURGXFH WRR PDQ\ GHWDI
WKH UHDGHU OLNHO\ ZLOO QRW UHPHPEHU WKHVH GHWDLO"
TKHUHIRUH ZH NHSW WKH LPSRUWDQW GHWDLOV LQ WKH 'L
EDFNJURXQGY DUH QRZ VXIILFLHQWO\ VHW XS LQ WKH ,QWU



AUHDOO\ PLQRU , SUHIHU FLWLQJ DV 3%< "FLWDWLRQ "~ U
SRVVLEOH WR FUHDWH WKH DXWKRUV PRUH IRU WKHLU SD\

&KDQJHG DV VXJIHVWHG

, GRQTW UHDOO\ OLNH WKH WHUP 3YHORFLW\ VKHDU" IRU
YHORFLW\ GLIITIHUHQFH" 6LQFH WKH ODVW H[SUHVVLRQ LV C
DQG XVH WKDW HYHU\ZKHUH

‘H LQWURGXFBHYW VWPERO IRU WKH PDJQLWXGH RI WKH YHORF
WKH H[SUHVVLRQ 3 YHORFLW\ VKHDU" LQ UHODWLRQ WR WKH
YHORFLW\ VKHDU LV LQGHHG D YHORFLW\ GLIITHUHQFH SHU

LW LV LPSRUWDQW WKDW WH[W DQG ILJXUHV DUH FRQVLYV
DERXW 3SHUFHQW”" RI VRXUFH ZDWHU PDVVHV IURP 203 DQD
ZLWK 3)UDFWLRQ’ )LJ KDV 36SHHG GLIITHUHQFH™ RQ WK
UHKHUV WR 3 YHORFLW\ VKHDU’ F SODFHV LQ WKH DQQXDO F
PRQWK QDPH EXW PRVW WLPH VHULHV RI DQQXDO F\FOHV X

‘H KDYH PDGH WKH VXJJHVWHG FKDQJHYV D DOO \ D[HV VK|
FRQFHQWUDWLRQYVY DUH QRZ ODEHOHGQRZ I&KRQPEFRQXWHHIONILG
WH[W LV QRZ XVHG IRU WKH \ D[LMWODEHQVODIEHOV IBQGOF
VKRZLQJ VHDVRQDO F\FOHV DUH QRZ ODEHOHG ZLWK WKH I|
0 $ «°

, PHQWLRQHG WKUHH 5RVV 6HD SDSHUV WKDW DUH UHOH"
SRUWHU HW DO 7TLQWR HW DO DQG 6WRHZDUW HW
FLWH WKHVH EXW WKH\ PLJKW EH ZRUWK ORRNLQJ DW

7KDQN \RX IRU VXJJHVWLQJ WKHVH SDSHUV :H KIMYH LQFOX
LOWURGXFWLRQ DOWKRXJK QRW LQ UHODWLRQ WR $6: DQ
GLVFXVVLROQ

,IP QRW VXUH RI WKH SODQ IRU WKH WKUHH $SSHQGLFHYV
PDLQ SDSHU RU ZLOO WKHUH EH 6XSS QHAHNWIKN BQOLQH |
DSSURDFK LV FOHDQHU KRZHYHU LWfV D MRXUQDO DQG H(
SDSHU VRPHWLPHYVY UHOLHV RQ WKH UHDGHU MXPSLQJ WR D
HDVLHU LI DQ\WKLQJ WKDW QHHGHG WR EH UHDG VHTXHQW|
RND\ WR KLGH DZD\ WKLQJV WKDW DUHQYfW QHHGHG WR XQ¢
UHDGHU WUXVWV WKH DXWKRUV EXW LPSRUWDQW VFLHQF
WH[W ILIXUHV

$FFRUGLQJ WR RXU NQRZOHGJH WKH $SSHQGLFHVQ@ZLOO EH
RXU UHSO\ WR *HQHUDO &RPPHQW ZH KDYH VSHFLILHG ZK
WKH PDLQ WH[W

0< 0$-25 &200(176

<RX QHHG WR EH YHU\ FOHDU DW DOO WLPHV ZKHWKHU
RI D ZDWHU PDVV RU WKH SUHVHQFH RI D FRQWULEXWLRQ
LFH VKHOI PRRULQJV VKRZ :': VR LW LV ZURQJ WR WDON DE



WKH 203 DQDO\VLV ILQGV D IUDFWLRQ RI :': DQG VR PD\EH
SURGXFWLRQ LQYROYLQJ :': DQG :: RIIVKRUH 7KLV PLJKW
VHQWHQFH LQYROYLQJ D ZDWHU PDVV QDPH QHHGV WR EH |

<RX DUH ULJKW WKDW ZH GLG QRW SD\ VXIILFLHQW DWWHOQ\
YHUVLRQ RI WKH PDQXVFULSW :H KDYH QRZ FKHFNWHG DQG

7TKH LQWURGXFWRU\ 3PDS” ILJXUH QHHGVY WR EH LPSURYH
WKDW DUH GLVFXVVHG ZKLFK DUH QRW LQFOXGHG LQ )LJ [
UHFRPPHQGHG DGGLQJ D QHZ ILUVW VHFWLRQ WR 'DWD DQC
GHVFULEHV EULHIO\ ZKHUH VXE LFH VKHOI EDWK\PHWU\ D(
VKRZV EDWK\PHWU\ LFH GUDIW DQG ZDWHU FROXPQ WKLFN

$V VXJIJHVWHG ZH KDYH DGGHG D QHZ VHFWLRQ 3 ,FH VKI
QHZ )LJ VKRZLQJ ZDWHU GHSWK LFH GUDIW DQG ZDWHU

<RX VKRXOG SUREDEO\ GHILQH WKH 7 6 DQG '2 UDQJHYV IR
DUH UHIHUULQJ WR SUHVHQFH RI P:'": EXW \RX GHVFULEH LW
IRU P:': LV XVHIXO WR GHILQH VLQFH LW LV D 3 ZDWHU PDV
HYHQ WKRXJK LWV KHDW FRQWHQW LV DOO IURP WKH :': VR

<RX DUH ULJKW WKDW ZH XVHG :': WRR RIWHQ ZKHUH P:': ZF
DSSURSULDWH ‘H KDYH FKHFNHG DOO RFFXUUHQFHV RI P:":
WR RQO\ XVH :': ZKHQ UHIHUULQJ WR WKH VRXUFH ZDWHU P

$V GHVFULEHG LQ RXU SUHYLRXV UHVSRQVH ZH SUHIHU WR
DGGLWLRQDO VRXUFH ZDWHU PDVV DV LW LV WKH PL[WXUH
PDVVHV :: DQG :'

6RPHWLPHV \RX FODLP WKDW WKH H[SHFWHG LQIORZ SDW
WKLFNQHVY ZFW VRPHWLPHVY IROORZLQJ EDWK\PHWU\ <R:
GHSHQGLQJ RQ EDURFOLQLFLW\ EXW DQ\ VWDWHPHQW DE
WKHUHIRUH VSHFLI\ ZKDW VHDVRQ \RX UH WDONLQJ DERXW
EDWK\PHWU\ DQG ZFW DUH FORVHO\ D@OXWQ HEF SHR LID/D G\RHIVY
WKH FDVH DQ H[WUD ILJXUH GHYRWHG WR JHRPHWU\ EDWEK

7TKDQN \RX IRU UDLVLQJ WKLV SRLQW <RX DUH ULJKW WKDW
FRQVLVWHQWO\ LQ WKH ROG YHUVLRQ RI WKH PDQXVFULSW
IRUPXODWLRQV DQG QRZ UHIHU WR ZDWHU FROXPQ WKLFNQ
DV \RX vD\ £+ WKHVH FRQWRXUV DUH DOPRVW WKH VDPH DW

$V DQ HI[DPSOH RI PL[LQJ ZDWHU PDVVHV ZLWK IUDFWLRQ
OLQH \RX VWDWH :DQG FROG R[\JHQ ULFK :: ZKLFK LV Wt
PDVV DW DOO VXE LFH VKHOI LQVWUXPHQWVY DD®RW SSWMKLWVX
LFH VKHOI LQVWUXPHQWY ,6: GRPLQDWHYV :: LV SUREDEO\
PDVV DV ,6: LV PRVWO\ D ORW RI :: DQG D OLWWOH *0: EX
PDVV

5LJKW ZH KDYH DGGHG 3VRXUFH"™ WR 3ZDWHU PDVV™ LQ WKEL



20H PLJKW VHH ,6: DV D VHSDUDWH ZDWHU PDVV EXW LW L
$6: :: RU :": DQG WKHUHIRUH QRW D VRXUFH ZDWBU PDVV
HQG PHPEHU LQ WKH 203 DQDO\\HKD Y)IR D GG B G LWLKAD WRLARGDR ZZL
VHQWHQFH WR WKH GHILQLWLRQ Rl WKH VRXUFH ZDWHU PD

31RWH WKDW ,6: GHILQHG DV ZDWHU ZLWK D WHPSHUDWXU'}
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Hydrography and circulation below Fimbulisen Ice Shelf, East
Antarctica, from 12 years of moored observations
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Abstract. Future mass loss from the East Antarctic Ice Sheet represents a major uncertainty in projections of future sea level
rise. Recent studies have highlighted the potential vulnerability of the East Antarctic Ice Sheet to atmospheric and oceanic
changes, but long-term observations inside the ice shelf cavities are rare, especially in East Antarctica. Here, we present nev
insights from observations from three oceanic moorings below Fimbulisen Ice Shelf from 2009 to 2021. We examine the
characteristics of Warm Deep Water (WDW) intrusions across a sill connecting the cavity to the open ocean, and investigate
seasonal variability of the circulation and water masses inside the cavity. In autumn, solar-heated, buoyant Antarctic Surface
Water (ASW) reaches below the 350 m deep central part of the ice shelf, separating colder Ice Shelf Water from the ice base
and affecting the cavity circulation on seasonal timescales. At depth, the occurrence of WDW is associated with the advection
of cyclonic eddies across the sill into the cavity. These eddies reach up to the ice base. The warm i i rably
from January to March and from September to November, and traces of WDW-derived meltwater close to the ice Dimply
an overturning of these warm intrusions inside the cavity. We su t both the offshore thermocline depth and interactions
of the Antarctic Slope Current with the ice shelf topography ovemment is timing. Our ndings provide
a better understanding of the interplay between shallow ASW and deep WD s for basal melting at Fimbulisen, with
implications for the potential vulnerability of the ice shelf to climate change.

1 Introduction

Mass loss from the Antarctic ice sheet is certain to contribute to future sea level rise (DeConto and Pollard, 2016; DeConto
et al., 2021). Ice shelf thinning through basal melting (Pritchard et al., 2012) and iceberg calving (Greene et al., 2022) is the
main source for this mass loss, as it reduces the buttressing of the inland ice and can accelerate its discharge (Dupont and Alley
2005; Reese et al., 2018). Still, major uncertainties in future sea level rise projections originate from the Antarctic ice sheet
(Edwards et al., 2021). The West Antarctic ice shelves are subject to rapid basal mass loss of up toiges of (Rignot

et al., 2013; Adusumilli et al., 2020), which has been attributed to direct access of Circumpolar Deep Water (CDW) to the
cavities (e.g., Dutrieux et al., 2014; Jenkins et al., 2018). In contrast, most East Antarctic ice shelves experience lower basal
melt rates in the order dfmyear * (Adusumilli et al., 2020). However, in recent years, observations have revealed that some
East Antarctic ice shelves are more exposed to warm water masses and subject to associated basal melting than previous|
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thought (Rintoul et al., 2016; Hirano et al., 2020; Lauber et al., 2023c; Ribeiro et al., 2023). These localized observations
coincide with a long-term warming and poleward shift of CDW off East Antarctica, with possible implications of increased
basal melting of this part of the ice sheet (Herraiz-Borreguero and Naveira Garabato, 2022). Yet, most East Antarctic ice shelf
cavities remain unexplored to date, so the governing oceanic processes and the response of the ice shelves to oceanic chang
remain uncertain.

Fimbulisen Ice Shelf is located at the prime meridian at the coast of the southern Weddell Gyre and is the seaward extension
of the Jutulstraumen ice stream. The northernmost portion of the ice shelf, Trolltunga, overhangs the continental shelf break
by several tens of kilometers (Fig. 1a, Ngst, 2004). In this region and along the whole Dronning Maud Land coast, Warm Deep
Water (WDW), a derivative of CDW that has been advected poleward within the eastern limb of the Weddell Gyre, is located
in the direct vicinity of the ice shelves off the narrow continental shelf. In front of the ice shelves, the W g suppressed due
to prevailing easterly winds which induce a southward Ekman transport and downwelling at the coast drup, 1954). This
creates the Antarctic Slope Front (ASF) and the associated westward geostrophic Antarctic Slope Current (ASC, Jacobs, 1991
Thompson et al., 2018), to which Trolltunga is directly exposed. The ASF shields the cavities from most of the WDW and thus
prevents high basal melt rates, although small amounts of WDW have been observed to access the continental shelf througt
eddies as part of the ASF overturning (Ngst et al., 2011).

Most of the water inside the Fimbulisen cavity is close to the surface freezing temperature (Nicholls et al., 2006, 2008). This
water mass originates from surface cooling and the addition of salt during the sea ice freezing season in the open ocean an
is referred to as Winter Water (WW, Nicholls et al., 2009). In turn, surface warming and sea ice melt around summer add heat
and freshwater to the coastal water column, creating a lighter water mass called Antarctic Surface Water (ASW, Nicholls et al.,
2009). When wind-driven downwelling of ASW exceeds the ice shelf draft, ASW can enter below Fimbulisen (Zhou et al.,
2014; Hattermann et al., 2012). When any of the three coastal water masses (ASW, WW, WDW) comes in direct contact with
the ice shelf, the ice will melt at a rate depending on the thermal forcing (Jenkins, 1999), i.e. the difference between the ocean
temperature and the in-situ freezing point. Turbulence in the ice-ocean boundary layer below the ice controls the ef ciency of
the heat transfer toward the ice base (McPhee and Morison, 2001). Basal melting produces glacial meltwater (GMW, Jenkins,
1999), and if the mixing product with the adjacent cavity water masses is colder than the surface freezing temperature, the
water is called Ice Shelf Water (ISW, Foldvik et al., 2004). Due to the GMW input, ISW is less saline and hence more buoyant
than its oceanic source, such that it typically rises along the ice shelf base (Ngst and Foldvik, 1994). The mixing of a water
mass with GMW occurs along a straight line in temperature-salinity space (Gade, 1979). These mixing lines have been used to
infer overturning inside the Fimbulisen cavity by relating water masses observed close to the sea oor and below the ice base
(Nicholls et al., 2008; Hattermann et al., 2012).

Several modeling studies have investigated the oceanic conditions below Fimbulisen. In particular, Smedsrud et al. (2006)
suggest deep A mod the in ow of WDW into the cavity via bottom Ekman transport. This mechanism was
support bserva fthen in front of Trolltunga (NUfez-Riboni and Fahrbach, 2009). Hattermann et al. (2014)
found that during summer, the circulation below Fimbulisen at the sea oor follows the bathymetry and the circulation below

the ice base follows the ice shelf draft. These baroclinic conditions were attributed to increased strati cation during that season.
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In turn, in winter, Hattermann et al. (2014) found more barotropic conditions due to a well-mixed water column that allows
ss vertical shear. Furthermore, Hattermann et al. (2014) found a distinct seasonal cycle in WDW in ow, related to an
Q&ade—efOA e seas the in ow ut not favored by a shallow offshore WDW layer.
These modeling r , however, have onlnned by dire rvations to a very limited extent.

Hattermann et al. (2012) and Lauber et al. (2023c) have discussed the variability of WDW in ows on interannual timescales.
Lauber et al. (2023c) argued that these warm in ows occurred more frequently when the offshore WDW (and the associated
thermocline) shoaled and shifted southward, driven by changes in local and remote winds and sea ice cover, although the
detailed dynamics of the warm in ows were not further investigated. The thermocline depth over the 1100 m isobath 450 km
upstream of Fimbulisen was observed to be the shallowest in March based on mooring observations from 2019 to 2020 (Lauber
et al., 2023a). However, there was no evident increase in sub-ice-shelf temperatures during this period. Lauber et al. (2023a]
therefore suggested that additional processes like bottom Ekman transport (Smedsrud et al., 2006; Nufiez-Riboni and Fahrbacl
2009) and potential vorticity dynamics at the ice front (Wahlin et al., 2020; Steiger et al., 2022) may locally modulate the WDW
access to the cavity.

A regime shift toward more sustained WDW in ow below Fimbulisen was observed in 2016, associated with an almost
doubling of the long-term basal melt rate @67 myear * (Lauber et al., 2023c). To improve projections of future changes,

a more detailed understanding of the oceanic processes below the ice shelf is needed. To address this issue, we analyze
years (2009-2021) of near-continuous oceanographic observations of temperature, dissolved oxygen, velocity, and (to a limited
extent) salinity from six instruments on three moorings below Fimbulisen. Based on these data, we investigate the hourly to
seasonal variability of the hydrography and circulation inside the cavity. We characterize the WDW intrusions at depth and
perform an Optimum Multiparameter analysis to quantify the water mass composition inside the cavity. The sub-ice-shelf
moorings, auxiliary data of open-ocean hydrography, and methods are described in Sect. 2. The mooring time series, derivec
water mass distributions, and details of WDW intrusions are presented in Sect. 3. Implications of the results are discussed in
Sect. 4 and conclusions are summarized in Sect. 5.

2 Data and Methods
2.1 Sub-ice-shelf moorings

Three oceanographic moorings (M1-3) were deployed through hot-water-drilled boreholes below Fimbulisen Ice Shelf in
December 2009 and January 2010 (Fig. 1, Hattermann et al., 2012). M1 was placed over the deepest connection between th
open ocean and the cavity. This connection is a sill of 570 m depth that crosscuts the continental slope (referred to as main sill
hereafter, Ngst, 2004) ange most reasonable pathway for WDW to enter the cavity. M2 was located 50 km southeast of M1
following contours of wat mn thickness into the cavity, as WDW intruding the cavity at the main sill is expected to follow
these contours (Hattermann et al., 2012). M3 was located below the eastern part of the ice shelf downstream of a shallower
sill of 420 m depth, where a secondary WDW in ow pathway has been proposed (Nicholls et al., 2006). The moorings were

equipped with two instruments each, an upper one around 30 m below the ice base, and a lower one around 100 m above th
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sea oor. In the following, these instruments are referred tMagwer , M2ypper , €tC. Centere e prime meridian, the keel

of Jutulstraumen dominates the ice thickness of Fimbulisen. Here, the ice shelf draft in than 300 m deep, compared to
100-200 m west and east of the keel (Fig. 1b). M1 was located on the western side of the keel, and M2 was located right below it
in a southwest-northeast oriented 1.5 km wide and 75 m deep basal channel. M3 was east of the Jutulstraumen keel. The deptf
of the instruments, the ice draft and water depth at the moorings, and their horizontal displacement due to ice velocity are given
in Table 1. All six instruments were Aandera RCM9 equipped with an Optode 3830, and measured temperature, conductivity,
dissolved oxygen, and horizontal velocity at hourly intervals. All sensors were calibrated before deployment. until
January 2012 have been analyzed in Hattermann et al. (2012), and t ntil January 2019 in Lauber et al. ). The
latest data were recovered in February 2022, with data rec til Ig::nr 2021 when the batteries ran out. Gaps in som
variables were caused by temporary or permanent instrumres. Spikes outside the reasonable ranges of the variable
were removed after visual inspection.

The temperature sensors delivmble temperature records over 12 years. For comparison between water masses, cons
vative temperature was calculate ing TEOS-10 and the Gibbs-SeaWater Toolbox (McDougall and Barker, 2011).

The conductivity sensors drift I instrumﬂt the latest from the end of 2010 BI3,4Mer , NO conductivity:
recorded at all. At all other instrun, the cond y data collected after December 2010 were discd\;ﬂhgpé\t_:u
drift-corrected data provided by Hattermann et al. (2012) until November 2010 were used. Using the Gibbs-SeaWater Toolbox
(McDougall and Barker, 2011), conductivity was converted into absolute salinity.

The dissolved oxygen data did not show any obvious sensor drift, but the values at all six instruments were systematically
0:4mll * in comparable data sets (Sect. 2.2). In addition, the oxygen records contained noise in the form of spikes
to low valmy at the lowest measured temperatures. Detailed steps to remove the offset and the noise are described i
Appendix A. Discarding bad data during the correction process introduced data gaps of up to several months toward the end of
the record aM2ypper andM3ypper -

The measured velocities were corrected for magnetic declination using magnetic eld data from the International Geomag-
netic Reference Field (Alken et al., 202 ourly resolution.

We used the following toolboxes for dnlysis and visualization: jLab (Lilly, 2021), M_Map (Pawlowicz, 2023), cmocean
(Thyng et al., 2016), and Antarctic Mapping Tools (Greene et al., 2017).

2.2 Auxiliary data sets

For comparison to the sub-ice-shelf mooring observations, we used open ocean temperature, salinity, and dissolved oxyger
data collected in front of Fimbulisen (Fig. 1a): we TD data from 14 stations taken during the Troll Transect cruise
onboard M/VMalik Arcticain December 2020 and JH 2021 using an SBE911plus (Lauber et al., 2023a). Additionally,
we used hourly mooring data from three Sea-Bird SBE37 MicroCATS at two locations on the continental slope from March
2019 to December 2020. Of these three MicroCATS, one was mountéMinge.e, at a depth of 130m, and two were
mounted orDML ghqiow at depths of 210 m and 390 m (Lauber et al., 2023a). On top, we used dissolved oxygen data obtained
from Winkler titrationiﬁ water samples at 17 stations taken during the Southern Ocean Ecosystem cruise onboard R/V

4
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Figure 1. (a) Map of the study area indicating the positions of the sub-ice-shelf moorings M1-3 in 2022 (blue, red, and orange dots),
offshore mooringOML geep and DML shaiow  (Yellow dots), Troll Transect 2020/21 (TT20/21) CTD stations (cyan dots), and Southern
Ocean Ecosystem cruise 2019 (DMLE19) CTD stations (white dots). The magenta arrow indicates the Antarctic Slope Current and possible
pathways of Warm Deep Water into the cavity and toward the grounding line. The white box marks the zoomed area in panel (b). The
colormap shows the bathymetry from Eisermann et al. (2020a) soé® & from Eisermann et al. (2024) east®fE, and from Dorschel

etal. (2022, IBCSO v2) otherwise. The black line indicates the ice front and coastline (Mouginot et al., 2017), and gray patches are grounded
ice (Mouginot et al., 2017). (b) Zoomed area showing the M1-3 positions in 2009 and 2022. Pie charts incumeestimated mean water
mass distribution in 2010 estimated from the Optimum Multiparameter analysis for all upper (indicated n the location) and lower
(indicated south of the location) instruments. Yellow numbers show the GMW concentration, which is not visible in the pie charts. The
colormap shows the bathymetry from Eisermann et al. (2020a), and white contours indicate the 10 km-smoothed ice shelf draft in meters
(Morlighem et al., 2020).

Kronprins Haakorin March 2019. The respective temperature and salinity values were taken from Sea-Bird SBE911plus CTD
measurements. The Winkler titration provides the most reliable measurements of dissolved oxygen. The MicroCAT and CTD
oxygen sensors were calibrated before and after deplogbut can be subject to temporal sensor drift.

In addition, we used temperature and salinity recor ined from a glider operating between Decem 20 to April
2021 from0 to7 E and from695 Sto 665 S ﬁ
Monthly values of thermocline depth, de ned as the depth of tlE3 C isotherm, were extracted from hydrographic

climatology atl7 W (Hattermann, 2018) and from tfEML ghai0n  Mooring records (Lauber et al., 2023a).
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Table 1. Ice shelf draft and water depth at deployment in 2009/10, median instrument depths and horizontal displacement of all mooring

instruments.
M1 M2 M3
Ice shelf draft (2009/10) 185m 350m 158 m
Upper instrument depth 223m 368m 197m
Lower instrument depth 542m 681m 451 m
Water depth (2009/10) 653 m 870m 535m

Horizontal displacement (2009/10-2022) 8.50km 8.64km 0.52km

2.3 Water mass analysis

We investigated the water mass composition at all instruments using Optimum Multiparameter analysis (OMP, described in,
e.g., Tomczak, 1981; Tomczak and Large, 1989; Mackas et al., 1987). With this method, the concentrations of given source
water masses within an observed water mass can be obtained by solving a linear system of equations, assuming the conservatic
of speci ed tracers. In our case, the source water masses were ASW, WW, WDW, and GMW, and the tracers were conservative
temperature, absolute salinity, and dissolved oxygen. The latter can be regarded as a conservative tracer below an ice shel
assuming that biological productivity and respiration which would modify oxygen levels are negligible (Jenkins, 1999). The
equation system then reads

0 10 1 0 1
ASW ww WDW GMW XASW obs
Sa ASW Sa ww SAWDW Sa GMW Xww — Sa obs . (1)
DOasw DOww DOwpw DOgmw WDW DO gbs
1 1 1 1 XMW 1
I {z H—Az—} |—z—}
A X b

where the constant source water (given by the subscripts) properties, conservative temperabhs@ute salinitys,, and
dissolved oxygemO, are summarized in the matrix. The fractions of the source water masses are given in the vwector
and the observed properties are contained in the véecfbine equation in the last row of the system is mass conservation, i.e.
the fractions irx have to sum up to 1.

A andb were normalized, denoted As,orm  andbporm , respectively, to make the trac } units comparable.
In addition, the tracers were given different relative weights in the equations, using a diagonal ing/ﬂeh
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We set the weights for conservative temperature, absolute salinity, and mass conséWatioW's, = Wpyass = 100 and the
weight for dissolved oxygelpo =1 g values were chosen to account for the less reliable absolute values of oxygen
r

and gave the most realistic water ma ibutions. The normalized versianarafb were then multiplied-w'n

A

WA norm 3)

W bnorm (4)
The system of equations was solved foby minimizing the residual
d=jiAx  bjj3; ®)

where the subscript 2 denotes the Euclidean norm, and a non-negativity constraint is impoaséal avoid non-physical
fractions of negative . The algorithm by Lawson and Hanson (1974) was then used to solve the linear equation system under
this constraint. The OMP analysis was conducted for the mean tracer values during the rst year of observations when salinity
measurements were available, i-e-gpatigthe end of 2010. As no salinity data were availsiBggt , the mean value from

M1ypper Was assume imperature and oxygen values at the two sites. In addition, the OMP analysis was done
for daily averages off:r-lienslmllupper andM2pper [ end of 2010. These two instruments were chosen as they

the other instruments.

d fre®n (Fig. B2) and -DO (Fig. 5) diagrams from

the auxiliary CTD, mooring, and Winkler titration data described in Sect. 2.2. For GMW, the salinity wasSet tp =

0gkg !. Its conservative temperature was set to a theoretical value that accounts for heat conduction from water to ice, latent

heat transf mixing of meltwater with the ambient water (Jenkins, 1999). This temperatu e x-axis intercept of a
:Qj H?), and Zheng et al.

revealed more seasonal variability within the rsty
The source water properties of ASW, WW, and WDW were|

meltwater line in -Sp space (Gade, 1979). Following Nakayama et al. (2013), Biddle et
(2021), this effective temperature was set teyw = 90:8 C. Dissolved oxygen values for GMW have in earlier studies
been obtained by extrapolating CDW-GWM mixing lines to a salinitypgfkg * in  -DO space, resulting in a range of
25mll 1 to30mll ! (Hellmer et al., 1998; Jenkins, 1999; Jenkins and Jacobs, 2008). Since these meltwater mixing lines are
not observed in our mooring data, we 88 guyw =28mll ! for GMW, following the latter and other (Nakayama et al.,
2013; Biddle et al., 2017; Wahlin et al., 2021) studies. HDO space, meltwater mixing lines were estimated via a straight
line to the GMW end member &0¢gyw =28mll Yand gww = 908 C (Fig.5).

The source water masses represent a range rather than a poir84RDO space, and the measured variables from the

instruments can contain offsets due to drift and accuracy of the sensors. To quantify how much both these factors in uence
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Table 2. End-member values of the source water mass conservative temperajuebgolute salinity$a ), and dissolved oxygerDQ ),
including their uncertainties. The values are based on the water mass distributions in Fig. B1.

Sa DO

Antarctic Surface Water 0.5 05 C 3415 02gkg ! 8 05mil !

Winter Water 1:88 0:1 C 3445 011gkg ! 71 03mll !
Warm Deep Water 05 03C 348 005gkg?! 49 o02mll?
Glacial Meltwater 908 5 C 0 Ogkg'? 28 5mll ?

the results of the OMP analyses, we estimated the propagated uncertainties as described in Appendix B. The properties of al

source water masses and their respective ranges are given in Table 2 and visualized in Fig. B1.
2.4 Thermal wind

The water mass estimates described above were complemented by estimates of horizontal density gradients, derived from th
vertical shear of the horizontal veIoD the thermal wind equation

@ f \%

—_— = — — 6
@x 0 z (6)
@ f u

@y 09 zZ )
where isthedensityf = 1:37 10 “4s listhe Coriolis parameterg = 1028kgm 2 is areference density,= 9:81ms 2

is the gravitational acceleration,u and v are the differences of eastward and northward velocity, respectively, between up-
per and lower instrum, each mooring, arais the vertical distance between the two instruments. The calculation was
done using monthly and velocities.
The distance over which the density gradients are valid is the baroclinic Rossby radius of deformation. Following Chelton
et al. (1998), we estimated the rst mode of the baroclinic Rossby radius according to
ZDb i D

R= - N(dz f—z N, ®8)
H ey

whereH is the water depthD is the depth of the ice draft, is the vertical coordinate, z = 1 m is the depth increment, and
N is the Brunt-Vaisala frequency, calculated from the CTD pro les obtained at the mooring sites before mooring deployment
(Hattermann et al., 2012) using the Gibbs-SeaWater Toolbox (McDougall and Barker, 2011). This yields a baroclinic Rossby

radius of aroung-lo km.
The magnitu the velocity difference vecforu; v) between upper and lower instruments (referred to as velocity

shear hereafter) serves as a measure of how baroclinic the ow is—-e- e the depth-varying component n owis. A
small and large magnitude indicate weaker and stronger baroclinic con , respectively.
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2.5 Warm events

As in ows of WDW into the cavity atM1,,.er are of particular interest for basal melting at Fimbulisen (Lauber et al., 2023c),

we investigated the oceanic conditions before, during, and after such warm events. Th re 1767 hourly measurements o
temperatures above a threshold df:39 C (the long-term mean plus three standard devi Biwer . These measure-

ments were split into 189 individual warm events, separated by periods when the temperature dropped below the threshold for
at least one hourly measurement. The median duration (upper/lower quartile) of individual events was 4 (10/2) hours, and the
longest consecutive in ow event lasted for 96 hours (Fig. Cla).

To investigate the cavity hydrography and circulation associated with the warm events, composites of the evolution of
temperature, oxygen, and velocity from ten days before to ten days after all warm events were computed. For that purpose,
hourly time series before the warm events were aligned to the rst record of each event above the threshold and averaged acros
all events. Likewise, hourly time series after the warm events were aligned with the last record of each event above the threshold
and averaged across all events. All values during the warm events were averaged into one value at zero offset. The time of zer
offset is referred to aky hereafter. When warm events were separated by less than ten days, the composite averages containec
autocorrelations. To minimize the effect of these, other warm events occurring within ten days before or after a warm event
were excluded from the respective average. To assess the robustness of the composite averages, signi cances and uncertainti
were calculated as described in Appendix C.

3 Results
3.1 Mooring observations

The 12 year long temperature, oxygen, and velocity records from all six mooring instruments are presented in Fig. 2. At
the g instruments, 82 % of all temperature measurements are lower than the surface freezing pd8at &f (Fig. 2a-c).
This shows the presence of buoyant ISW, commonly found close to the ice basn-tg—ueshw m GMW (Ngst
and Foldvik, 1994). Oxygen values range frdmll to8mll 1. At M1ypper andM3ypper; remperatu ch a maximum
of about 1:3 C every year, coinciding with oxygen maxima of up&d mll ! (Fig. 2a/c). These temperature and oxygen
maxima can be attributed to shallow intrusions of ASW in autumn below the ice drafts shallower than 190 m (Hattermann
etal., 2012). The velocities 81 yper andM3pper are predominantly directed southward into the cavity with mean speeds of
aroundscms 1. At M2ypper , temperature maxima (up tol:8 C) and minima (downto 2:1 C) are lower than a1 pper
andM3pper (Fig. 2b), consistent with less in uence of ASW and a lower in situ freezing point below the 350 m deep ice
draft. At the same time, oxygen background valueMatpper are around:2mil * lower than atM1,pper andM3ypper
and maxima remain belo®6mll 1. The velocity atM2ypper is predominantly directed toward the northeast along the basal
channel at a speed of arouddms *.

At the lower instruments, 91 % of temperature observations lie above the surface freezing point, with oxygen values around
7mll 1 (Fig. 2d-f). Temperature maxima rea@hC atM1joyer, 1:3 C atM2gper, and 1:5 C atM3|guer . These maxima
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are accompanied by a decrease in oxygen dowi3mll * and can be attributed to intrusions of WDW or modi ed WDW
(mWDW, a mixture between WW and WDW) into the cavity at depth (Hattermann et al., 2012; Lauber et al., 2023c). At all
lower instruments, minimum temperatures of down th99 C are observed in May/June in the years 2014 to 2016, indicat-
ing the presence of ISW in the lower part of the cmntil 2014, mean velocitisil gter remain belown2cms * and

vary in direction (Fig. 2d). Afterw. e ow directi
cavity) and southeastward (into t ity) at mean speeds of 8iprs 1. At M2jower , @ Near-continuous eastward ow of

lower alternates seasonally between northwestward (out of the

around2cms ! roughly follows bathymetric contours into the cavity (Fig. 2€).M3jower , the ow is southwestward along
bathymetric contours at speeds arodrains * (Fig. 2f). This shows that mMWDW also enters the cavity at the eastern sill as
previously hypothesized by Nicholls et al. (2006).

To assess patterns of seasonal temperature variability, we examine the frequency of occurrence of different temperature
intervals during each month, with red lines indicating percentiles of the monthly varying temperature distribution (Fig. 3).

At M1ypper andM3pper , @ pattern of higher temperatures is more frequently observed from December to May, showing
the arrival of solar-heated ASW after it has b ppressed below the depths of the ice shelf draft in autumn (Fig. 3a/c, Zhou
et al., 2014). This variability is also re ected TDmean and all shown percentiles, which resemble the consistent seasonal
variability of the respective full time series (Fig. 2a/c). M2 pper , We Observe a somewhat reversed temperature seasonality
(Fig. 3b): from April to June, the more frequent occurrence of temperatures be?o® indicates higher ISW concentrations
during this period. During the rest of the year, the mean temperature is aradu@f C.

At M10uer , the most commonly observed temperatures lie around the surface freezing point throughout the year, with 64 %
of all hourly temperature observations ranging betwe&r8 C and 1.9 C (Fig. 3d). The monthly temperature distributions
atM1,er Show a long tail toward high values, corresponding to WDW. This tail is most pronounced between January and
March and between Septem November, as shown by the 80% and 99 % percentiles. Between May and August, suct
high-temperature excursionsns frequent, and temperatures below the surface freezing point are more frequent. This i
also seen in the 1% percentile and indicates the presence of ISW. In summary, the temperature distriddtigg, as the
result of the superposition of three different modes: (i) a constant background temperature at the surface freezing point, (ii)
warm mWDW/WDW presence in (a) January to March and (b) September to November, and (iii) cold ISW presence between
May and August.

At M2jgwer , all three modes frorM 1, are evident (Fig. 3e). This similarity s+ ith the regional proximity of the
two sites and theiv—eeme&w&;ualn' [ ontours of constant water column thicmDW is generally colder, and ISW is
warmer atM2igner than atM1gper lower , the same three modes are present, but two of them are somewhat modi ed
(Fig. 3f): mWDW is observed predominantly between February and April, h limited during the rest of the year. In

mg, andM2ower -
To investigate the seasonal variability in velocities and their connections to the temperature, monthly mean arrows of the

addition, ISW occurs between March and May, i.e. around two months earl

observed velocities and associated variance ellipses are shown in Fig. 4.
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Figure 2. Time series of hourly in situ temperature (left axis, black), daily dissolved oxygen (right axis, blue), and 60-day binned and four-bin
(=240 days) ltered horizontal velocity (black arrows) at {&) upper , (0) M2upper , (€) M3ugper , (d) MLiower , (€) M2iower , (f) M3jower . The
freezing temperature for water at a reference salinitgbfgkg ! at surface pressure (dashed line) and the depth of the ice base (dotted
line in upper instrument time series, Table 1) are indicatedV&§yper , the in situ freezing temperature 0f2:14 C, lies outside of the

shown temperature range.

At M1 pper , the velocities reach a maximum speedieins ! i h-southwest direction in April (Fig. 4a). This shows
that the ASW observed during this time (Fig. 3a) int the c long the western side of the Jutulstraumen keel (Fig. 1b).
After July, increased velocity variability across the oincides with the absence of ASW. SinMaggg. , the current

speed aM3pper IS at imum o#icms * toward the southwest in March when ASW is observed (Fig. 4c and 3c). At
ni:ms 1 toward the northeast are observed together wit est temperatures in May (Fig.
4b and 3b). This coincidence of strong currents and low temperatures supports the p

M2ypper , highest spe
of a buoyancy-driven ow, where
ISW has been freshened along a meltwater mixing line, decreasing its density and hence rising faster along the ice base. Th
northeastward direction of the ow and its relatively small variabilityM2 ,,,er aligns with the basal channel in which the
instrument is located, and which seems to guide ISW from west to east across the Jutulstraumen keel at this location.
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Figure 3. Histograms of hourly temperature observations binned into month-temperature intervaMB§da) , (0) M2 upper , (C) M3 ypper ,

u;hower , (€) M2iower , (f) M3jower . The black lines are the mean temperature and the red lines are the 1%, 80 %, and 99 % percentiles
the respective month. The black horizontal dashed lines indicate the surface freezing point for a s&4nity kg .

At M1oner , the velocity is directed toward the northwest (out of the cavity) at a mean spdeuinat * from April to June,

275 and toward the southeast (into the cavity) at a mean speed of4gnis * from September to January (Fig. 4d). The timing
of the out ow coincides with the lowest temperatures (Fig. 3d), i.e. ISW ows out of the cavity. The timing of the in ow
coincides with the period when the highest temperature excursions are observed and no ISW is present. TM2 g at
does not seasonally reverse its direction as at the main sill, but the eastward velocity is strahgest atin November (Fig.
4e) when the in ow aM1,o; is close to strongest. This supports the connectivity betweeM g, andM2,,,er locations

280 within the cavity. AtM3ouer , the southwestward (into the cavity) velocity reaches a maximustofs * from April to June
(Fig. 4f). The in ow is weakest in September and October, similar to the ow below the ice b&88at.: (Fig. 4c). Thatis,

the seasonal variability in the deep hydrography and currents at the main sill is different from that at the eastern sill and will
be further investigated in Sect. 4.1.
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Table 3. Mean percentages of water mass distribution at M1-3 during 2010 shown in the pie charts in Fig. 1b from the Optimum Multipa-
rameter analysis (see Methods)

Mlupper Mllower M2upper leower M3upper M3Iower

Antarctic Surface Water 13:1 12:6 0 79 57 93 0 74 220 150 143 118

Winter Water 866 138 972 92 941 116 970 9 777 168 813 147
Warm Deep Water 0 39 28 55 0 57 3 56 0 42 41 7.8
Glacial Meltwater 0:3 02 0 01 02 02 0 01 03 02 03 03

upper instruments, comparable to estimates of around 0.5 % in front of Fimbulisen at the depth of the ice draft (Price et al.,
2008). No traces of WDW are observed at the upper instruments in the mean state during 2010.

At the lower instruments, WW concentrations of at least 81 % are related to the rst mode of the temperature distributions
(Fig. 3d-f), i.e. temperatures at the freezing point (as introduced in Sect. 3.1). The WDW concentration is between 3% and
4%, related to the second mode. As the WDW is mixed with WW, it is strongly modi ed WDW that is continuously present
inside the cavity. During warm events, however, when the highest temperatures and lowest oxygen values are observed (Fig
2d), the WDW concentrations B1,,r are expected to reach close to 100 % (Fig. 5). A high ASW concentration of 14 % is
seen aM3jower , associated with an exceptional ASW in ow event at the end of 2010. Such an event is not repeatedly observed
in the temperature and oxygen time series dyring the remaining 11 years (Fig. 2f), implying that a mean ASW concentration of
14 % is an overestimate after 2010. No GMW is fount¥aiower [IM2jower in the mean state during 2010, but 0.3 W/Eiower ,
similar to the upper instruments.

The temporal evolution of the water mass composition during 201@1apper is shown in Fig. 6a: in December, the
beginning of summer, WW accounts for nearly 100 % of the observed water mass composition, with an admixture of 0.2 %
GMW. From mid-February to mid-March, the ASW fraction rapidly increases to a maximum of 75 %, while the WW fraction
reduces to 20 %. At the same time, the GMW concentration increases by an order of magnitude to 1.3 %, which gives evidence
of increased ice shelf melting due to the presence of warm ASW. The ASW presence coincides with an irjcrease of the WDW
fraction, but the magnitude of the latter is ve times smaller than its uncertainty and may originate from the OMP method
detecting a portion of ASW as WDW due,to similar temperature signatures of the two water masses, rather than being a robust
signal. After March, a decrease in the ASW and GMW fractions and an increase in the WW fraction happen slower than the
changes before March. Between October and December, the watgr mass consists again almost fully of WW.

At M2pper (Fig. 6b), the water mass evolution differs from thabvit,pper : the WW concentration is close to 100 % from
January to April, with only occasional contributions of ASW, WDW, and GMW below 5 % during this period. The occurrence
of WDW traces below the ice base M2, provides evidence of the overturning circulation inside the cavity (Ngst and
Foldvik, 1994). Such overturning occurs when WDW enters the cavity at the sea oor, causes melting at deeper parts of the
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Due to the lack of good salinity data, the water mass composition cannot be quanti ed after 2010. HoweMegat,
temperature (Fig. 3a) and oxygen (Fig. A2) maxima around March/April imply that the water mass evolution shown in Fig. 6a
is generally valid for the whole 12 year long time series M&8pper , Coinciding temperature (Fig. 3c) and oxygen (Fig. A2)
maxima and absolute values (Fig. 5) comparebliig,per Show that hydrographic conditions at the two sites are comparable.

We also note coinciding maxima in the long-term mean oxyg&iabper andM3joner in July (Fig. A2), indicating that traces
of ASW reach down tM2pper at 370 m depth and even k3, at 450 m depth every year.

Oxygen values aM2pper decrease by arour@i25mil 1 after 2016 when no corresponding temperature measurements
are available anymore (Fig. 2b). We cannot exclude that this signal is related to sensor drift, but it may also provide evidence
of the impacts of enhanced warm in ows observed during that time: the lower oxygen valie,gk, indicate a source
water mass that is located on a mixing line further left in Fig. 5, implying a larger fraction of mWD (note that maintaining
the observed oxygen decreases@®5mll ! without changing the source water composition would imply an unrealistic
temperature increase af C along a mixing line (Fig. 5)). A higher WDW fraction in the ISW BI2,er after 2016 is
consistent with an enhanced contribution of WDW to basal melting of deeper parts of the ice shelf apd a rise of the derived
ISW along the ice base, as proposed by Lauber et al. (2023c). To corroborate this relationship, we adjusted the temperature
and oxygen values in the mean OMP analysis to the mean values after 20M& ds; (neglecting changes in salinity) and
M2upper (neglecting changes in salinity and temperature). This estimate yields an increase in WDW concentration from 2.8 %
t0 6.7 % atM1guer @and from 0% to 7.2 % ai12,per - This change is comparable at the two sites, suppqrting that the enhanced
in ow of WDW at the main sill after 2016 increased the presence of WDW-derived ISM2apper .

3.3 Dynamic structure in the cavity
3.3.1 Density gradients

In order to investigate seasonal variations in the spatial distribution of the water masses in the cavity, we estimate the velocity
shear and infer the local density gradients at the three sites (Fig. 7) from thermal wind balance (Eqn. 6 and 7). Density gradients
obtained this way are assumed to be valid over length scales larger than the baroclinic Rossby Rdius-d0 km. The
density difference between the water masses in the cavity is larger between ASW and WBk¢gm 3) and ISW and WW
( 0:1kgm 3) than between WW and mWDW (0:05kgm 2, Hattermann et al., 2012). Therefore, large density gradients
imply that ASW and/or ISW are present close to the ice base. Based on changes in the direction and magnitude of the density
gradients, we separate the following description into August to February and March to July, and de ne two phases in Sect.
3.3.2.

From August to February, the velocity shear remains beldwms * for 92 % of all measurements across all three sites,
indicating relatively weak baroclinic conditions (Fig. 7a/c/e). At M1, the velocity at the upper instrument is directed southwest-
ward, and at the lower instrument southeastward (Fig. 4a/d). This is associated with a northward density gradient, i.e. denset

water north of the M1 site (Fig. 7b). At M2, the density gradient is northeastward and has a three times smaller magnitude
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From August to February (Fig. 8a), ISW is abundant close to the ice base (Fig. 3a-c), and the shallow in ow of open-ocean
water masses is limited (Fig. 4a-c). The density gradients (Fig. 7b/d/f) suggest a front between lighter ISW inside the cavity
and denser WW toward the ice front. At the same time, the velocity at the main sill is directed into the cavity (Fig. 4d), and the
temperature distributions 81ouer @aNdM254er Show more frequent in ows of mWDW/WDW (Fig. 3d-e). Traces of WDW
derived atM2,pper (Fig. 6b) con rm the contribution of this water mass to basal melting, presumably happening at greater
depth further inside the cavity. Assuming a velocity2afms ! along bathymetric contours B2, (Fig. 4€) and a length
scale of 200 km (Fig. 1a), enhanced intrusions of WDW at the main sill between January and March may indeed explain the
cooling and acceleration of the ISW two to four months lateWatpper (Fig. 3b and 4b), implying a strengthening of the
WDW-driven cavity overturning during this period.

From March to July (Fig. 8b), ASW enters the cavity close to the ice base (Fig. 3a-c and 6). The derived density gradients
at M1 and M2 (Fig. 7b/d) and velocity &1,,per (Fig. 4a) indicate that ASW intrudes the cavity along ice draft contours
below the western side of the Jutulstraumen keel and increases the baroclinic circulation inside the cavity. This is consistent
with modeling results from Hattermann et al. (2014). As ASW is generally lighter than ISW (Hattermann et al., 2012), we
expect the ASW to act as a wedge between the ice base and ISW, displacing the latter to greater depths. This provides &
possible explanation for the occurrence of ISW at all lower instruments one to three months after ASW is observed at the
upper instruments (Fig. 3). At the same time, the presence of ASW at the ice base increases the thermal forcing and, therefore
the potential for basal melting. Below the relatively shallow icéMdiypper andM3ypper (190 m and 160 m, respectively),
melting is mainly enhanced by the excess heat of the ASW from solar heating (i.e. ASW temperatures above the surface
freezing point), as is con rmed by the increase in GMW fraction when ASW is present (Fig. 6a). At the 350 m deep ice draft of
M2ypper » @another effect comes into play: although the traces of ASW arriving at this site have depleted most of the solar heat
(presumably due to melting and mixing with WW), its temperatures around the surface freezing point (Fig. 3b) still exceed the
local freezing point byd:3 C, replacing the colder ISW that had reached its seasonal temperature minimum at this site before
the arrival of the ASW. The distance from the ice fronM@pper is about 70 km via M1 and 150 km via M3. Although the
exact pathway of ASW tV2,,per remains unclear, the coinciding oxygen maxima in July (Fig. AM3itwer (450 m depth)
andM2,,per (370 m depth) indicate that a larger portion of the deeper ice of Fimbulisen may be in uenced by this water mass.

3.4 Characteristics of warm events a1 |guer

Warm events at depth, i.e. the second mode oMtg, ., temperature distribution, have been associated with increased basal
melting of Fimbulisen (Lauber et al., 2023c) and hence require particular attention. To understand the dynamics of these warm
events at the main sill, we characterize their temporal evolutiilater andM1ypper Dy constructing composite averages of
all 189 recorded warm events during the 12 year long record. A warm event is de ned as a period of subsequent measurement:
of hourly temperatures abovel:39 C atM1oer, and the time of the event is referred totagsee Sect. 2.5 for details).

Changes in velocity &11o.r associated with a warm event are visualized in a hodograph (showing the tip of the composite
velocity vector from six days before to six days afttgrFig. 9a): starting around three days before and ending around two days

afterto, the velocity signature follows an anticlockwise rotating ellipse with a maximum spegd o7 cms ! toward the
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past a mooring (Lilly and Rhines, 2002). Following Lilly and Rhines (2002), we can quantify the following mean properties of
these eddies based on the composite velocity time serd&gter aroundty: a radius of = 8km, a half-duration t=29h,
an azimuthal speed of =4cms !, an advection speed of = 7cms 1, and an advection direction 6f=328 (i.e. into
the cavity). The sense of rotation of the eddy is not necessarily equal to the rotation visualized in the hodograph (Fig. 9a), as
the latter shows the temporal evolution seen by the xed mooring instrument. Instead, the rotational sense of the eddies can
be inferred from a change in the sign of the cross-stream velocity companeglative to the advection direction (Lilly and
Rhines, 2002): the sign of, atM1,wer changes from negative to positive (Fig. 9¢), which means that eddies associated with
warm events rotate cyclonically (i.e. clockwise in the southern hemisphere). The direct observational link between warm events
at depth and eddies advected into the cavity con rms previous model-derived hypotheses of the dynamics of the warm events
(Ngst et al., 2011; Hattermann et al., 2014).

The temperature maximum 1.,y OCcurs by de nition aty (Fig. 9a and C1b). The change from negative to positive
also happens dt and does not result from the temperature-based de nition of the warm events (Fig. 9c). This chepge in
indicates that the core of the eddy (Lilly and Rhines, 2002) coincides with the highest temperature, i.e. the highest concentration
of dense WDW. The sign of the associated radially inward density gradient is in balance with cyclonic rotation according to
thermal wind balance. This is in agreement with the cyclonic rotation derived froat M1, . The estimated radius of
r =8km is in agreement with the magnitude of the baroclinic Rossby radii&=ofl -10km in the region. The signature of
an eddy inv, depends on the properties of the eddy and at which cross-stream radius the eddy passes the mooring (Lilly and
Rhines, 2002). The spread¥n across the 189 identi ed events (Fig. 9¢) shows that eddies with a variety of properties pass
M1ower throughout the 12 years. As the variationjncan arise from a combination of changes in the different properties,
we cannot easily quantify the uncertainty in the composite mean eddy properties.

To assess the dynamics below the ice base associated with warm events at depth, Fig. 9b shows a hodbtjrgph for
and Fig. 9c shows the corresponding time serieg,oSimilar to atM1gwer , the hodograph @1 pper rotates anticlockwise
aroundtyp. In addition, the time series of, (relative to' =328 ) agrees well withv,, at M1 4. , indicating that the eddies
associated with warm events at depth extend up to the ice basd1lfber , the composite temperature and oxygen show
signi cantly low values before and aftég, and the temperature is at a maximum df:.87 0:08 C attg (Fig. Clb-c).

We also observe a statistically signi cant temperature maximumb?7 0:08 C atM2q.er Six to eight days aftet (Fig.
C1b). This shows that the WDW advected into the cavity at the main sill via eddies follows, at least to some extent, contours of
water column thickness toward the grounding line as proposed by Hattermann et al. (2012) and modeled by Hattermann et al.
(2014). The temperature maximaM2ower are not associated with the distinct signature of an eddy like at M1.

4 Discussion
4.1 Favorable conditions for warm events

We have shown that the highest temperatures at the main sill occur preferably from January to March and from September
to November (Fig. 3d and 10b) and that these excursions are associated with eddies advected into the cavity (Fig. 9). In the

21



https://doi.org/10.5194/egusphere-2024-904 ’\
Preprint. Discussion started: 3 April 2024
¢ Author(s) 2024. CC BY 4.0 License. EG Usphere



450

455

460

465

470

475

480

https://doi.org/10.5194/egusphere-2024-904 ’\
Preprint. Discussion started: 3 April 2024
¢ Author(s) 2024. CC BY 4.0 License. EG Usphere

following, we discuss potential favorable conditions for warm in ows during these two periods, incorporating also observations
from outside the cavity (Hattermann, 2018; Lauber et al., 2023a).

Modeling studies have suggested that warm intrusions at the main sill occur when the offshore WDW and the associated
thermocline are lifted over the main sill (Smedsrud et al., 2006; Nicholls et al., 2008; Ngst et al., 2011). Variations of the
thermocline depth on monthly timescales are driven by the strength of the alongshore winds and freshwater forcing from sea
ice melt (referred to as external forcing in the following, Lauber et al., 2023a). Downgtrebim\at, the coastal thermocline
is shallowest in February (Fig. 10c, Hattermann, 2018). Upstredf) &, observations aDML gpqi0n  Show the shallowest
thermocline in March (Fig. 10c), but the minimum in thermocline depth closer to the coast likely occurs earlier than that
(Lauber et al., 2023a). Therefore, the shallowest externally forced thermocline depth can explain the mWDW/WDW in ow
that occurs from January to MarchMflower (Fig. 10b), but not the enhanced warm in ow from September to November.

On the upstream and downstream continental shelves, respectively, mooring observations have shown the highest tempere
tures at depth in January/Februangét E in front of Shirase Glacier Tongue (Hirano et al., 2020) and in April/Maylatw
in front of Filchner-Ronne Ice Shelf (Ryan et al., 2017, 2020). This timing of deep warm in ow is consistent with the shal-
lowest externally forced thermocline above the continental slope in these regions (Ohshima et al., 1996; Semper and Darelius,
2017). Likewise, at the eastern sill of Fimbulisen, the highest observed temperatures between January and April (Fig. 3f and
10b) coincide with the shallowest externally forced thermocline (Fig. 10c).

The most obvious difference between the above locations and the main sill of Fimbulisen is the unique geometric con gura-
tion of Trolltunga, which overhangs the continental slope. We hypothesize that the seasonal interplay of the ASC with the ice
shelf plays a role in setting up favorable conditions for WDW intrusions at times other than at the externally forced thermocline
depth minimum. Recent observational and modeling studies have highlighted the role of conservation of potential vorticity for
the interaction of the ASC with an ice shelf (Wahlin et al., 2020; Steiger et al., 2022). As the ASC follows contours of water
column thickness (Thompson et al., 2018), the presence of Trolltunga may displace the upstream ASC (Fig. 10d) up to 2km
northward in front of the main sill (Fig. 10a). This displacement is expected to vary seasonally, as the potential vorticity con-
straint depends on strati cation (Steiger et al., 2022) and baroclinicity (Hattermann et al., 2014, estimated by velocity shear
at M1, Fig. 10d). Depending on the strength and direction of the ASC in front of the main sill, anomalies in bottom Ekman
transport may further adjust the depth of the body of WDW on the continental slope (Smedsrud et al., 2006; Webb et al., 2019).
We suggest that this setting of mechanisms provides favorable conditions for the advection of warm eddies across the main sill
between September and November.

We did not nd statistically signi cant changes in the characteristics of the eddies described in Sect. 3.4 between the two
seasonal warm in ow periods. Potential mechanisms for the generation of these eddies are (i) the detaching as baroclinic insta-
bilities from the locally shoaled body of WDW below Trolltunga (Ngst et al., 2011) or (ii) the shedding of barotropic meanders
from the edges of Trolltunga (Walkden et al., 2009). The advection of the eddies across the main sill may be facilitated by a
mean ow into the cavity from August to February (Fig. 4d). It is unclear if this mean ow causes the warm intrusions and/or

if it is the result of the seasonal reorganization of water masses inside the cavity (Fig. 7). Although a detailed understanding
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ASW for basal melting and the cavity circulation. As such, the contributipn of basal melting by ASW below the deep central
part of Fimbulisen may be larger than previously thought.

Atthe M2 site, basal melting and its temporal variability has been directly measured by an autonomous phase-sensitive radio-
echo sounder (ApRES) deployed between 2017 and 2021 (Lindbéack et al., 2023). The magnitude of the melt rates was inferrec
to follow the temperature al2,p0er 0N Mmonthly timescales and the speed of the currend2ag,er On daily timescales
(Lindbéck et al., 2023). This relation was attributed to stronger currents facilitating the turbulent transport of heat toward the
ice base. Our observation of ASW MR ,,er cOmplements these results, suggesting that this water mass indeed contributes
to delivering heat for basal melting to 370 m deep ice.

We have observed the highest ASW temperatures of udltd C in 2016/17 (Fig. 2a/c) when the sea ice concentration in
the Weddell Sea and in front of Fimbulisen was at a record low (Turner et al., 2020). Similarly, Lindbé&ck et al. (2019) found
a sudden increase in basal melt rates close to the ice front of Nivlisen Ice Shé&lfEaduring periods when no sea ice was
present in front of the ice shelf. These observations are ip line with increased solar heating of ASW in the absence of sea ice
cover (Kusahara and Hasumi, 2013). In this context, our ndings highlight that changes in Southern Ocean heat content (Prince
and L'Ecuyer, 2024) and possibly associated changes in ASW temperature may have direct implications for basal mglting down

to the deep central part of Fimbulisen.
4.2.2 Melting by WDW

Based on modeling results, Ngst et al. (2011) and Hattermann et al. (2014) have proposed that the transport of mMWDW/WDW
across the main sill into the Fimbulisen cavity occurs through eddies. Here, we have provided direct observational evidence
for, and additional details pn this process: warm eventslht,e, are associated with the signature of eddies, which on
average have a radius of 8 km and take about two days (t) to pass the main sill into the cavity. These warm intrusions
occur preferably between January and March and between September to November. This nding, together with the potential
importance of ASW for melting of deeper ice, can be valuable for interpreting the seasonal variability in satellite-derived basal
melt rates (Adusumilli et al., 2020). Traces of WDWMRypper con rm that WDW-driven melting of deep ice drives an
overturning circulation (Ngst and Foldvik, 1994) that affects the cavity circulation on seasonal timescales and appears to have
strengthened after 2016.

The observed timing of WDW in ows below Fimbulisen suggests that the presence of Trolltunga plays an important role
for the in ow dynamics into the cavity. This highlights the potential consequences of the unique setup of the ice shelf and
continental slope at Fimbulisen on its mass balance, where future changes in the extent of the ice tongue (like the past majol
calving event in 1967 (Swithinbank et al., 1977)) may impact the extent to which WDW can access the cavity. However, to
more robustly link Trolltunga and associated procegsses to warm intrusions across the main sill and basal melting of the ice

shelf, more work, e.g. using high-resolution numerical modeling, will be needed.
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5 Summary and conclusions

The 12 years of temperature, oxygen, and velocity observations below Fimbulisen Ice Shelf have provided new insights into the
processes guiding heat into the cavity, both through ASW at the ice base and WDW near the sea oor. Key features identi ed

in the cavity hydrography and circulation are:

— ASW intrudes the cavity below the ice base every year, contributing up to 75 % to the observed water mass composition
at 220 m depth in March and up to 20 % at 370 m depth in July.

— The in ow of ASW along the western side of the Jutulstraumen keel in autumn is in agreement with density gradients

derived from velocity shear by thermal wind balance.

— Below a deeper ice draft (350 m), meltwater mixing lines suggest that ISW near the ice base originates from melting by
WDW.

— The temperature distribution at the main sill is a superposition of three distinct modes: (i) a background temperature at
the surface freezing point, (i) warm WDW in ow from (a) January to March and (b) September to November, and (iii)

cold ISW out ow from May to August.
— Warm events at the main sill are associated with cyclonic eddies that reach up to the ice base.

These results complement the previous mooring studies from Hattermann et al. (2012) and Lauber et al. (2023c) by providing
long-term evidence of the temporal and spatial variability of the water masses inside the cavity. The ndings highlight the
potential future relevance of basal melting of Fimbulisen by ASW and WDW, adding to our understanding of the processes

that are important to assess future mass loss of the Antarctic ice sheet and associated sea level rise in a warming climate.

Code and data availability.The code to analyze the data and create the gures is available from the corresponding author upon request.
The M1-3 mooring data will be updated at https://doi.org/10.21334/npolar.2023.4a6¢36f5 (Lauber et al., 2023b) and made available on
full hourly resolution via https://data.npolar.no. Winkler titration data and glider data will be made available via https://data.npolar.no.
The DML mooring data are available at https://doi.org/10.21334/npolar.2023.45d176be (Lauber et al., 2024a). The CTD data from the Troll
Transect 2020/21 cruise are available at https://doi.org/10.21334/npolar.2023.b1504a66 (Lauber et al., 2024b). The hydrographic climatology
at 17 W is available at https://doi.org/10.1594/PANGAEA.893199 (Hattermann and Rohardt, 2018). Bathymetric data are available at
https://doi.org/10.1594/PANGAEA.913742 (Eisermann et al., 2020b), https://doi.org/10.1594/PANGAEA.963737 (Eisermann, 2024), and
https://doi.org/10.1594/PANGAEA.937574 (Dorschel et al., 2022).

Appendix A: Processing of oxygen data

The Oxygen Optodes 3830 mounted on the RCM9s measured the partial pressure of the oxygen dissolved in the seawate
through a foil, that is permeable to gas, but not water or salt. The large amount of noisg toward low values in the oxygen
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records from the optodes requires careful processing of these data. No noise is presept toward higher oxygen values, making
high values generally more reliable than low values. The steps undertaken to process the data are summarized below:

1. Salinity and pressure correction:

560 The raw data from the instruments were corrected for the effects of salinity and pressure. This was done following the
procedure recommended by the manufacturer (Aanderaa Data Instruments, 2007):

DOcorr = DOuncorr fsfp; (A1)

whereDO,r is the corrected oxygemO ncorr IS the uncorrected oxygen, afig andfp are factors compensating
the effects of salinity and pressure, respectively. These factors are given by

565 fs = exp (S S )(Bo+ BiTs+ BT+ BaTE)+ Co(S? S ) (A2)
0:032D
fe " Tooom’ (A3)

whereS is the practical salinity measured by the RCMN®); = 1psu is a xed internal salinity setting of the optode,
Ts is the scaled temperature (de ned beloB),..3 andCy are constants (given in Table Al), aBdis the depth of
the sensor. As salinity measurements were only available until the end of 3048s set to the time-mean of each
570 instrument over this period. An increaseSrby 0.1 psu leads to a decreaseD@ ., by 0:005mll ! at the typically
measured salinities, i.e. the sensitivity@O .oy to temporal changes in salinity is negligible. MBypper , Where no
salinity measurements were availat@ayas set to the mean salinity Bf1p,er . The scaled temperatufe is given by

20815C T
Ts=n s CeT -

whereT is the in situ temperature irC measured by the RCM9.

575 2. Unit conversion:
The unit given by the instrument igmoll *. This unit was converted intmll *:

| |
ml—=10 3$v; (A5)

whereV =22:41Imol ! is the molar volume of an ideal gas at standard temperature and pressure.

3. Offset removal:

580 We identi ed an offset of0:4mll ! in the sub-ice-shelf oxygen data compared to the auxiliary data sets. At the lower
instruments, this offset was obtained from the difference between the respective WDW-WW mixing lines #Dthe
diagram (Fig. 5). This mixing line is most pronounced\tt .- (due to the strongest WDW in uence), but is also
present to some extentlli2iower aNdM3jquer . Therefore, to remove the offset, we added a constant valO ofl | 1
to the oxygen data pf all lower instruments.
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585 At the upper instruments, an offset is hajder to identify than at the lower instruments infil@ diagram (Fig. 5),
as the water masses do not follow a clear mixing line. A mixing line between ASW and WW is more pronounced in
the Winkler titration data in &, -DO diagram (Fig. Al, based only on data until the end of 2010). The slope of the
ASW-WW mixing line atM1,,per agrees with the slope of the line from the Winkler titration data, yielding the same
offset of 0:4mll 1 as for the lower instruments. FO2,pper , theSa-DO diagram is less conclusive since most of the

590 observed water is ISW, but this is not represented in the auxiliary data. However, after adding the same offset to the
M2ypper OXygen data, th&, -DO properties can be traced back along a meltwater mixing line to originate from WW in
all three auxiliary data sets (Fig. A1). M3ypper NO comparison irBa -DO space can be done due to missing salinity
data. However, due to similar temperature values (Fig. 2a/c) and a similar seasonal variability in temperature (Fig. 3a/c)
and oxygen (Fig. A2) a3 pper compared tM1,,per , and because the magnitude of the oxygen offset was the same

595 at all other ve,instruments, the constant@#mil ! was also added to the oxygen record&t,pper -

The coef cients to convert the raw instrument voltage from the instrument into engineering units of dissolved oxygen
are the same for all six optodes. This may explain why the offset in absolute oxygen values is also the same. However,
after consulting the instrument manufacturer, we cannot conclyde on the origin of this offset.

4. Noise removal:

600 This step was done separately for the upper and lower sensors, due to different temperature-oxygen properties below the
ice base compared,to close to the seabed.

(a) For the upper oxygen sensors, all values below a threshdibafll 1 were discarded. After that, the hourly
data were subsampled by selecting the maximum hourly measurement for each day. If one or more measurements
during one day had already been discarded, no measurement was kept for the respective day. This method yields

605 the upper envelope of the oxygen time series and strictly removes any suspicious spikes toward low values.

(b) For all lower oxygen sensors, low oxygen values accompanied by an increase in temperature were identi ed as
real features in Fig. 5, as they lay on the WW-WDW mixing line. Using the same method as for the upper sensors
would remove these values. To avoid this, we de ne a threshold based on both oxygen and temperature, below
which all data oxygen measurements were removed. This threshold is set directly below the WW-WDW mixing

610 line (black-white dashed line in Fig. 5), and is described by the equation

DO=5mll ' 1mll * Cc ! : (AB)

To account for any remaining artifacts in the absolute values of dissolved oxygen, we used an uncertaipty-of
0:1mll ! inthe OMP calculations (see Appendix B).

28



615

620

625

630

https://doi.org/10.5194/egusphere-2024-904 ’\
Preprint. Discussion started: 3 April 2024
¢ Author(s) 2024. CC BY 4.0 License. EG Usphere

Table Al. Constants used for the compensation of salinity at the Oxygen Optodes 3830.

Bo 6:24097 10 3psu !
B 6:93498 10 3psu ! C !
B 6:90358 10 3psu ' C 2
B3 4:29155 10 %psu ! C 3
Co 3:11680 10 “psu 2

Appendix B: Uncertainty analysis of the OMP analysis

The uncertainties of the water mass fractianBom the OMP analysis were calculated using a Monte Carlo approach: First,
uncertainties were assigned to the tracer properties of the source water masses (Table 2, Fig. B1) and the measured trace
( =0:05C, s, =0:05gkg !, po =0:1mll ). Then, the OMP calculation for the mean and the daily averages was
re-run1C® times, but with all source water properties and measured values perturbed by a randomly drawn value of a normal
distribution with zero mean and the respective uncertainty of the tracers as standard deviation. The standard deviation of the
distribution from all perturbed runs was then taken as the erjor of the water mass fractions.

Appendix C: Signi cance and uncertainty analysis for warm events

The statistical signi cance of the time series before and after the warm events was calculated using a Monte Carlo approach:
for each variable at each instrument, the number of events, over which the value at the respective lag was averaged (referred t
as original average in the following), was stored. This number varies due to gaps in some of the time series. It was then tested
10° times how often the original average is greater or lower than an average based on the same number of events, but from
values randomly drawn from the respective full time series. If for at least 99 % of the tests the original average was larger, or
for at least 99 % of the tests the original average was smaller than the random average, the value was considered signi cant.
The uncertainty of the composite averages was assessed by taking the standard deviation of all included variables across a

events op hourly resolution before, after, and during an event.
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Figure A2. Monthly averaged climatology of dissolved oxygen (after offset and noise removal) at all sub-ice-shelf mooring instruments.
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Abstract. Future mass loss from the East Antarctic Ice Sheet represents a major uncertainty in projections of future sea level
rise. Recent studies have highlighted the potential vulnerability of the East Antarctic Ice Sheet to atmospheric and oceanic
changes, but long-term observations inside the ice shelf cavities are rare, especially in East Antarctica. Here, we present nev
insights from observations from three oceanic moorings below Fimbulisen Ice Shelf from 2009 to 2021. We examine the
characteristics of Warm Deep Water (WDW) intrusions across a sill connecting the cavity to the open ocean, and investigate
seasonal variability of the circulation and water masses inside the cavity. In autumn, solar-heated, buoyant Antarctic Surface
Water (ASW) reaches below the 350 m deep central part of the ice shelf, separating colder Ice Shelf Water from the ice base
and affecting the cavity circulation on seasonal timescales. At depth, the occurrence of WDW is associated with the advection
of cyclonic eddies across the sill into the cavity. These eddies reach up to the ice base. The warm intrusions occur favorably
from January to March and from September to November, and traces of WDW-derived meltwater close to the ice base imply
an overturning of these warm intrusions inside the cavity. We suggest that both the offshore thermocline depth and interactions
of the Antarctic Slope Current with the ice shelf topography over the continental slope cause this timing. Our ndings provide

a better understanding of the interplay between shallow ASW and deep WDW in ows for basal melting at Fimbulisen, with
implications for the potential vulnerability of the ice shelf to climate change.

1 Introduction

Mass loss from the Antarctic ice sheet is certain to contribute to future sea level rise (DeConto and Pollard, 2016; DeConto
et al., 2021). Ice shelf thinning through basal melting (Pritchard et al., 2012) and iceberg calving (Greene et al., 2022) is the
main source for this mass loss, as it reduces the buttressing of the inland ice and can accelerate its discharge (Dupont and Alley
2005; Reese et al., 2018). Still, major uncertainties in future sea level rise projections originate from the Antarctic ice sheet
(Edwards et al., 2021). The West Antarctic ice shelves are subject to rapid basal mass loss of up toiges of (Rignot

et al., 2013; Adusumilli et al., 2020), which has been attributed to direct access of Circumpolar Deep Water (CDW) to the
cavities (e.g., Dutrieux et al., 2014; Jenkins et al., 2018). In contrast, most East Antarctic ice shelves experience lower basal
melt rates in the order dfmyear * (Adusumilli et al., 2020). However, in recent years, observations have revealed that some
East Antarctic ice shelves are more exposed to warm water masses and subject to associated basal melting than previousl
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thought (Rintoul et al., 2016; Hirano et al., 2020; Lauber et al., 2023c; Ribeiro et al., 2023). These localized observations
coincide with a long-term warming and poleward shift of CDW off East Antarctica, with possible implications of increased
basal melting of this part of the ice sheet (Herraiz-Borreguero and Naveira Garabato, 2022). Yet, most East Antarctic ice shelf
cavities remain unexplored to date, so the governing oceanic processes and the response of the ice shelves to oceanic chang
remain uncertain.

Fimbulisen Ice Shelf is located at the prime meridian at the coast of the southern Weddell Gyre and is the seaward extension
of the Jutulstraumen ice stream. The northernmost portion of the ice shelf, Trolltunga, overhangs the continental shelf break
by several tens of kilometers (Fig. 1a, Ngst, 2004). In this region and along the whole Dronning Maud Land coast, Warm Deep
Water (WDW), a derivative of CDW that has been advected poleward within the eastern limb of the Weddell Gyre, is located
in the direct vicinity of the ice shelves off the narrow continental shelf. In front of the ice shelves, the WDW is suppressed due
to prevailing easterly winds which induce a southward Ekman transport and downwelling at the coast (Sverdrup, 1954). This
creates the Antarctic Slope Front (ASF) and the associated westward geostrophic Antarctic Slope Current (ASC, Jacobs, 1991
Thompson et al., 2018), to which Trolltunga is directly exposed. The ASF shields the cavities from most of the WDW and thus
prevents high basal melt rates, although small amounts of WDW have been observed to access the continental shelf througt
eddies as part of the ASF overturning (Ngst et al., 2011).

Most of the water inside the Fimbulisen cavity is close to the surface freezing temperature (Nicholls et al., 2006, 2008). This
water mass originates from surface cooling and the addition of salt during the sea ice freezing season in the open ocean an
is referred to as Winter Water (WW, Nicholls et al., 2009). In turn, surface warming and sea ice melt around summer add heat
and freshwater to the coastal water column, creating a lighter water mass called Antarctic Surface Water (ASW, Nicholls et al.,
2009). When wind-driven downwelling of ASW exceeds the ice shelf draft, ASW can enter below Fimbulisen (Zhou et al.,
2014; Hattermann et al., 2012). When any of the three coastal water masses (ASW, WW, WDW) comes in direct contact with
the ice shelf, the ice will melt at a rate depending on the thermal forcing (Jenkins, 1999), i.e. the difference between the ocean
temperature and the in-situ freezing point. Turbulence in the ice-ocean boundary layer below the ice controls the ef ciency of
the heat transfer toward the ice base (McPhee and Morison, 2001). Basal melting produces glacial meltwater (GMW, Jenkins,
1999), and if the mixing product with the adjacent cavity water masses is colder than the surface freezing temperature, the
water is called Ice Shelf Water (ISW, Foldvik et al., 2004). Due to the GMW input, ISW is less saline and hence more buoyant
than its oceanic source, such that it typically rises along the ice shelf base (Ngst and Foldvik, 1994). The mixing of a water
mass with GMW occurs along a straight line in temperature-salinity space (Gade, 1979). These mixing lines have been used to
infer overturning inside the Fimbulisen cavity by relating water masses observed close to the sea oor and below the ice base
(Nicholls et al., 2008; Hattermann et al., 2012).

Several modeling studies have investigated the oceanic conditions below Fimbulisen. In particular, Smedsrud et al. (2006)
suggested the deep ASC to modylate the in ow of WDW into the cavity via bottom Ekman transport. This mechanism was
supported by observations of the ASC in front of Trolltunga (NUfiez-Riboni and Fahrbach, 2009). Hattermann et al. (2014)
found that during summer, the circulation below Fimbulisen at the sea oor follows the bathymetry and the circulation below

the ice base follows the ice shelf draft. These baroclinic conditions were attributed to increased strati cation during that season.
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In turn, in winter, Hattermann et al. (2014) found more barotropic conditions due to a well-mixed water column that allows
for less vertical shear. Furthermore, Hattermann et al. (2014) found a distinct seasonal cycle in WDW in ow, related to an
amplitude of0:4 C of the temperature seasonal cycle at the in ow path, but not favored by a shallow offshore WDW layer.
These modeling results, however, have only been validated by direct observations to a very limited extent.

Hattermann et al. (2012) and Lauber et al. (2023c) have discussed the variability of WDW in ows on interannual timescales.
Lauber et al. (2023c) argued that these warm in ows occurred more frequently when the offshore WDW (and the associated
thermocline) shoaled and shifted southward, driven by changes in local and remote winds and sea ice cover, although the
detailed dynamics of the warm in ows were not further investigated. The thermocline depth over the 1100 m isobath 450 km
upstream of Fimbulisen was observed to be the shallowest in March based on mooring observations from 2019 to 2020 (Lauber
et al., 2023a). However, there was no evident increase in sub-ice-shelf temperatures during this period. Lauber et al. (2023a]
therefore suggested that additional processes like bottom Ekman transport (Smedsrud et al., 2006; Nufiez-Riboni and Fahrbacl
2009) and potential vorticity dynamics at the ice front (Wahlin et al., 2020; Steiger et al., 2022) may locally modulate the WDW
access to the cavity.

A regime shift toward more sustained WDW in ow below Fimbulisen was observed in 2016, associated with an almost
doubling of the long-term basal melt rate @67 myear * (Lauber et al., 2023c). To improve projections of future changes,

a more detailed understanding of the oceanic processes below the ice shelf is needed. To address this issue, we analyze
years (2009-2021) of near-continuous oceanographic observations of temperature, dissolved oxygen, velocity, and (to a limited
extent) salinity from six instruments on three moorings below Fimbulisen. Based on these data, we investigate the hourly to
seasonal variability of the hydrography and circulation inside the cavity. We characterize the WDW intrusions at depth and
perform an Optimum Multiparameter analysis to quantify the water mass composition inside the cavity. The sub-ice-shelf
moorings, auxiliary data of open-ocean hydrography, and methods are described in Sect. 2. The mooring time series, derivec
water mass distributions, and details of WDW intrusions are presented in Sect. 3. Implications of the results are discussed in
Sect. 4 and conclusions are summarized in Sect. 5.

2 Data and Methods
2.1 Sub-ice-shelf moorings

Three oceanographic moorings (M1-3) were deployed through hot-water-drilled boreholes below Fimbulisen Ice Shelf in
December 2009 and January 2010 (Fig. 1, Hattermann et al., 2012). M1 was placed over the deepest connection between th
open ocean and the cavity. This connection is a sill of 570 m depth that crosscuts the continental slope (referred to as main sill
hereafter, Ngst, 2004) and is the most reasopable pathway for WDW to enter the cavity. M2 was located 50 km southeast of M1
following contours of water column thickness into the cavity, as WDW intruding the cavity at the main sill is expected to follow
these contours (Hattermann et al., 2012). M3 was located below the eastern part of the ice shelf downstream of a shallower
sill of 420 m depth, where a secondary WDW in ow pathway has been proposed (Nicholls et al., 2006). The moorings were
equipped with two instruments each, an upper one around 30 m below the ice base, and a lower one around 100 m above th
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sea oor. In the following, these instruments are referred tMagwer , M2ypper , €tC. Centered at the prime meridian, the keel

of Jutulstraumen dominates the ice thickness of Fimbulisen. Here, the ice shelf draft is more than 300 m deep, compared to
100-200 m west and east of the keel (Fig. 1b). M1 was located on the western side of the keel, and M2 was located right below it
in a southwest-northeast oriented 1.5 km wide and 75 m deep basal channel. M3 was east of the Jutulstraumen keel. The deptf
of the instruments, the ice draft and water depth at the moorings, and their horizontal displacement due to ice velocity are given
in Table 1. All six instruments were Aandera RCM9 equipped with an Optode 3830, and measured temperature, conductivity,
dissolved oxygen, and horizontal velocity at hourly intervals. All sensors were calibrated before deployment. The data until
January 2012 have been analyzed in Hattermann et al. (2012), and the data until January 2019 in Lauber et al. (2023c). The
latest data were recovered in February 2022, with data recorded until December 2021 when the batteries ran out. Gaps in som
variables were caused by temporary or permanent instrument failures. Spikes outside the reasonable ranges of the variable
were removed after visual inspection.

The temperature sensors delivered stable temperature records over 12 years. For comparison between water masses, cons
vative temperature was calculated following TEOS-10 and the Gibbs-SeaWater Toolbox (McDougall and Barker, 2011).

The conductivity sensors drifted at all instruments, at the latest from the end of 2010 BI3,AMr , N0 conductivity was
recorded at all. At all other instruments, the conductivity data collected after December 2010 were discatiiglyAt the
drift-corrected data provided by Hattermann et al. (2012) until November 2010 were used. Using the Gibbs-SeaWater Toolbox
(McDougall and Barker, 2011), conductivity was converted into absolute salinity.

The dissolved oxygen data did not show any obvious sensor drift, but the values at all six instruments were systematically
0:4mll ! larger than in comparable data sets (Sect. 2.2). In addition, the oxygen records contained noise in the form of spikes
to low values, mainly at the lowest measured temperatures. Detailed steps to remove the offset and the noise are described i
Appendix A. Discarding bad data during the correction process introduced data gaps of up to several months toward the end of
the record aM2ypper andM3ypper -

The measured velocities were corrected for magnetic declination using magnetic eld data from the International Geomag-
netic Reference Field (Alken et al., 2021) on hourly resolution.

We used the following toolboxes for data analysis and visualization: jLab (Lilly, 2021), M_Map (Pawlowicz, 2023), cmocean
(Thyng et al., 2016), and Antarctic Mapping Tools (Greene et al., 2017).

2.2 Auxiliary data sets

For comparison to the sub-ice-shelf mooring observations, we used open ocean temperature, salinity, and dissolved oxyger
data collected in front of Fimbulisen (Fig. 1a): we used CTD data from 14 stations taken during the Troll Transect cruise
onboard M/VMalik Arcticain December 2020 and January 2021 using an SBE911plus (Lauber et al., 2023a). Additionally,
we used hourly mooring data from three Sea-Bird SBE37 MicroCATS at two locations on the continental slope from March
2019 to December 2020. Of these three MicroCATS, one was mounjédMinge.e, at a depth of 130m, and two were
mounted orDML ghaiow at depths of 210 m and 390 m (Lauber et al., 2023a). On tpp, we used dissolved oxygen data obtained

from Winkler titration from 136 water samples at 17 stations taken during the Southern Ocean Ecosystem cruise onboard R/V
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Table 1. Ice shelf draft and water depth at deployment in 2009/10, median instrument depths and horizontal displacement of all mooring
instruments.

M1 M2 M3
Ice shelf draft (2009/10) 185m 350m 158 m
Upper instrument depth 223m 368m 197m
Lower instrument depth 542m 681m 451 m
Water depth (2009/10) 653 m 870m 535m

Horizontal displacement (2009/10-2022) 8.50km 8.64km 0.52km

2.3 Water mass analysis

We investigated the water mass composition at all instruments using Optimum Multiparameter analysis (OMP, described in,
e.g., Tomczak, 1981; Tomczak and Large, 1989; Mackas et al., 1987). With this method, the concentrations of given source
water masses within an observed water mass can be obtained by solving a linear system of equations, assuming the conservatic
of speci ed tracers. In our case, the source water masses were ASW, WW, WDW, and GMW, and the tracers were conservative
temperature, absolute salinity, and dissolved oxygen. The latter can be regarded as a conservative tracer below an ice shel
assuming that biological productivity and respiration which would modify oxygen levels are negligible (Jenkins, 1999). The
equation system then reads

0 10 1 0 1
ASW ww WDW GMW XASW obs
Sa ASW Sa ww SAWDW Sa GMW Xww — Sa obs . (1)
DOasw DOww DOwpw DOgmw WDW DO gbs
1 1 1 1 XMW 1
I {z H—Az—} |—z—}
A X b

where the constant source water (given by the subscripts) properties, conservative temperabhs@ute salinitys,, and
dissolved oxygemO, are summarized in the matrix. The fractions of the source water masses are given in the vwector
and the observed properties are contained in the vectine equation in the last row of the system is mass conseryatign, i.e.
the fractions irx have to sum up to 1.

A andb were normalized, denoted As,,rm  andbporm , respectively, to make the tracers of incomparable units comparable.
In addition, the tracers were given different relative weights in the equations, using a diagonal weightingWhatvhich
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contains the weight for each tracer:

0 1
w 0 0 0

0 Ws, O 0
0 0 Wpo O
0 o0 0 Wiass

W = )

We set the weights for conservative temperature, absolute salinity, and mass conséWatioW's, = Wpyass = 100 and the
weight for dissolved oxygelVpo = 1. These values were chosen to account for the less reliable absolute values of oxygen

and gave the most realistic water mass distributions. The normalized versi@narafb were then multiplied withw :

A = WA om (3)
= W bnorm (4)

The system of equations was solved foby minimizing the residual
d=jiAx  bjj3; ®)

where the subscript 2 denotes the Euclidean norm, and a non-negativity constraint is impoaséal avoid non-physical
fractions of negative . The algorithm by Lawson and Hanson (1974) was then used to solve the linear equation system under
this constraint. The OMP analysis was conducted for the mean tracer values during the rst year of observations when salinity
measurements were available, i.e. until the end of 2010. As no salinity data were availsiBggt , the mean value from
M1ypper Was assumed due to similar temperature and oxygen values at the two sites. In addition, the OMP analysis was done
for daily averages of the tracers Ml pper andM2ypper until the end of 2010. These two instruments were chosen as they
revealed more seasonal variability within the rst year compared to the other instruments.

The source water properties of ASW, WW, and WDW were derived fre®y, (Fig. B2) and -DO (Fig. 5) diagrams from
the auxiliary CTD, mooring, and Winkler titration data described in Sect. 2.2. For GMW, the salinity wasSet tp =
0gkg !. Its conservative temperature was set to a theoretical value that accounts for heat conduction from water to ice, latent
heat transfer, and mixing of meltwater with the ambient water (Jenkins, 1999). This temperature is the x-axis intercept of a
meltwater mixing line in -Sp space (Gade, 1979). Following Nakayama et al. (2013), Biddle et al. (2017), and Zheng et al.
(2021), this effective temperature was set tguyw = 90:8 C. Dissolved oxygen values for GMW have in earlier studies
been obtained by extrapolating CDW-GWM mixing lines to a salinitypgfkg * in  -DO space, resulting in a range of
25mll 1 to30mll ! (Hellmer et al., 1998; Jenkins, 1999; Jenkins and Jacobs, 2008). Since these meltwater mixing lines are
not observed in our mooring data, we 88 guyw =28mll ! for GMW, following the latter and other (Nakayama et al.,
2013; Biddle et al., 2017; Wahlin et al., 2021) studies. HDO space, meltwater mixing lines were estimated via a straight
line to the GMW end member &0¢gyw =28mll Yand gww = 908 C (Fig.5).

The source water masses represent a range rather than a poir84RDO space, and the measured variables from the
instruments can contain offsets due to drift and accuracy of the sensors. To quantify how much both these factors in uence
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Table 2. End-member values of the source water mass conservative temperajuebgolute salinity$a ), and dissolved oxygerDQ ),
including their uncertainties. The values are based on the water mass distributions in Fig. B1.

Sa DO

Antarctic Surface Water 0.5 05 C 3415 02gkg ! 8 05mil !

Winter Water 1:88 0:1 C 3445 011gkg ! 71 03mll !
Warm Deep Water 05 03C 348 005gkg?! 49 o02mll?
Glacial Meltwater 908 5 C 0 Ogkg'? 28 5mll ?

the results of the OMP analyses, we estimated the propagated uncertainties as described in Appendix B. The properties of al

source water masses and their respective ranges are given in Table 2 and visualized in Fig. B1.

2.4 Thermal wind

The water mass estimates described above were complemented by estimates of horizontal density gradients, derived from th
vertical shear of the horizontal velocity via the thermal wind equation

@ f Y

—_— = — — 6
@x 0 z (6)
@ f u

@y 09 zZ )
where isthedensityf = 1:37 10 “4s listhe Coriolis parameterg = 1028kgm 2 is areference density,= 9:81ms 2

is the gravitational acceleration,u and v are the differences of eastward and northward velocity, respectively, between up-
per and lower instrument at each mooring, ardis the vertical distance between the two instruments. The calculation was
done using monthly averaged velocities.

The distance over which the density gradients are valid is the baroclinic Rossby radius of deformation. Following Chelton
et al. (1998), we estimated the rst mode of the baroclinic Rossby radius according to

ZDb i D

R= - N(dz f—z N, ®8)
H ey

whereH is the water depthD is the depth of the ice draft, is the vertical coordinate, z = 1 m is the depth increment, and
N is the Brunt-Vaisala frequency, calculated from the CTD pro les obtained at the mooring sites before mooring deployment
(Hattermann et al., 2012) using the Gibbs-SeaWater Toolbox (McDougall and Barker, 2011). This yields a baroclinic Rossby
radius of aroundR = 1-10km.

The magnitude of the velocity difference vecforu; v) between upper and lower instruments (referred to as velocity
shear hereafter) serves as a measure of how baroclinic the ow s, i.e. how large the depth-varying component of the ow is. A
small and large magnitude indicate weaker and stronger baroclinic conditions, respectively.
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2.5 Warm events

As in ows of WDW into the cavity atM1,,.er are of particular interest for basal melting at Fimbulisen (Lauber et al., 2023c),

we investigated the oceanic conditions before, during, and after such warm events. There were 1767 hourly measurements o
temperatures above a threshold df:39 C (the long-term mean plus three standard deviation§) &g, . These measure-

ments were split into 189 individual warm events, separated by periods when the temperature dropped below the threshold for
at least one hourly measurement. The median duration (upper/lower quartile) of individual events was 4 (10/2) hours, and the
longest consecutive in ow event lasted for 96 hours (Fig. Cla).

To investigate the cavity hydrography and circulation associated with the warm events, composites of the evolution of
temperature, oxygen, and velocity from ten days before to ten days after all warm events were computed. For that purpose,
hourly time series before the warm events were aligned to the rst record of each event above the threshold and averaged acros
all events. Likewise, hourly time series after the warm events were aligned with the last record of each event above the threshold
and averaged across all events. All values during the warm events were averaged into one value at zero offset. The time of zer
offset is referred to aky hereafter. When warm events were separated by less than ten days, the composite averages containec
autocorrelations. To minimize the effect of these, other warm events occurring within ten days before or after a warm event
were excluded from the respective average. To assess the robustness of the composite averages, signi cances and uncertainti
were calculated as described in Appendix C.

3 Results
3.1 Mooring observations

The up to 12 year long temperature, oxygen, and velocity records from all six mooring instruments are presented in Fig. 2. At
the upper instruments, 82 % of all temperature measurements are lower than the surface freezing @8t &f (Fig. 2a-c).
This shows the presence of buoyant ISW, commonly found close to the ice base due to freshwater input from GMW (Ngst
and Foldvik, 1994). Oxygen values range frdmll to8mll 1. At MLypper @ndM3ypper » temperatures reach a maximum
of about 1:3 C every year, coinciding with oxygen maxima of up8d.mll ! (Fig. 2a/c). These temperature and oxygen
maxima can be attributed to shallow intrusions of ASW in autumn below the ice drafts shallower than 190 m (Hattermann
etal., 2012). The velocities 81 yper andM3pper are predominantly directed southward into the cavity with mean speeds of
aroundscms 1. At M2 pper, temperature maxima (up tol:8 C) and minima (down to 2:1 C) are lower than a1 pper
andM3pper (Fig. 2b), consistent with less in uence of ASW and a lower in situ freezing point below the 350 m deep ice
draft. At the same time, oxygen background valueMatpper are around:2mil * lower than atM1,pper and M3ypper
and maxima remain belo®6mll 1. The velocity atM2ypper is predominantly directed toward the northeast along the basal
channel at a speed of arouddms *.

At the lower instruments, 91 % of temperature observations lie above the surface freezing point, with oxygen values around
7mll 1 (Fig. 2d-f). Temperature maxima rea@hC atM1joyer, 1:3 C atM2gper, and 1:5 C atM3|guer . These maxima
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are accompanied by a decrease in oxygen dowi3mll * and can be attributed to intrusions of WDW or modi ed WDW
(mWDW, a mixture between WW and WDW) into the cavity at depth (Hattermann et al., 2012; Lauber et al., 2023c). At all
lower instruments, minimum temperatures of down th99 C are observed in May/June in the years 2014 to 2016, indicat-
ing the presence of ISW in the lower part of the cavity. Until 2014, mean velocitibl gfer remain belon2cms * and

vary in direction (Fig. 2d). Afterward, the ow direction &1, alternates seasonally between northwestward (out of the
cavity) and southeastward (into the cavity) at mean speeds of 8iprits 1. At M2jouer , @ Nea@r-continuous eastward ow of
around2cms ! roughly follows bathymetric contours into the cavity (Fig. 2€).M3jower , the ow is southwestward along
bathymetric contours at speeds arodrains * (Fig. 2f). This shows that mMWDW also enters the cavity at the eastern sill as
previously hypothesized by Nicholls et al. (2006).

To assess patterns of seasonal temperature variability, we examine the frequency of occurrence of different temperature
intervals during each month, with red lines indicating percentiles of the monthly varying temperature distribution (Fig. 3).

At M1ypper andM3pper , @ pattern of higher temperatures is more frequently observed from December to May, showing
the arrival of solar-heated ASW after it has been suppressed below the depths of the ice shelf draft in autumn (Fig. 3a/c, Zhou
et al., 2014). This variability is also re ected in the mean and all shown percentiles, which resemble the consistent seasonal
variability of the respective full time series (Fig. 2a/c). M2 pper , We Observe a somewhat reversed temperature seasonality
(Fig. 3b): from April to June, the more frequent occurrence of temperatures be?o® indicates higher ISW concentrations
during this period. During the rest of the year, the mean temperature is aradu@f C.

At M1,,,er , the most commonly observed temperatures lie around the surface freezing point throughout the year, with 64 %
of all hourly temperature observations ranging betwe&r8 C and 1.9 C (Fig. 3d). The monthly temperature distributions
atM1,er Show a long tail toward high values, corresponding to WDW. This tail is most pronounced between January and
March and between September to November, as shown by the 80% and 99 % percentiles. Between May and August, suct
high-temperature excursions are less frequent, and temperatures below the surface freezing point are more frequent. This i
also seen in the 1% percentile and indicates the presence of ISW. In summary, the temperature distriddtigg, as the
result of the superposition of three different modes: (i) a constant background temperature at the surface freezing point, (ii)
warm mWDW/WDW presence in (a) January to March and (b) September to November, and (iii) cold ISW presence between
May and August.

At M2jgwer , all three modes frorMi1,er are evident (Fig. 3e). This similarity is in line with the regional proximity of the
two sites and their connectivity along contours of constant water column thickness. mWDW is generally colder, and ISW is
warmer atM2jger than atM1ger . At M3joner , the same three modes are present, but two of them are somewhat modi ed
(Fig. 3f): mWDW is observed predominantly between February and April, and much limited during the rest of the year. In
addition, ISW occurs between March and May, i.e. around two months earlier tMih,at: andM2oper -

To investigate the seasonal variability in velocities and their connections to the temperature, monthly mean arrows of the

observed velocities and associated variance ellipses are shown in Fig. 4.

10
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Table 3. Mean percentages of water mass distribution at M1-3 during 2010 shown in the pie charts in Fig. 1b from the Optimum Multipa-
rameter analysis (see Methods)

Mlupper Mllower M2upper leower M3upper M3Iower

Antarctic Surface Water 13:1 12:6 0 79 57 93 0 74 220 150 143 118

Winter Water 866 138 972 92 941 116 970 9 777 168 813 147
Warm Deep Water 0 39 28 55 0 57 3 56 0 42 41 7.8
Glacial Meltwater 0:3 02 0 01 02 02 0 01 03 02 03 03

upper instruments, comparable to estimates of around 0.5 % in front of Fimbulisen at the depth of the ice draft (Price et al.,
2008). No traces of WDW are observed at the upper instruments in the mean state during 2010.

At the lower instruments, WW concentrations of at least 81 % are related to the rst mode of the temperature distributions
(Fig. 3d-f), i.e. temperatures at the freezing point (as introduced in Sect. 3.1). The WDW concentration is between 3% and
4%, related to the second mode. As the WDW is mixed with WW, it is strongly modi ed WDW that is continuously present
inside the cavity. During warm events, however, when the highest temperatures and lowest oxygen values are observed (Fig
2d), the WDW concentrations B1,,r are expected to reach close to 100 % (Fig. 5). A high ASW concentration of 14 % is
seen aM3oner , associated with an exceptional ASW in ow event at the end of 2010. Such an event is not repeatedly observed
in the temperature and oxygen time series during the remaining 11 years (Fig. 2f), implying that a mean ASW concentration of
14 % is an overestimate after 2010. No GMW is founMaiower /IM20wer in the mean state during 2010, but 0.3 W/ower ,
similar to the upper instruments.

The temporal evolution of the water mass composition during 201@1apper is shown in Fig. 6a: in December, the
beginning of summer, WW accounts for nearly 100 % of the observed water mass composition, with an admixture of 0.2 %
GMW. From mid-February to mid-March, the ASW fraction rapidly increases to a maximum of 75 %, while the WW fraction
reduces to 20 %. At the same time, the GMW concentration increases by an order of magnitude to 1.3 %, which gives evidence
of increased ice shelf melting due to the presence of warm ASW. The ASW presence coincides with an increase of the WDW
fraction, but the magnitude of the latter is ve times smaller than its uncertainty and may originate from the OMP method
detecting a portion of ASW as WDW due to similar temperature signatures of the two water masses, rather than being a robust
signal. After March, a decrease in the ASW and GMW fractions and an increase in the WW fraction happen slower than the
changes before March. Between October and December, the water mass consists again almost fully of WW.

At M2pper (Fig. 6b), the water mass evolution differs from thabvit,pper : the WW concentration is close to 100 % from
January to April, with only occasional contributions of ASW, WDW, and GMW below 5 % during this period. The occurrence
of WDW traces below the ice base M2, provides evidence of the overturning circulation inside the cavity (Ngst and
Foldvik, 1994). Such overturning occurs when WDW enters the cavity at the sea oor, causes melting at deeper parts of the

15
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Due to the lack of good salinity data, the water mass composition cannot be quanti ed after 2010. HoweMegat,
temperature (Fig. 3a) and oxygen (Fig. A2) maxima around March/April imply that the water mass evolution shown in Fig. 6a
is generally valid for the whole 12 year long time series M&8pper , Coinciding temperature (Fig. 3c) and oxygen (Fig. A2)
maxima and absolute values (Fig. 5) comparebliig,per Show that hydrographic conditions at the two sites are comparable.

We also note coinciding maxima in the long-term mean oxyg&iabper andM3joner in July (Fig. A2), indicating that traces
of ASW reach down tM2pper at 370 m depth and even k3, at 450 m depth every year.

Oxygen values aM2pper decrease by arour@i25mil 1 after 2016 when no corresponding temperature measurements
are available anymore (Fig. 2b). We cannot exclude that this signal is related to sensor drift, but it may also provide evidence
of the impacts of enhanced warm in ows observed during that time: the lower oxygen valie,gk, indicate a source
water mass that is located on a mixing line further left in Fig. 5, implying a larger fraction of MWD (note that maintaining
the observed oxygen decreases@®5mll ! without changing the source water composition would imply an unrealistic
temperature increase af C along a mixing line (Fig. 3)). A higher WDW fraction in the ISW B2, ,er after 2016 is
consistent with an enhanced contribution of WDW to basal melting of deeper parts of the ice shelf and a rise of the derived
ISW along the ice base, as proposed by Lauber et al. (2023c). To corroborate this relationship, we adjusted the temperature
and oxygen values in the mean OMP analysis to the mean values after 20M& ds; (neglecting changes in salinity) and
M2upper (neglecting changes in salinity and temperature). This estimate yields an increase in WDW concentration from 2.8 %
t0 6.7 % atM1guer @and from 0% to 7.2 % ai12,per - This change is comparable at the two sites, supporting that the enhanced
in ow of WDW at the main sill after 2016 increased the presence of WDW-derived ISM2apper .

3.3 Dynamic structure in the cavity
3.3.1 Density gradients

In order to investigate seasonal variations in the spatial distribution of the water masses in the cavity, we estimate the velocity
shear and infer the local density gradients at the three sites (Fig. 7) from thermal wind balance (Eqn. 6 and 7). Density gradients
obtained this way are assumed to be valid over length scales larger than the baroclinic Rossby Rdius-d0 km. The
density difference between the water masses in the cavity is larger between ASW and WBk¢gm 3) and ISW and WW
( 0:1kgm 3) than between WW and mWDW (0:05kgm 2, Hattermann et al., 2012). Therefore, large density gradients
imply that ASW and/or ISW are present close to the ice base. Based on changes in the direction and magnitude of the density
gradients, we separate the following description into August to February and March to July, and de ne two phases in Sect.
3.3.2.

From August to February, the velocity shear remains beldwms * for 92 % of all measurements across all three sites,
indicating relatively weak baroclinic conditions (Fig, 7a/c/e). At M1, the velocity at the upper instrument is directed southwest-
ward, and at the lower instrument southeastward (Fig. 4a/d). This is associated with a northward density gradient, i.e. denset

water north of the M1 site (Fig. 7b). At M2, the density gradient is northeastward and has a three times smaller magnitude

17
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From August to February (Fig. 8a), ISW is abundant close to the ice base (Fig. 3a-c), and the shallow in ow of open-ocean
water masses is limited (Fig. 4a-c). The density gradients (Fjg, 7b/d/f) suggest a front between lighter ISW inside the cavity
and denser WW toward the ice front. At the same time, the velocity at the main sill is directed into the cavity (Fig. 4d), and the
temperature distributions 81ouer @aNdM254er Show more frequent in ows of mWDW/WDW (Fig. 3d-e). Traces of WDW
derived atM2,pper (Fig. 6b) con rm the contribution of this water mass to basal melting, presumably happening at greater
depth further inside the cavity. Assuming a velocity2afms ! along bathymetric contours B2, (Fig. 4€) and a length
scale of 200 km (Fig. 1a), enhanced intrusions of WDW at the main sill between January and March may indeed explain the
cooling and acceleration of the ISW two to four months lateWatpper (Fig. 3b and 4b), implying a strengthening of the
WDW-driven cavity overturning during this period.

From March to July (Fig. 8b), ASW enters the cavity close to the ice base (Fig. 3a-c and 6). The derived density gradients
at M1 and M2 (Fig. 7p/d) and velocity &1,,per (Fig. 4a) indicate that ASW intrudes the cavity along ice draft contours
below the western side of the Jutulstraumen keel and increases the baroclinic circulation inside the cavity. This is consistent
with modeling results from Hattermann et al. (2014). As ASW is generally lighter than ISW (Hattermann et al., 2012), we
expect the ASW to act as a wedge between the ice base and ISW, displacing the latter to greater depths. This provides &
possible explanation for the occurrence of ISW at all lower instruments one to three months after ASW is observed at the
upper instruments (Fig. 3). At the same time, the presence of ASW at the ice base increases the thermal forcing and, therefore
the potential for basal melting. Below the relatively shallow icéMdiypper andM3ypper (190 m and 160 m, respectively),
melting is mainly enhanced by the excess heat of the ASW from solar heating (i.e. ASW temperatures above the surface
freezing point), as is con rmed by the increase in GMW fraction when ASW is present (Fig. 6a). At the 350 m deep ice draft of
M2ypper » @another effect comes into play: although the traces of ASW arriving at this site have depleted most of the solar heat
(presumably due to melting and mixing with WW), its temperatures around the surface freezing point (Fig. 3b) still exceed the
local freezing point byd:3 C, replacing the colder ISW that had reached its seasonal temperature minimum at this site before
the arrival of the ASW. The distance from the ice fronM@pper is about 70 km via M1 and 150 km via M3. Although the
exact pathway of ASW tV2,,per remains unclear, the coinciding oxygen maxima in July (Fig. AM3itwer (450 m depth)
andM2,,per (370 m depth) indicate that a larger portion of the deeper ice of Fimbulisen may be in uenced by this water mass.

3.4 Characteristics of warm events a1 |guer

Warm events at depth, i.e. the second mode oMtg, ., temperature distribution, have been associated with increased basal
melting of Fimbulisen (Lauber et al., 2023c) and hence require particular attention. To understand the dynamics of these warm
events at the main sill, we characterize their temporal evolutiilater andM1ypper Dy constructing composite averages of
all 189 recorded warm events during the 12 year long record. A warm event is de ned as a period of subsequent measurement:
of hourly temperatures abovel:39 C atM1ower , and thg time of the event is referred totagsee Sect. 2.5 for details).

Changes in velocity &11o.r associated with a warm event are visualized in a hodograph (showing the tip of the composite
velocity vector from six days before to six days afttgrFig. 9a): starting around three days before and ending around two days

afterto, the velocity signature follows an anticlockwise rotating ellipse with a maximum spegd o7 cms ! toward the
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past a mooring (Lilly and Rhines, 2002). Following Lilly and Rhines (2002), we can quantify the following mean properties of
these eddies based on the composite velocity time serd&gter aroundty: a radius of = 8km, a half-duration t=29h,
an azimuthal speed of =4cms !, an advection speed of = 7cms 1, and an advection direction 6f=328 (i.e. into
the cavity). The sense of rotation of the eddy is not necessarily equal to the rotation visualized in the hodograph (Fig. 9a), as
the latter shows the temporal evolution seen by the xed mooring instrument. Instead, the rotational sense of the eddies can
be inferred from a change in the sign of the cross-stream velocity companeglative to the advection direction (Lilly and
Rhines, 2002): the sign of, atM1,wer changes from negative to positive (Fig. 9¢), which means that eddies associated with
warm events rotate cyclonically (i.e. clockwise in the southern hemisphere). The direct observational link between warm events
at depth and eddies advected into the cavity con rms previous model-derived hypotheses of the dynamics of the warm events
(Ngst et al., 2011; Hattermann et al., 2014).

The temperature maximum 1.,y OCcurs by de nition aty (Fig. 9a and C1b). The change from negative to positive
also happens dt and does not result from the temperature-based de nition of the warm events (Fig. 9c). This chepge in
indicates that the core of the eddy (Lilly and Rhines, 2002) coincides with the highest temperature, i.e. the highest concentration
of dense WDW. The sign of the associated radially inward density gradient is in balance with cyclonic rotation according to
thermal wind balance. This is in agreement with the cyclonic rotation derived froat M1, . The estimated radius of
r =8km is in agreement with the magnitude of the baroclinic Rossby radii&=ofl -10km in the region. The signature of
an eddy inv, depends on the properties of the eddy and at which cross-stream radius the eddy passes the mooring (Lilly and
Rhines, 2002). The spread¥n across the 189 identi ed events (Fig. 9¢) shows that eddies with a variety of properties pass
M1ower throughout the 12 years. As the variationjncan arise from a combination of changes in the different properties,
we cannot easily quantify the uncertainty in the composite mean eddy properties.

To assess the dynamics below the ice base associated with warm events at depth, Fig. 9b shows a hodbtjrgph for
and Fig. 9c shows the corresponding time serieg,oSimilar to atM1gwer , the hodograph @1 pper rotates anticlockwise
aroundtyp. In addition, the time series of, (relative to' =328 ) agrees well withv,, at M1 4. , indicating that the eddies
associated with warm events at depth extend up to the ice basd1lfber , the composite temperature and oxygen show
signi cantly low values before and aftég, and the temperature is at a maximum df:.87 0:08 C attg (Fig. Clb-c).

We also observe a statistically signi cant temperature maximumb?7 0:08 C atM2q.er Six to eight days aftet (Fig.
C1b). This shows that the WDW advected into the cavity at the main sill via eddies follows, at least to some extent, contours of
water column thickness toward the grounding line as proposed by Hattermann et al. (2012) and modeled by Hattermann et al.
(2014). The temperature maximaM2ower are not associated with the distinct signature of an eddy like at M1.

4 Discussion
4.1 Favorable conditions for warm events

We have shown that the highest temperatures at the main sill occur preferably from January to March and from September
to November (Fig. 3d and 10b) and that these excursions are associated with eddies advected into the cavity (Fig. 9). In the

21



https://doi.org/10.5194/egusphere-2024-904 ’\
Preprint. Discussion started: 3 April 2024
¢ Author(s) 2024. CC BY 4.0 License. EG Usphere



450

455

460

465

470

475

480

https://doi.org/10.5194/egusphere-2024-904 ’\
Preprint. Discussion started: 3 April 2024
¢ Author(s) 2024. CC BY 4.0 License. EG Usphere

following, we discuss potential favorable conditions for warm in ows during these two periods, incorporating also observations
from outside the cavity (Hattermann, 2018; Lauber et al., 2023a).

Modeling studies have suggested that warm intrusions at the main sill occur when the offshore WDW and the associated
thermocline are lifted over the main sill (Smedsrud et al., 2006; Nicholls et al., 2008; Ngst et al., 2011). Variations of the
thermocline depth on monthly timescales are driven by the strength of the alongshore winds and freshwater forcing from sea
ice melt (referred to as external forcing in the following, Lauber et al., 2023a). Downstrebim\&t, the coastal thermocline
is shallowest in February (Fig. 10c, Hattermann, 2018). Upstre&l &, observations aDML ghaiow Show the shallowest
thermocline in March (Fig. 10c), but the minimum in thermocline depth closer to the coast likely occurs earlier than that
(Lauber et al., 2023a). Therefore, the shallowest externally forced thermocline depth can explain the mWDW/WDW in ow
that occurs from January to MarchMflower (Fig. 10b), but not the enhanced warm in ow from September to November.

On the upstream and downstream continental shelves, respectively, mooring observations have shown the highest tempere
tures at depth in January/Februangét E in front of Shirase Glacier Tongue (Hirano et al., 2020) and in April/Maylatw
in front of Filchner-Ronne Ice Shelf (Ryan et al., 2017, 2020). This timing of deep warm in ow is consistent with the shal-
lowest externally forced thermocline above the continental slope in these regions (Ohshima et al., 1996; Semper and Darelius,
2017). Likewise, at the eastern sill of Fimbulisen, the highest observed temperatures between January and April (Fig. 3f and
10b) coincide with the shallowest externally forced thermocline (Fig. 10c).

The most obvious difference between the apove locations and the main sill of Fimbulisen is the unique geometric con gura-
tion of Trolltunga, which overhangs the continental slope. We hypothesize that the seasonal interplay of the ASC with the ice
shelf plays a role in setting up favorable conditions for WDW intrusions at times other than at the externally forced thermocline
depth minimum. Recent observational and modeling studies have highlighted the role of conservation of potential vorticity for
the interaction of the ASC with an ice shelf (Wahlin et al., 2020; Steiger et al., 2022). As the ASC follows contours of water
column thickness (Thompson et al., 2018), the presence of Trolltunga may displace the upstream ASC (Fig. 10d) up to 2km
northward in front of the main sill (Fig. 10a). This displacement is expected to vary seasonally, as the potential vorticity con-
straint depends on strati cation (Steiger et al., 2022) and baroclinicity (Hattermann et al., 2014, estimated by velocity shear
at M1, Fig. 10d). Depending on the strength and direction of the ASC in front of the main sill, anomalies in bottom Ekman
transport may further adjust the depth of the body of WDW on the continental slope (Smedsrud et al., 2006; Webb et al., 2019).
We suggest that this setting of mechanisms provides favorable conditions for the advection of warm eddies across the main sill
between September and November.

We did not nd statistically signi cant changes in the characteristics of the eddies described in Sect. 3.4 between the two
seasonal warm in ow periods. Potential mechanisms for the generation of these eddies are (i) the detaching as baroclinic insta-
bilities from the locally shoaled body of WDW below Trolltunga (Ngst et al., 2011) or (ii) the shedding of barotropic meanders
from the edges of Trolltunga (Walkden et al., 2009). The advection of the eddies across the main sill may be facilitated by a
mean ow into the cavity from August to February (Fig. 4d). It is unclear if this mean ow causes the warm intrusions and/or

if it is the result of the seasonal reorganization of water masses inside the cavity (Fig. 7). Although a detailed understanding
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ASW for basal melting and the cavity circulation. As such, the contribution of basal melting by ASW below the deep central
part of Fimbulisen may be larger than previously thought.

At the M2 site, basal melting and its temporal variabjlity has been directly measured by an autonomous phase-sensitive radio-
echo sounder (ApRES) deployed between 2017 and 2021 (Lindbéack et al., 2023). The magnitude of the melt rates was inferrec
to follow the temperature al2,p0er 0N Mmonthly timescales and the speed of the currend2ag,er On daily timescales
(Lindbéck et al., 2023). This relation was attributed to stronger currents facilitating the turbulent transport of heat toward the
ice base. Our observation of ASW MR ,,er cOmplements these results, suggesting that this water mass indeed contributes
to delivering heat for basal melting to 370 m deep ice.

We have observed the highest ASW temperatures of uplt8 C in 2016/17 (Fig. 2a/c) when the sea ice concentration in
the Weddell Sea and in front of Fimbulisen was at a record low (Turner et al., 2020). Similarly, Lindbé&ck et al. (2019) found
a sudden increase in basal melt rates close to the ice front of Nivlisen Ice Shé&lfEaduring periods when no sea ice was
present in front of the ice shelf. These observations are in line with increased solar heating of ASW in the absence of sea ice
cover (Kusahara and Hasumi, 2013). In this context, our ndings highlight that changes in Southern Ocean heat content (Prince
and L'Ecuyer, 2024) and possibly associated changes in ASW temperature may have direct implications for basal melting down

to the deep central part of Fimbulisen.
4.2.2 Melting by WDW

Based on modeling results, Ngst et al. (2011) and Hattermann et al. (2014) have proposed that the transport of mMWDW/WDW
across the main sill into the Fimbulisen cavity occurs through eddies. Here, we have provided direct observational evidence
for, and additional details pn this process: warm events!hwer are associated with the signature of eddies, which on
average have a radius of 8 km and take about two days (t) to pass the main sill into the cavity. These warm intrusions
occur preferably between January and March and between September to November. This nding, together with the potential
importance of ASW for melting of deeper ice, can be valuable for interpreting the seasonal variability in satellite-derived basal
melt rates (Adusumilli et al., 2020). Traces of WDWMRypper con rm that WDW-driven melting of deep ice drives an
overturning circulation (Ngst and Foldvik, 1994) that affects the cavity circulation on seasonal timescales and appears to have
strengthened after 2016.

The observed timing of WDW in ows below Fimbulisen suggests that the presence of Trolltunga plays an important role
for the in ow dynamics into the cavity. This highlights the potential consequences of the unique setup of the ice shelf and
continental slope at Fimbulisen on its mass balance, where future changes in the extent of the ice tongue (like the past major
calving event in 1967 (Swithinbank et al., 1977)) may impact the extent to which WDW can access the cavity. However, to
more robustly link Trolltunga and associated processes to warm intrusions across the main sill and basal melting of the ice

shelf, more work, e.g. using high-resolution numerical modeling, will be needed.
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5 Summary and conclusions

The 12 years of temperature, oxygen, and velocity observations below Fimbulisen Ice Shelf have provided new insights into the
processes guiding heat into the cavity, both through ASW at the ice base and WDW near the sea oor. Key features identi ed

in the cavity hydrography and circulation are:

— ASW intrudeg the cavity below the ice base every year, contributing up to 75 % to the observed water mass composition
at 220 m depth in March and up to 20 % at 370 m depth in July.

— The in ow of ASW along the western side of the Jutulstraumen keel in autumn is in agreement with density gradients

derived from velocity shear by thermal wind balance.

— Below a deeper ice draft (350 m), meltwater mixing lines suggest that ISW near the ice base originates from melting by
WDW.

— The temperature distribution at the main sill is a superposition of three distinct modes: (i) a background temperature at
the surface freezing point, (i) warm WDW in ow from (a) January to March and (b) September to November, and (iii)

cold ISW out ow from May to August.
— Warm events at the main sill are associated with cyclonic eddies that reach up to the ice base.

These results complement the previous mooring studies from Hattermann et al. (2012) and Lauber et al. (2023c) by providing
long-term evidence of the temporal and spatial variability of the water masses inside the cavity. The ndings highlight the
potential future relevance of basal melting of Fimbulisen by ASW and WDW, adding to our understanding of the processes

that are important to assess future mass loss of the Antarctic ice sheet and associated sea level rise in a warming climate.

Code and data availability.The code to analyze the data and create the gures is available from the corresponding author upon request.
The M1-3 mooring data will be updated at https://doi.org/10.21334/npolar.2023.4a6¢36f5 (Lauber et al., 2023b) and made available on
full hourly resolution via https://data.npolar.no. Winkler titration data and glider data will be made available via https://data.npolar.no.
The DML mooring data are available at https://doi.org/10.21334/npolar.2023.45d176be (Lauber et al., 2024a). The CTD data from the Troll
Transect 2020/21 cruise are available at https://doi.org/10.21334/npolar.2023.b1504a66 (Lauber et al., 2024b). The hydrographic climatology
at 17 W is available at https://doi.org/10.1594/PANGAEA.893199 (Hattermann and Rohardt, 2018). Bathymetric data are available at
https://doi.org/10.1594/PANGAEA.913742 (Eisermann et al., 2020b), https://doi.org/10.1594/PANGAEA.963737 (Eisermann, 2024), and
https://doi.org/10.1594/PANGAEA.937574 (Dorschel et al., 2022).

Appendix A: Processing of oxygen data

The Oxygen Optodes 3830 mounted on the RCM9s measured the partial pressure of the oxygen dissolved in the seawate
through a foil, that is permeable to gas, but not water or salt. The large amount of noise toward low values in the oxygen
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records from the optodes requires careful processing of these data. No noise is present toward higher oxygen values, makin
high values generally more reliable than low values. The steps undertaken to process the data are summarized below:

1. Salinity and pressure correction:

560 The raw data from the instruments were corrected for the effects of salinity and pressure. This was done following the
procedure recommended by the manufacturer (Aanderaa Data Instruments, 2007):

DOcorr = DOuncorr fsfp; (A1)

whereDO,r is the corrected oxygemO ncorr IS the uncorrected oxygen, afig andfp are factors compensating
the effects of salinity and pressure, respectively. These factors are given by

565 fs = exp (S S )(Bo+ BiTs+ BT+ BaTE)+ Co(S? S ) (A2)
0:032D
fe " Tooom’ (A3)

whereS is the practical salinity measured by the RCMN®); = 1psu is a xed internal salinity setting of the optode,
Ts is the scaled temperature (de ned beloB),..3 andCy are constants (given in Table Al), aBdis the depth of
the sensor. As salinity measurements were only available until the end of 3048s set to the time-mean of each
570 instrument over this period. An increaseSrby 0.1 psu leads to a decreaseD@ ., by 0:005mll ! at the typically
measured salinities, i.e. the sensitivity@O .oy to temporal changes in salinity is negligible. MBypper , Where no
salinity measurements were availat@ayas set to the mean salinity Bf1p,er . The scaled temperatufe is given by

20815C T
Ts=n s CeT -

whereT is the in situ temperature irC measured by the RCM9.

575 2. Unit conversion:
The unit given by the instrument igmoll *. This unit was converted intmll *:

| |
ml—=10 3$v; (A5)

whereV =22:41Imol ! is the molar volume of an ideal gas at standard temperature and pressure.

3. Offset removal:

580 We identi ed an offset of0:4mll ! in the sub-ice-shelf oxygen data compared to the auxiliary data sets. At the lower
instruments, this offset was obtained from the difference between the respective WDW-WW mixing lines #Dthe
diagram (Fig. 5). This mixing line is most pronounced\tt .- (due to the strongest WDW in uence), but is also
present to some extent 2 ower aNdM3ower . Therefore, to remove the offset, we added a constant valOg afl | 2
to the oxygen data of all lower instruments.
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585 At the upper instruments, an offset is harder to identify than at the lower instruments ini@ diagram (Fig. 5),
as the water masses do not follow a clear mixing line. A mixing line between ASW and WW is more pronounced in
the Winkler titration data in &,-DO diagram (Fig. Al, based only on data until the end of 2010). The slope of the
ASW-WW mixing line atM1,,per agrees with the slope of the line from the Winkler titration data, yielding the same
offset of 0:4mll 1 as for the lower instruments. FO2,pper , theSa-DO diagram is less conclusive since most of the

590 observed water is ISW, but this is not represented in the auxiliary data. However, after adding the same offset to the
M2ypper OXygen data, th&, -DO properties can be traced back along a meltwater mixing line to originate from WW in
all three auxiliary data sets (Fig. A1). M3ypper NO comparison irBa -DO space can be done due to missing salinity
data. However, due to similar temperature values (Fig. 2a/c) and a similar seasonal variability in temperature (Fig. 3a/c)
and oxygen (Fig. A2) a3 pper compared tM1,,per , and because the magnitude of the oxygen offset was the same

595 at all other ve instruments, the constant@#mil ! was also added to the oxygen record&t,pper -

The coef cients to convert the raw instrument voltage from the instrument into engineering units of dissolved oxygen
are the same for all six optodes. This may explain why the offset in absolute oxygen values is also the same. However,
after consulting the instrument manufacturer, we cannot conclude on the origin of this offset.

4. Noise removal:

600 This step was done separately for the upper and lower sensors, due to different temperature-oxygen properties below the
ice base compared to close to the seabed.

(a) For the upper oxygen sensors, all values below a threshdibafll 1 were discarded. After that, the hourly
data were subsampled by selecting the maximum hourly measurement for each day. If one or more measurements
during one day had already been discarded, no measurement was kept for the respective day. This method yields

605 the upper envelope of the oxygen time series and strictly removes any suspicious spikes toward low values.

(b) For all lower oxygen sensors, low oxygen values accompanied by an increase in temperature were identi ed as
real features in Fig. 5, as they lay on the WW-WDW mixing line. Using the same method as for the upper sensors
would remove these values. To avoid this, we de ne a threshold based on both oxygen and temperature, below
which all data oxygen measurements were removed. This threshold is set directly below the WW-WDW mixing

610 line (black-white dashed line in Fig. 5), and is described by the equation

DO=5mll ' 1mll * Cc ! : (AB)

To account for any remaining artifacts in the absolute values of dissolved oxygen, we used an uncertaipty-of
0:1mll ! inthe OMP calculations (see Appendix B).
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Table Al. Constants used for the compensation of salinity at the Oxygen Optodes 3830.

Bo 6:24097 10 3psu !
B 6:93498 10 3psu ! C !
B 6:90358 10 3psu ' C 2
B3 4:29155 10 %psu ! C 3
Co 3:11680 10 “psu 2

Appendix B: Uncertainty analysis of the OMP analysis

The uncertainties of the water mass fractianBom the OMP analysis were calculated using a Monte Carlo approach: First,
uncertainties were assigned to the tracer properties of the source water masses (Table 2, Fig. B1) and the measured trace
( =0:05C, s, =0:05gkg !, po =0:1mll ). Then, the OMP calculation for the mean and the daily averages was
re-run1C® times, but with all source water properties and measured values perturbed by a randomly drawn value of a normal
distribution with zero mean and the respective uncertainty of the tracers as standard deviation. The standard deviation of the
distribution from all perturbed runs was then taken as the error of the water mass fractions.

Appendix C: Signi cance and uncertainty analysis for warm events

The statistical signi cance of the time series before and after the warm events was calculated using a Monte Carlo approach:
for each variable at each instrument, the number of events, over which the value at the respective lag was averaged (referred t
as original average in the following), was stored. This number varies due to gaps in some of the time series. It was then tested
10° times how often the original average is greater or lower than an average based on the same number of events, but from
values randomly drawn from the respective full time series. If for at least 99 % of the tests the original average was larger, or
for at least 99 % of the tests the original average was smaller than the random average, the value was considered signi cant.
The uncertainty of the composite averages was assessed by taking the standard deviation of all included variables across a

events on hourly resolution before, after, and during an event.
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Figure A2. Monthly averaged climatology of dissolved oxygen (after offset and noise removal) at all sub-ice-shelf mooring instruments.
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