
UNIVERSITYof 
TASMANIA 

6AL1@a*�G1 P*1�L S_P*1aa1a ._AoAL: h>1 "�a�G
J1GhAL: P6 �Lh�_*hA* A*1 a>1Go1a 

#v 

J�/2H�BM2 :�K#H2 _Qb2p2�` 
"Xa+X >QMb 

AMbiBimi2 7Q` J�`BM2 �M/ �Mi�`+iB+ aim/B2b 
*QHH2;2 Q7 a+B2M+2b �M/ 1M;BM22`BM; 

am#KBii2/ BM 7mH}HK2Mi Q7 i?2 `2[mB`2K2Mib 
7Q` i?2 .2;`22 Q7 .Q+iQ` Q7 S?BHQbQT?v 

lMBp2`bBiv Q7 h�bK�MB� 

.2+2K#2` kyky 





This thesis contains no material which has been accepted for a degree or 

diploma by the University or any other institution, except by way of back-

ground information and duly acknowledged in the thesis, and to the best 

of my knowledge and belief no material previously published or written by 

another person except where due acknowledgement is made in the text of the 

thesis, nor does the thesis contain any material that infringes copyright. 

Signed: 
Madelaine Gamble Rosevear 

Date: September 13, 2020 



This thesis may be made available for loan and limited copying and commu-

nication in accordance with the Copyright Act 1968. 

Signed: 
Madelaine Gamble Rosevear 

Date: September 13, 2020 



STATEMENT ON CO-AUTHORSHIP 

The following people and institutions contributed to the manuscript that forms part of 

this thesis. 

Paper 1 located in Chapter 3: Rosevear, M. G., Gayen, B., and Galton-Fenzi, B. K. 

(2021) The role of double-diffusive convection in basal melting of Antarctic ice shelves. 

Proceedings of the National Academy of Science. Accepted for publication 2 January 

2021. 

• Madelaine Meredith Gamble Rosevear, Candidate, University of Tasmania (75%) 

• Bishakhdatta Gayen, Advisor, University of Melbourne (12.5%) 

• Benjamin Keith Galton-Fenzi, Supervisor, Australian Antarctic Division (12.5%) 

Details of authors roles: 

Madelaine Gamble Rosevear designed and ran the model experiment, analysed and in­

terpreted the results and led the manuscript preparation. 

Bishakhdatta Gayen developed the code for this application and contributed to hypoth­

esis development, interpretation of results and manuscript preparation. 

Benjamin Keith Galton-Fenzi contributed to hypothesis development, interpretation of 

results and manuscript preparation. 



We, the undersigned, agree with the above stated "proportion of work undertaken" for the above submitted manuscript contributing to this thesis: 

Signed: ___________________ _ 

Ms Madelaine Gamble Rosevear 
Candidate 
Institute for Marine and Antarctic Studies 
University of Tasmania 

Signed:
Professor Nathaniel Lee Bindoff 
Supervisor 
Institute for Marine and Antarctic Studies 
University of Tasmania 

Signed: ------------------------------­
Professor Neil Holbrook 
Head of centre, Oceans & Cryosphere 
Institute for Marine and Antarctic Studies 
University of Tasmania 

Date: January 22, 2021 



�"ah_�*h 

h?2 �Mi�`+iB+ A+2 a?22i- r?B+? +QKT`Bb2b i?2 H�`;2bi pQHmK2 Q7 B+2 QM Qm` TH�M2i- Bb HQbBM; 

K�bb /m2 iQ Q+2�M@/`Bp2M K2HiBM; Q7 Bib 7`BM;BM; B+2 b?2Hp2bX 1zQ`ib iQ `2T`2b2Mi #�b�H 
K2HiBM; BM b2� H2p2H T`QD2+iBQMb �`2 mM/2`KBM2/ #v TQQ` mM/2`bi�M/BM; Q7 i?2 im`#mH2Mi 
B+2 b?2H7@Q+2�M #QmM/�`v H�v2` UAaP"GV- � K2i2`b@i?B+F #�M/ Q7 Q+2�M i?�i `2;mH�i2b 
?2�i- b�Hi �M/ KQK2MimK i`�Mb72` #2ir22M i?2 7�` }2H/ Q+2�M �M/ i?2 B+2X _2;BQM�H 
Q+2�M KQ/2Hb +�MMQi `2bQHp2 i?2 AaP"G �M/ BMbi2�/ `2Hv QM T�`�K2i2`Bb�iBQMb iQ T`2/B+i 
K2HiBM;X >Qr2p2`- Q#b2`p�iBQMb bm;;2bi i?�i i?2b2 T�`�K2i2`Bb�iBQMb QMHv T2`7Q`K r2HH 
7Q` � bm#b2i Q7 `2H2p�Mi Q+2�M +QM/BiBQMb- M�K2Hv BM +QH/- 2M2`;2iB+ 2MpB`QMK2MibX h?Bb 
i?2bBb mb2b #Qi? Q#b2`p�iBQM�H /�i� �M/ im`#mH2M+2@`2bQHpBM; KQ/2H bBKmH�iBQMb iQ �/@ 
/`2bb i?Bb b?Q`i7�HH #v +?�`�+i2`BbBM; K2HiBM; �M/ AaP"G /vM�KB+b �+`Qbb � #`Q�/ `�M;2 
Q7 Q+2�M bi�i2bX 

*?�Ti2` R Q7 i?Bb i?2bBb QmiHBM2b i?2 KQiBp�iBQM �M/ +QMi2ti 7Q` i?2 rQ`F i?�i 7QHHQrb-
?B;?HB;?iBM; i?2 m`;2Mi FMQrH2/;2 ;�Tb i?�i rBHH #2 �//`2bb2/X AM +?�Ti2` k- � mMB[m2 
b2i Q7 Q#b2`p�iBQMb 7`QK #2M2�i? i?2 �K2`v A+2 a?2H7- BM+Hm/BM; BM bBim #�b�H K2Hi `�i2-
Q+2�M p2HQ+Biv- i2KT2`�im`2 �M/ b�HBMBiv /�i� �`2 �M�Hvb2/ �M/ Q+2�M +QM/BiBQMb �`2 
+?�`�+i2`Bb2/X h?2 K2�M #�b�H K2Hi `�i2 �i i?2 bBi2 UyX8 K v`1V Bb � 7�+iQ` Q7 kĜ9 HQr2` 
i?�M T`2/B+i2/ 7`QK +QKKQM B+2@Q+2�M T�`�K2i2`Bb�iBQMbX h?Bb `2bmHi bm;;2bib �M BK@ 
TQ`i�Mi `QH2 7Q` bi`�iB}+�iBQM �i i?Bb bBi2- 2Bi?2` i?`Qm;? bmTT`2bbBQM Q7 ?2�i i`�MbTQ`i 
iQ i?2 B+2@Q+2�M BMi2`7�+2 Q` � b?Q�HBM; Q7 i?2 KBt2/ H�v2` /2Ti?X h?2b2 T`Q+2bb2b +�M@ 
MQi #2 mM`�p2H2/ 7`QK i?2 �p�BH�#H2 Q#b2`p�iBQM�H /�i�- 7m`i?2` KQiBp�iBM; i?2 M22/ 7Q` 
im`#mH2M+2 `2bQHpBM; bBKmH�iBQMbX 

AM +?�Ti2` j- H�`;2@2//v bBKmH�iBQM Bb mb2/ iQ KQ/2H i?2 AaP"GX h?2 KQ/2H /QK�BM +QM@ 
bBbib Q7 � ?Q`BxQMi�H B+2@Q+2�M BMi2`7�+2 rBi? � K2HiBM; #QmM/�`v +QM/BiBQM �i i?2 mTT2` 
bm`7�+2- mM/2`H�BM #v � bi`�iB}2/ Q+2�MX h?2 /QK�BM Bb T2`BQ/B+ BM #Qi? ?Q`BxQMi�H /B`2+@ 
iBQMb- �M/ Bb 7Q`+2/ rBi? � bi2�/v ~Qr BM ;2Qbi`QT?B+ #�H�M+2X �i `2H�iBp2Hv r�`K- HQr 

p2HQ+Biv +QM/BiBQMb � bK�HH@b+�H2 KBtBM; T`Q+2bb U/Qm#H2@/BzmbBp2 +QMp2+iBQMV Bb b?QrM iQ 

/2i2`KBM2 B+2 b?2H7 K2Hi `�i2 �M/ i?2 T`QT2`iB2b Q7 i?2 KBt2/ H�v2` i?�i 7Q`Kb #2M2�i? i?2 
B+2X AM /Qm#H2@/BzmbBp2 `2;BK2- K2HiBM; Bb 7QmM/ iQ #2 BM?2`2MiHv mMbi2�/v BM iBK2 �M/ 



BMb2MbBiBp2 iQ b?2�` 7`QK i?2 BKTQb2/ +m``2MiX aBKmH�i2/ K2Hi `�i2b �M/ r�i2` +QHmKM 

bi`m+im`2 �`2 +QMbBbi2Mi rBi? Q#b2`p�iBQMb K�/2 M2�` i?2 ;`QmM/BM; HBM2 Q7 i?2 _Qbb A+2 
a?2H7X 

AM +?�Ti2` 9- KQ/2H 7Q`+BM; +QM/BiBQMb �`2 2tT�M/2/ iQ 2M+QKT�bb +QH/2` �M/ KQ`2 
2M2`;2iB+ +�pBiv 2MpB`QMK2Mib BM r?B+? +m``2Mi b?2�` +QMi`QHb K2HiBM;X hrQ /BbiBM+i 
KBtBM; `2;BK2b 2K2`;2, � bi`�iB}2/ `2;BK2 BM r?B+? #QmM/�`v H�v2` im`#mH2M+2 Bb bi`QM;Hv 

�z2+i2/ #v i?2 bm`7�+2 #mQv�M+v ~mt /m2 iQ K2HiBM; �M/ � r2HH@KBt2/ `2;BK2 BM r?B+? 

#mQv�M+v ?�b HBiiH2 2z2+iX h?2 bi`�iB}2/ `2;BK2 bmTTQ`ib bi`QM; i2KT2`�im`2 �M/ b�HBMBiv 

;`�/B2Mib M2�` i?2 B+2- /2+QmTHBM; i?2 BMi2`7�+2 �M/ 7�` }2H/ +QM/BiBQMbX h?2 `2H�iBp2 
bi`2M;i? Q7 i?2 bm`7�+2 #mQv�M+v ~mt �M/ b?2�`- +?�`�+i2`Bb2/ #v i?2 P#mF?Qp H2M;i? 

b+�H2- Bb b?QrM iQ #2 +`BiB+�H iQ #Qi? ?2�i ~mt �M/ #QmM/�`v H�v2` /2Ti?X 

_2bmHib 7`QK +?�Ti2`b j �M/ 9 �`2 mb2/ iQ /2p2HQT � `2;BK2 /B�;`�K 7Q` AaP"G /vM�KB+b 
#2M2�i? ?Q`BxQMi�H- K2HiBM; B+2 BM /Bb+mbbBQM +?�Ti2` 8X h?Bb MQp2H /B�;`�K T`QpB/2b M2r 

BMbB;?i BMiQ i?2 p�`B2/ �M/ MQMHBM2�` `2bTQMb2b Q7 #�b�H K2HiBM; �M/ AaP"G /vM�KB+b iQ 

HQ+�H +QM/BiBQMb �`QmM/ �Mi�`+iB+�X *QKT�`BbQM iQ Q#b2`p2/ bm#@B+2 b?2H7 +QM/BiBQMb �M/ 

K2Hi `�i2b 7`QK +?�Ti2` k �M/ Qi?2` Tm#HBb?2/ bim/B2b Bb 7�pQ`�#H2 �M/ /2KQMbi`�i2b i?2 
`2H2p�M+2 Q7 i?2b2 `2;BK2b Qp2` � #`Q�/ `�M;2 Q7 `2�HBbiB+ +QM/BiBQMbX AMbB;?ib 7`QK i?Bb 
i?2bBb bB;MB}+�MiHv 2ti2M/ i?2 +m``2Mi mM/2`bi�M/BM; Q7 i?2 AaP"G �M/ #�b�H K2HiBM;X 
h?2 BM+HmbBQM Q7 i?2 /Qm#H2@/BzmbBp2 �M/ bi`�iB}2/ `2;BK2b BM 7mim`2 T�`�K2i2`Bb�iBQMb Q7 
B+2@Q+2�M BMi2`�+iBQMb rBHH bB;MB}+�MiHv BKT`Qp2 K2Hi `�i2 2biBK�i2b- rBi? +QMb2[m2M+2b 
7Q` T`2/B+iBQMb Q7 B+2 b?22i bi�#BHBivX 

pBBB 
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h?Bb i?2bBb r�b r`Bii2M QM i?2 H�M/ Q7 i?2 JmrBMBM� T2QTH2 Q7 MBT�HmM� U>Q#�`iVX A 
�+FMQrH2/;2 �M/ `2bT2+i i?2 /22T �M/ 2M/m`BM; +QMM2+iBQM iQ +QmMiv �M/ +mHim`2 ?2H/ 

#v i?2 JmrBMBM� �M/ T�H�r� T2QTH2b- i?2 i`�/BiBQM�H QrM2`b Q7 Hmi`mrBi� Uh�bK�MB�VX 

h?2v b�v Bi i�F2b � pBHH�;2 iQ `�Bb2 � i?2bBb- �M/ A �K bQ ;`�i27mH iQ Kv pBHH�;2X hQ 

Kv bmT2`pBbQ`b "2M :�HiQM@62MxB �M/ L�i?�M "BM/Qz- �M/ Kv 2ti2`M�H �/pBbQ` "Bb?�F? 

:�v2M- i?�MF vQm bQ Km+? 7Q` #`BM;BM; vQm` 2tT2`iBb2 iQ i?Bb T`QD2+iX Ai ?�b #22M bm+? 

� TH2�bm`2 iQ H2�`M 7`QK vQm �M/ rBi? vQmX "Bb?�F?- i?�MF vQm 7Q` �Hr�vb #`BM;BM; bm+? 

2Mi?mbB�bK iQ Kv T`QD2+iX uQm M2p2` 7�BH2/ iQ ;Bp2 K2 #�+F KQK2MimK �M/ Tm`TQb2 
r?2M Bi r�b H�+FBM;X hQ "2M- i?�MF vQm 7Q` vQm` mM~BM+?BM; +QM}/2M+2 BM Kv �#BHBiB2b 
�M/ 7Q` i?2 �K�xBM; QTTQ`imMBiB2b vQmǶp2 b2Mi Kv r�vX 

hQ Kv T�`2Mib- >�MM�? :�K#H2 �M/ *`�B; _Qb2p2�`- i?�MF vQm 7Q` vQm` HQp2 �M/ bmTTQ`iX 
AǶK bQ ;`�i27mH 7Q` �HH i?2 QTTQ`imMBiB2b vQmǶp2 ;Bp2M K2X hQ 62HB+Biv J+*Q`K�+F �M/ 

�MM� *`2bbr2HH- i?�MF vQm 7Q` #H�xBM; i?2 i`�BH- #2HB2pBM; BM K2 �M/ �Hr�vb ;BpBM; K2 
� ?�M/ mTX hQ Kv ?Qmb2K�i2b *H�B`2 "miH2`- oBM+2Mi .Q//- .�Mi2 Em`i? �M/ J�//v 

"`Q/B2- i?2 ?QK2 r2Ƕp2 K�/2 iQ;2i?2` K2�Mb bQ Km+? iQ K2X h?�MF vQm bQ Km+? 7Q` 
�HH i?2 HQp2- +?�Qb �M/ bmTTQ`iX �M/ iQ Kv T�`iM2`- *?`Bb G�M;- i?Bb rQmH/ ?�p2 #22M 

bQ Km+? H2bb 7mM rBi?Qmi vQmX 

AM MQ T�`iB+mH�` Q`/2`- A rQmH/ �HbQ HBF2 iQ i?�MF 62HB+Biv J+*Q`K�+F- *�i?2`BM2 o`2m;@ 
/2M?BH- �MM� *`2bbr2HH- *?`Bb G�M;- J�//v "`Q/B2- oBM+2Mi .Q//- .�Mi2 Em`i?- �M/ 

GBb� *`�r 7Q` i?2B` 2/BiBM; ?2HTc *`�B; ai2p2Mb- JBF2 qBHHB�Kb- "2M :�HiQM@62MxB �M/ 

S�mH qBM#2``v 7Q` BM+Hm/BM; K2 BM i?2B` BM+`2/B#H2 }2H/rQ`Fc _Qbb :`B{i?b- �M/v >Q;;-
L2`BHB2 �#`�Kb �M/ i?2 :6. ;`QmT �i �Ll 7Q` 2�`Hv bmT2`pBbBQM �M/ K2MiQ`b?BTc i?2 
lh�a B+2 b?22ib ;`QmT �M/ am2 *QQF 2bT2+B�HHv 7Q` +`2�iBM; � #`BHHB�Mi �M/ bmTTQ`i@ 
Bp2 `2b2�`+? 2MpB`QMK2Mic �M/ PH2 _B+?i2` �M/ qBHK� >mM2F2- Kv S?. ǳbB#HBM;bǶǶ- 7Q` 
b?�`BM; i?Bb DQm`M2v rBi? K2X 
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R AMi`Q/m+iBQM R 

RXR a2� H2p2H- B+2 b?22ib �M/ B+2 b?2Hp2b X X X X X X X X X X X X X X X X X X X X X  k 

RXk A+2 b?2H7@Q+2�M BMi2`�+iBQMb, H�`;2@b+�H2 T`Q+2bb2b �M/ +B`+mH�iBQM X X  X X X  e 

RXj A+2 b?2H7@Q+2�M BMi2`�+iBQMb, i?2 B+2 b?2H7@Q+2�M #QmM/�`v H�v2` X X  X  X  X  X  Ry 

RXjXR J2HiBM; �M/ i?2 B+2@Q+2�M BMi2`7�+2 X X X X X X  X X X X X X X X X X X  Ry 

RXjXk h?2 7`B+iBQM�H B+2 b?2H7@Q+2�M #QmM/�`v H�v2` X X  X X X X X X X X X X RR 

RXjXj *QMp2+iBQM@/`Bp2M K2HiBM; X X X X X X X X X X X X X X X X X X X X X X  Re 

RX9 P#b2`p�iBQMb #2M2�i? B+2 b?2Hp2b X X X X X X X X X X X X X X X X X X X X X X  R3 

RX8 h?2bBb Q#D2+iBp2b �M/ QmiHBM2 X X X X X X X X X X X X X X X X X X X X X X X X  kR 

k P#b2`p�iBQMb Q7 #�b�H K2HiBM; �M/ Q+2�M +B`+mH�iBQM #2M2�i? i?2 �K2`v 

A+2 a?2H7 kj 

kXR AMi`Q/m+iBQM X X X X  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  k9 

kXRXR �K2`v A+2 a?2H7 X X  X X X X X X X X X X X X X X X X X X X X X X X X X X  k8 

kXRXk h?2 B+2 b?2H7@Q+2�M #QmM/�`v H�v2` X X X X X X  X X X X X X X X X X X  ke 

kXRXj JQ/2HBM; B+2@Q+2�M BMi2`�+iBQMb X X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  kd 

kXRX9 S`2b2Mi bim/v X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  jy 

kXk .�i� �M/ J2i?Q/QHQ;v X X  X X X X X X X X X X X X X X X X X X X X X X X X X X  jR 

B 
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kXkXR AMbi`mK2Mi�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X  jR 

kXkXk J2Hi `�i2 K2�bm`2K2Mib X X X X X X X X X X X X X X X X X X X X X X X  jk 

kXj P#b2`p�iBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  jj 

kXjXR P+2�MQ;`�T?B+ b2iiBM; X X X X X X X X X X X X X X X X X X X X X X X X  jj 

kXjXk "�b�H K2Hi `�i2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X  9y 

kX9 *QKT�`BbQM rBi? KQ/2Hb X X X X X X X X X X X X X X X X X X X X X X X X X X X  9R 

kX9XR *?QB+2 Q7 /�i� X X X X X X X X X X X X X X X X X X X X X X X X X X X X  9R 

kX9Xk A+2 b?2H7 ?2�i ~mt X X X X X X  X X X X X X X X X X X X X X X X X X X X X  9j 

kX9Xj _2bmHib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  99 

kX8 .Bb+mbbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  9e 

kX8XR h?2 bmBi�#BHBiv Q7 b?2�` �M/ +QMp2+iBp2 K2HiBM; T�`�K2i2`Bb�iBQMb 
�i �Jye X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  9e 

kX8Xk a�KTHBM; /2Ti? +QMbB/2`�iBQMb X X X X X X X X X X X X X X X X X X X  93 

kX8Xj h`�Mb72` �M/ /`�; +Q2{+B2Mib X X X X X X X X X X X X X X X X X X X X  8y 

kX8X9 1ti2MbBQM iQ Qi?2` Tm#HBb?2/ bim/B2b X X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  8R 

kXe amKK�`v �M/ +QM+HmbBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X  8k 

j h?2 `QH2 Q7 /Qm#H2@/BzmbBp2 +QMp2+iBQM BM #�b�H K2HiBM; Q7 �Mi�`+iB+ 

B+2 b?2Hp2b 88 

jXR AMi`Q/m+iBQM X X X X  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  88 

jXk J2i?Q/b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  83 

jXkXR :Qp2`MBM; 2[m�iBQMb X X X X X X X X X X X X X X X X X X X X X X X X X  83 

jXkXk LmK2`B+�H K2i?Q/ X X X X X X X X X X X X X X X X X X X X X X X X X X  ey 

jXkXj .QK�BM �M/ BMBiB�HBb�iBQM X X X X X X X X X X X X X X X X X X X X X X  eR 

jXj _2bmHib X X X X X  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  ek 

jXjXR .BzmbBp2 +QMp2+iBQM #2M2�i? � K2HiBM; B+2 b?2H7 X X  X  X  X  X  X  X  X  X  e9 

jXjXk 6`B+iBQM p2HQ+Biv �M/ /`�; +Q2{+B2Mi X X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  dk 

BB 
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jXjXj J2HiBM; X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  dj 

jX9 .Bb+mbbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  de 

jX8 amTTH2K2Mi�`v BM7Q`K�iBQM 7Q` +?�Ti2` j X X  X X X X X X X X X X X X X X X X  3R 

jX8XR a?2�` KBt2/ H�v2` /2Ti? b+�HBM; X X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  3R 

jX8Xk *QKT�`BbQM #2ir22M bBKmH�i2/ K2Hi `�i2b �M/ � +QKKQM B+2@Q+2�M 

T�`�K2i2`Bb�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X  3R 

jX8Xj hm`#mH2Mi FBM2iB+ 2M2`;v X X X X X X X X X X X X X X X X X X X X X X X  3k 

9 "�b�H K2HiBM; Q7 � ?Q`BxQMi�H B+2 b?2H7 /`Bp2M #v � bi2�/v- ;2Qbi`QT?B+ 

+m``2Mi 39 

9XR AMi`Q/m+iBQM X X X X  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  38 

9Xk "�+F;`QmM/ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  3e 

9XkXR h?2 B+2 b?2H7@Q+2�M #QmM/�`v H�v2` X X X X X X  X X X X X X X X X X X  3e 

9XkXk JQ/2Hb Q7 B+2@Q+2�M BMi2`�+iBQM X X X X X X X X X X X X X X X X X X X  3N 

9Xj J2i?Q/b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  NR 

9X9 _2bmHib X X X X X  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  Nj 

9X9XR "QmM/�`v H�v2` 2pQHmiBQM �M/ p2HQ+Biv +?�`�+i2`BbiB+b X X X X X X X  Nj 

9X9Xk JBt2/ H�v2` /2Ti? X X X X X X X X X X X X X X X X X X X X X X X X X X  NN 

9X9Xj J2HiBM; X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  Ry9 

9X8 .Bb+mbbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  Ry3 

9Xe *QM+HmbBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  RRj 

8 .Bb+mbbBQM RR8 

8XR _2;BK2b �M/ i`�MbBiBQMb BM #�b�H K2HiBM; Q7 �Mi�`+iB+ B+2 b?2Hp2b X X  X X X  RR8 

8XRXR h`�MbBiBQMb BM i?2 .* `2;BK2 X X X X X X X X X X X X X X X X X X X X  RR8 

8XRXk "QmM/�`v H�v2` `2;BK2b X X X X X X X X X X X X X X X X X X X X X X X  RR3 

8XRXj >2�i �M/ b�Hi i`�Mb72` X X X X X X X X X X X X X X X X X X X X X X X X  Rky 

8XRX9 _2pBbBiBM; i?2 �K2`v A+2 a?2H7 X X X X X X X X X X X X X X X X X X X  Rkk 

BBB 
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e *QM+HmbBQMb Rk9 

� JQ/2H /2i�BHb RkN 

�XR G1a +HQbm`2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  RkN 

�XRXR am#;`B/@b+�H2 +QMi`B#miBQMb X X X X X X X X X X X X X X X X X X X X X  RkN 

�XRXk *HQbm`2 Q7 i?2 hE1 #m/;2i X X X X X X X X X X X X X X X X X X X X X  Rjy 

�Xk :`B/ bT2+B}+�iBQMb �M/ +QMp2`;2M+2 X X X X X X X X X X X X X X X X X X X X X  RjR 

�XkXR �bT2+i `�iBQ i2biBM; X X X X X X X X X X X X X X X X X X X X X X X X X  RjR 

�XkXk >Q`BxQMi�H `2bQHmiBQM X X X X X X X X X X X X X X X X X X X X X X X X X  RjR 

�Xj 6Q`+BM; +QMbB/2`�iBQMb, 2z2+i Q7 p�`vBM; *Q`BQHBb X X X X X  X X X X X X X X X  Rjk 

" P#b2`p�iBQM�H /�i� Rj8 

_161_1L*1a Rjd 

Bp 
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kXR hvT2- /m`�iBQM �M/ /2Ti? Q7 K2�bm`2K2Mib 7`QK i?2 �Jye #Q`2?QH2X 
.2Ti? ;Bp2M rBi? `2bT2+i iQ i?2 B+2@Q+2�M BMi2`7�+2X X X  X  X  X  X  X  X  X  X  X  X  jk 

kXk 1HHBTb2 T�`�K2i2`b 7Q` iB/�H +m``2Mi +QMbiBim2Mib Q7 i?2 /2Ti?@K2�M ~Qr 

Qp2` i?2 mTT2` NyK Q7 i?2 r�i2` +QHmKMX S`2b2Mi2/ �`2 p2HQ+BiB2b Q7 
i?2 2HHBTb2 K�DQ` �M/ KBMQ` �t2b- i?2 BM+HBM�iBQM Q7 i?2 b2KB@K�DQ` �tBb 
U+QmMi2`@+HQ+FrBb2 7`QK 2�biV- �M/ T?�b2 Q7 i?2 iB/�H p2+iQ` `2H�iBp2 iQ 

2[mBHB#`BmK iB/2 �i :`22MrB+?X X X X X  X X X X X X X X X X X X X X X X X X X X  9y 

kXj S?vbB+�H T�`�K2i2`b mb2/ BM K2Hi T�`�K2i2`Bb�iBQM +�H+mH�iBQMb X X  X X X X 99 

kX9 J2Hi `�i2b 7`QK Q#b2`p�iBQMb �M/ T�`�K2i2`Bb�iBQMbX *QHmKMb kĜ9 �`2 
�p2`�;2 p�Hm2b Q#b2`p2/ Qp2` i?2 T2`BQ/b ;Bp2M BM +QHmKM R- r?2`2 i?2 
T2`BQ/ bi�`ib QM i?2 di? /�v Q7 i?2 KQMi?X hQ +�H+mH�i2 mM87 � /`�; 

+Q2{+B2Mi Q7 Cd = 0.0025 Bb mb2/X h?2 mTT2` �M/ HQr2` #QmM/b QM i?2 
Q#b2`p�iBQM�HHv +QMbi`�BM2/ i`�Mb72` +Q2{+B2Mi ΓT �`2 #�b2/ QM mbBM; Cd = 

0.0025 �M/ Cd = 0.0097- `2bT2+iBp2HvX h?2 #`�+F2i2/ K2Hi `�i2 2biBK�i2b 
b?Qr i?2 2z2+i Q7 b2iiBM; i?2 ?2�i ~mt BMiQ i?2 B+2 b?2H7 QT iQ x2`QX X X  Xi 9e 

kX8 *QKT�`BbQM #2ir22M Q#b2`p2/ �M/ T`2/B+i2/ K2Hi `�i2b 7Q` � b2`B2b Q7 
�Mi�`+iB+ B+2 b?2Hp2b 7Q` r?B+? #Qi? K2Hi `�i2b �M/ BM bBim Q+2�MQ;`�T?B+ 
/�i� �`2 �p�BH�#H2X P#b2`p2/ p�`B�#H2b T`2b2Mi2/ �`2 i?2 iBK2@K2�M +m`@ 
`2Mi bT22/ UūV- i?2`K�H /`BpBM; U T̄ ∗V �M/ K2Hi `�i2 UmOBSVX J2Hi `�i2 
T`2/B+iBQMb K�/2 7`QK CRy �`2 �HbQ T`2b2Mi2/ 7Q` 2�+? bBi2X q?2`2 i?2v 

�`2 BM #QH/- r2 ?�p2 mb2/ i?2 2biBK�i2 7`QK i?2 Q`B;BM�H bim/vX a22 �T@ 
T2M/Bt " 7Q` 7m`i?2` BM7Q`K�iBQM QM i?2 /�i�X ↔ aBi2b rBi? � bi`QM; iB/�H 
+QKTQM2Mi iQ i?2 ~QrX X X  X X X X X X X X X X X X X X X X X X X X X X X X X X  8j 

jXR .QK�BM �M/ ;`B/ bBx2 7Q` i?2 bBKmH�iBQMb T2`7Q`K2/X .BK2MbBQMb Q7 /Q@ 
K�BM ULX, LY, LZVc MmK#2` Q7 ;`B/ TQBMib UNX,  NY,  NZVc ;`B/ bT�+BM; 

BM r�HH mMBib U∆X+ , ∆Y + , ∆Z+VX X X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  eR 

p 



GAah P6 h�"G1a 

jXk 6`22 bi`2�K p2HQ+Biv UU0V - `272`2M+2 i2KT2`�im`2 UT0V- 7`B+iBQM p2HQ+Biv 
∗Uu = (τw/ρ0)1/2- r?2`2 τw Bb i?2 b?2�` bi`2bb �i i?2 B+2@Q+2�M BMi2`7�+2V-

i?2`K�H /`BpBM; UT ∗ ≡ TML  − Tf (SML, pb)- i?2 i2KT2`�im`2 /Bz2`2M+2 
#2ir22M i?2 KBt2/ H�v2` �M/ i?2 7`22xBM; i2KT2`�im`2 �i KBt2/ H�v2` 
b�HBMBiv �M/ BMi2`7�+2 T`2bbm`2V- i2KT2`�im`2 /Bz2`2M+2 #2ir22M i?2 KBt2/ 

H�v2` �M/ BMi2`7�+2 U∆T = TML  − TbV �M/ K2Hi `�i2 UmVX Pp2`#�` /2MQi2b 
[m�MiBiB2b i?�i �`2 �p2`�;2/ Qp2` 8yĜRyy ?X #P#b2`p�iBQMb `2TQ`i2/ BM 

"2;2K�M 2i �HX UkyR3V- 7`QK i?2 T2`BQ/ y8 C�M kyR8Ĝky C�M kyR8X X X X X  e9 

jXj *QKT�`BbQM #2ir22M bBKmH�i2/ K2Hi `�i2 UmV �M/ K2Hi `�i2 �b T`2/B+i2/ 

#v i?2 i?`22@2[m�iBQM T�`�K2i2`Bb�iBQM UmpredVX X X X X X X X X X X X X X X  3k 

9XR :`B/ bT2+B}+�iBQMb 7Q` /Bz2`2Mi p2HQ+Biv �M/ *Q`BQHBb 7Q`+BM;X 6`22 bi`2�K 

p2HQ+Biv U0c *Q`BQHBb 7`2[m2M+v f c /QK�BM ?Q`BxQMi�H /BK2MbBQM LX U= 

LY Vc /QK�BM ?2B;?i LZc ?Q`BxQMi�H `2bQHmiBQM UBM r�HH mMBibV ∆X+ U4∆Y +Vc 
p2`iB+�H `2bQHmiBQM �i i?2 B+2@Q+2�M BMi2`7�+2 ∆Z+X X X X X X X X X X X X X  NR 

9Xk E2v T�`�K2i2`b �M/ `2bmHibX 6`22 bi`2�K p2HQ+Biv U0c BMBiB�H i?2`K�H /`Bp@ 
∗BM; T0 c 7`B+iBQM p2HQ+Biv u ∗c /`�; +Q2{+B2Mi Cdc i2KT2`�im`2 /Bz2`2M+2 

#2ir22M i?2 BMi2`7�+2 �M/ KBt2/ H�v2` Tb − TMLc K2Hi `�i2 mc P#mF?Qp 

H2M;i?b+�H2 Lc pBb+Qmb P#mF?Qp H2M;i?b+�H2 L+c �M/ KBt2/ H�v2` +H�bbB}@ 
+�iBQM �b qJ Ur2HH@KBt2/V- ah_ Ubi`�iB}2/V Q` .* U/BzmbBp2 +QMp2+iBp2VX 
�HH `2bmHib �`2 �i t = 3∆t- 2t+2Ti `mMb �j- "j �M/ *j r?B+? �`2 �i t = 2∆tX N8 

9Xj *QKT�`BbQM Q7 i`�Mb72` +Q2{+B2Mib 7`QK Q#b2`p�iBQM�H �M/ MmK2`B+�H bim/@ 
B2bX h?2`K�H ai�MiQM MmK#2` Cd 

1/2ΓT - /`�; +Q2{+B2Mi Cd - ?2�i i`�Mb72` 
+Q2{+B2Mi ΓT - `�iBQ Q7 ?2�i �M/ b�Hi i`�Mb72` +Q2{+B2Mib ΓT/ΓS - bBKmH�iBQM 

G2rBb MmK#2` Le- ;`�/B2Mi i?B+FM2bb `�iBQ δT/δSX ∗_�iBQ �bbmK2/- MQi 
K2�bm`2/X #LQKBM�H Le p�Hm2b mb2/ iQ 2M�#H2 +QKT�`BbQM rBi? KQ/2HHBM; 

`2bmHibX X X X X X  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  RyN 

8XR hBK2 iQ i`�MbBiBQM 7`QK .*@/QKBM�i2/ iQ b?2�`@/QKBM�i2/ KBtBM;X P#mF?Qp 

H2M;i?b+�H2 ULVc �M/ i`�MbBiBQM iBK2 UtDCVX L Bb 2p�Hm�i2/ �i t = 10 ?X X RRe 

pB 
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8Xk E2v [m�MiBiB2b 7Q` i?2 �K2`v A+2 a?2H7X *QHmKM RĜj �`2 Q#b2`p2/ [m�M@ 
iBiB2b 7`QK h�#H2 kX9X *QHmKMb 9ĜN �`2 i?2Q`2iB+�H 2biBK�i2b #�b2/ QM 

i?2 +?QB+2 Q7 /`�; +Q2{+B2Mi CdX S�`�K2i2`b L- µ- hµ - L+ �M/ mpred �`2 
+�H+mH�i2/ mbBM; K2HiBM; 1[bX 9XRk �M/ 9XRj rBi? i`�Mb72` +Q2{+B2Mi 1[bX 
9XRN �M/ 9XkyX X X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  Rkj 

�XR :`B/ bT2+B}+�iBQMb 7Q` bmTTH2K2Mi�`v `mMb p�`vBM; *Q`BQHBb 7Q`+BM; �M/ 
∗;`B/ +2HH �bT2+i `�iBQX AMBiB�H i?2`K�H /`BpBM; T0 c 6`22 bi`2�K p2HQ+Biv 

U0c *Q`BQHBb 7`2[m2M+v f c pBb+Qmb H2M;i?b+�H2 δν = ν/u∗ 
0c 1FK�M #QmM/@ 

�`v H�v2` /2Ti? δf 0c /QK�BM ?Q`BxQMi�H /BK2MbBQM LX U= LY Vc /QK�BM 

?2B;?i LZc ?Q`BxQMi�H `2bQHmiBQM UBM r�HH mMBibV ∆X+ U4∆Y +Vc p2`iB+�H 
`2bQHmiBQM �i i?2 B+2@Q+2�M BMi2`7�+2 ∆Z+c �bT2+i `�iBQ UA = ∆Z+/∆X+V 
Q7 ;`B/ +2HHb �i i?2 2/;2 Q7 i?2 pBb+Qmb bm#H�v2` UZ+48yVX #h?Bb `mM Bb 
BMBiB�HBb2/ rBi? � #�+F;`QmM/ i2KT2`�im`2 ;`�/B2Mi K�i+?BM; i?�i Q7 `mM 

j U+?�Ti2` jVX X X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  Rj9 

pBB 
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RXR h?2 +QMM2+iBQM #2ir22M �Mi�`+iB+ B+2 K�bb HQbb �M/ Q+2�M 7Q`+BM; 7`QK 

LQ#H2 2i �HX UkykyVX :`�pBK2i`B+ J�bb "�H�M+2 /�i� 7Q` kyyk@kyRe b?Qrb 
B+2 K�bb +?�M;2b �+`Qbb i?2 +QMiBM2MiX �MMQi�iBQMb BM K�;2Mi� ?�p2 #22M 

�//2/ iQ b?Qr i?2 HQ+�iBQMb Q7 B+2 b?2Hp2b K2MiBQM2/ BM i?Bb i?2bBbX X X  X  9 

RXk h?2 +QMM2+iBQM #2ir22M �Mi�`+iB+ B+2 K�bb HQbb �M/ Q+2�M 7Q`+BM; 7`QK 

LQ#H2 2i �HX UkykyVX J�T Q7 i?2 aQmi?2`M P+2�M #QiiQK TQi2MiB�H i2KT2`@ 
�im`2 ?B;?HB;?ib i?2 T`2b2M+2b Q7 r�`K2` r�i2`b �HQM; i?2 q2bi �Mi�`+iB+ 
K�`;BM- #�b2/ QM i?2 qP*1 ;HQ#�H ?v/`Q;`�T?B+ +HBK�iQHQ;vX X X  X  X  X  X  8 

RXj .2MbBiv +QMiQm`b 7Q` b2�r�i2` 7`QK >2rBii UkykyV �i +QM/BiBQMb `2H2p�Mi 
iQ i?2 TQH�` Q+2�MX h?2 ;`2v HBM2b b?Qr HB[mB/mb U7`22xBM; i2KT2`�im`2V 
+m`p2bX h?2 �//BiBQM Q7 K2Hir�i2` +�mb2b T − S T`QT2`iB2b iQ 2pQHp2 �HQM; 

i?2 Tm`TH2 HBM2- �bbmKBM; 2[m�H 2//v /BzmbBpBiB2b Q7 ?2�i �M/ b�Hi U2X;X 
J+.Qm;�HH 2i �HX- kyR9VX X X X X X X  X X X X X X X X X X X X X X X X X X X X X  d 

RX9 h?2 �Mi�`+iB+ aHQT2 6`QMiX U�Ĝ*V .Bz2`2Mi b?2H7 ivT2b pB� /2MbBiv U#H�+F 

+QMiQm`bV �M/ i2KT2`�im`2 Ub?�/BM;V �HQM; i?`22 /Bz2`2Mi b2+iBQMbX h?Bb 
};m`2 Bb `2T`Q/m+2/ 7`QK 6B;bX j/Ĝ7 7`QK h?QKTbQM 2i �HX UkyR3V- �MMQ@ 
i�iBQMb r2`2 �//2/ � TQbi2`BQ`B 7Q` +H�`Biv �M/ �`2 #�b2/ QM 6B;m`2b j�Ĝ+ 
7`QK h?QKTbQM 2i �HX UkyR3VX a2+iBQMb Q`B;BM�i2 7`QK >2vrQQ/ �M/ EBM; 

UkyykVc h?QKTbQM �M/ >2vrQQ/ Ukyy3Vc P`bB �M/ q?BirQ`i? Ukyy8VX X X  3 

RX8 A/2�HBb2/ b+?2K�iB+ Q7 T`Q+2bb2b QT2`�iBM; BM �M B+2 b?2H7 +�pBiv �i +QH/ Q` 
ǳKQ/2 RǴ +QM/BiBQMbX 6B;X �/�Ti2/ 7`QK ai2`M 2i �HX UkyR9VX X X X X X X X  N 

RXe a+?2K�iB+ Q7 i?2 B+2@Q+2�M bvbi2K b?QrBM; i?2 #�H�M+2 Q7 ?2�i �M/ b�Hi 
�i i?2 B+2@Q+2�M BMi2`7�+2X X X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  Ry 

RXd � 7`B+iBQM�H AaP"G +QMbBbib Q7 � pBb+Qmb bm#H�v2`- bm`7�+2 Q` ǳHQ;Ǵ H�v2` 
�M/ � im`#mH2Mi Qmi2` H�v2`X AM bvbi2Kb r?2`2 TH�M2i�`v `Qi�iBQM U*Q`BQ@ 
HBbV Bb BKTQ`i�Mi- i?2 #QmM/�`v H�v2` /2Ti? Bb 2tT2+i2/ iQ b+�H2 rBi? i?2 
SH�M2i�`v b+�H2 Uδf VX X X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  Rk 

pBBB 
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RX3 .B`2+i MmK2`B+�H bBKmH�iBQM Q7 +QMp2+iBp2 K2HiBM; Q7 � p2`iB+�H B+2 7�+2 
7`QK :�v2M 2i �HX UkyReVX S�M2Hb �`2 U�V p2`iB+�H p2HQ+Biv w- U#V ?Q`BxQMi�H 
p2HQ+Biv u �M/ U+V K2Hi U/BbbQHmiBQMV `�i2 �M/ BMi2`7�+2 i2KT2`�im`2 UTiVX Rd 

RXN .B`2+i MmK2`B+�H bBKmH�iBQM Q7 /Qm#H2@/BzmbBp2 +QMp2+iBQM Ub2KB+QMp2+@ 
iBQMV #2M2�i? K2HiBM; B+2 7`QK E2BixH 2i �HX UkyRe#VX *QHQm` b?Qrb MQ`@ 
K�HBb2/ #mQv�M+vX X X X  X X X X X X X X X X X X X X X X X X X X X X X X X X X X  R3 

RXRy A+2 #�b2 ;2QK2i`v mM/2` SBM2 AbH�M/ :H�+B2` B+2 b?2H7 7`QK 6B;X k Q7 
.mi`B2mt 2i �HX UkyR9VX U+V "�b�H 2H2p�iBQM U+QHQ`V Q7 � HQM;Bim/BM�H +?�M@ 
M2HX U/V "�b�H bHQT2 �M;H2 7`QK ?Q`BxQMi�H BM i?2 �`2� BM/B+�i2/ BM U+VX X X  ky 

kXR A+2 i?B+FM2bb K�T Q7 i?2 �K2`v A+2 a?2H7 BM TQH�` bi2`2Q;`�T?B+ T`QD2+iBQM 

rBi? #Q`2?QH2 bBi2b �JyRĜe H�#2HH2/X h?2 ~Q�iBM; B+2 b?2H7 Bb /2MQi2/ #v 

i?2 #QH/ +QHQm`bX J�T T`Q/m+2/ rBi? �Mi�`+iB+ J�TTBM; hQQHb U:`22M2 
2i �HX- kyRd#V mbBM; i?2 "2/K�Tk T`Q/m+i U6`2ir2HH 2i �HX- kyRj�V X X X X  k8 

kXk U�V *QMb2`p�iBp2 h2KT2`�im`2 Θ �M/ U"V �#bQHmi2 a�HBMBiv SA T`Q}H2b 
7`QK i?2 irQ *h. +�bib �i �JyeX AM/BpB/m�H mT@ �M/ /QrM@+�bib �`2 
b?QrM U;`2v HBM2bV �b Bb i?2 7Qm`@T`Q}H2 K2�M U#H�+F HBM2VX Pp2`H�BM �i 
i?2 �TT`QT`B�i2 T`2bbm`2b �`2 i?2 K2�M U± kσV KB+`Q+�i Θ �M/ SA 7Q` 
i?2 KQMi? 7QHHQrBM; i?2 *h. /�i� +QHH2+iBQMX U*V a[m�`2/ #mQv�M+v 

7`2[m2M+v N2- r?2`2 i?2 ;`2v �M/ #H�+F #mQv�M+v 7`2[m2M+v +m`p2b r2`2 
Q#i�BM2/ mbBM; Ry �M/ 9y /#�` `mMMBM; rBM/Qr �p2`�;2b- `2bT2+iBp2HvX 
h?2 b?�/2/ ;`2v `2;BQM b?Qrb `�M;2 BM i?2 B+2@Q+2�M BMi2`7�+2 TQbBiBQM 

�#Qp2 i?2 BMbi`mK2Mib /m2 iQ i?2 bHQTBM; B+2 #�b2X X X  X  X  X  X  X  X  X  X  X  X  X  jj 

kXj Θ@SA THQib 7Q` KQMi?b C�Mm�`v- CmHv �M/ P+iQ#2` BM kyRy �i �Jye �M/ 

�Jyk U8 v2�` +QKTQbBi2 Q7 v2�`b kyyR- kyyj@kyyeVX 6`22xBM; i2KT2`�im`2 
+m`p2b �i bm`7�+2- �Jye BMi2`7�+2 U89j /#�`c bQHB/ #Hm2V �M/ �Jyk BMi2`@ 
7�+2 Ujke /#�`c /�b?2/ #Hm2- #QiiQK T�M2H QMHvV T`2bbm`2 �`2 �HbQ b?QrMX 
h?2 /�b?2/ ;`2v HBM2 Bb i?2 K2Hir�i2` KBtBM; HBM2 7`QK 6B;X kX9X X X  X X X  j8 

Bt 



�
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kX9 Θ@SA THQi Q7 i?2 7Qm`@T`Q}H2 K2�M 7`QK 6B;X kXk +QHQm`2/ #v T`2bbm`2X 
� K2Hir�i2` KBtBM; HBM2 rBi? ;`�/B2Mi dΘ/dSA4kXj3 ◦Cg−1kg +�H+mH�i2/ 

7QHHQrBM; J+.Qm;�HH 2i �HX UkyR9V Bb b?QrM U/�b?2/ ;`2v HBM2V- �b �`2 i?2 
HQ+�H BbQTv+M�H bHQT2b U/Qii2/ ;`2v HBM2bVX h?2 BMb2i b?Qrb � HBM2 Q7 #2bi 
}i 7Q` i?2 mTT2` R8 K Q7 i?2 r�i2` +QHmKM U`2/ HBM2V r?B+? ?�b ;`�/B2Mi 
dΘ/dSA49X3 ◦Ckg g−1X X X  X X X X X X X X X X X X X X X X X X X X X X X X X X  je 

kX8 hBK2@b2`B2b Q7 U�V Θ U"V SA 7`QK �HH i?`22 KB+`Q+�ibX h?2 7`22xBM; i2K@ 
T2`�im`2 U#H�+FV �i mTT2` KB+`Q+�i b�HBMBiv �M/ BMi2`7�+2 T`2bbm`2 Bb �HbQ 

b?QrM BM U�VX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  j3 

kXe U�V .2Ti?@K2�M +m``2Mi bT22/ U = 
√ 
u2 + v2 7`QK i?2 �.*S U;`2vVX 

Pp2`H�B/ Bb i?2 bKQQi?2/- /2Ti?@K2�M +m``2Mi bT22/ rBi? iB/2b `2KQp2/ 

Ur = (u − uT )2 + (v − vT )2 U#Hm2VX U"V *m``2Mi /B`2+iBQM U;`2vV �M/ 

bKQQi?2/ +m``2Mi /B`2+iBQM rBi? iB/2b `2KQp2/ U`2/VX X X X X  X X X X X X X  jN 

kXd .2Ti? Q7 i?2 B+2 b?2H7 #�b2 `2H�iBp2 iQ x2`Q /2Ti? U/2}M2/ BM h�#H2 kXRV-
r?2`2 � KQ`2 M2;�iBp2 /2Ti? BM/B+�i2b � i?BMM2` B+2 +QHmKM �#Qp2X h?2 
�`2� K�TT2/ Qmi #v i?2 �.*S Bb /2i2`KBM2/ #v i?2 #2�K �M;H2 Uky◦V 
�M/ i?2 /Bbi�M+2 iQ i?2 B+2 b?2H7 UNkĜRR9 KVX Pp2`H�BM Bb �M QmiHBM2 Q7 i?2 
`2;BQM Q7 i?2 B+2 #�b2 Qp2` r?B+? K2Hi `�i2b BM 6B; kX3 �`2 +�H+mH�i2/X X X  9R 

kX3 P#b2`p2/ K2Hi `�i2b �i KQMi?Hv `2bQHmiBQM 7Q` U;`2vV 2�+? ;`B/ +2HH Udφ, drV 
�M/ U`2/V i?2 �`2� �p2`�;2- r?2`2 i?2 �`2� Bb QmiHBM2/ BM 6B;X kXdX X X X X  9k 

kXN U�V >2�i ~mt BMiQ i?2 B+2 QT
i �b � 7mM+iBQM Q7 K2Hi `�i2 m 7`QK � QM2@ 

/BK2MbBQM�H �/p2+iBQM@/BzmbBQM KQ/2H 7Q` � eyd K i?B+F B+2 b?2H7 rBi? � 

−20 ◦* bm`7�+2 �M/ −2.1 ◦* #�b�H i2KT2`�im`2X U"V _�iBQ Q7 QT
i iQ H�i2Mi 

?2�i ~mt /m2 iQ K2HiBM; QT �b 7mM+iBQM Q7 K2Hi `�i2X h?2 p2`iB+�H latent 

/�b?2/ HBM2b +Q``2bTQM/ iQ i?2 �MMm�H �p2`�;2 K2Hi `�i2 Q7 yX8R K v`−1X X 98 

kXRy UiQTV Θ �M/ SA 7`QK i?2 mTT2` KB+`Q+�i 9 K #2HQr i?2 B+2- UKB//H2V 
Q+2�M p2HQ+Biv K�;MBim/2 �p2`�;2/ Qp2` dĜRN K #2HQr i?2 B+2 #�b2 �M/ 

UHQr2`V KQ/2HH2/ K2Hi `�i2b 7Q` i?2 i?`22 T�`�K2i2`Bb�iBQMb +QKT�`2/ BM 

i?Bb bim/vX q?BH2 i?2 CRy �M/ J3d K2Hi `�i2b �`2 bi`QM;Hv KQ/mH�i2/ #v 

i?2 iB/�H ~Qr �i �Jye- JER3 p�`B2b QMHv rBi? i2KT2`�im`2X X X X X X X X  9d 

kXRR aBKTHB}2/ b+?2K�iB+ Q7 i?2 B+2 #�b2 �M/ mTT2` r�i2` +QHmKM b?QrBM; i?2 
TQbBiBQM Q7 i?2 mTT2` KB+`Q+�i �M/ �.*SX X X X X X X  X X X X X X X X X X X  9N 

t 
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kXRk _�iBQ Q7 Q#b2`p2/ iQ T`2/B+i2/ K2Hi `�i2 7Q` i?2 CRy T�`�K2i2`Bb�iBQM �b 
� 7mM+iBQM Q7 i?2`K�H /`BpBM; T ∗ �M/ 7`22 bi`2�K p2HQ+Biv U 7Q` Tm#HBb?2/ 

B+2 b?2H7 /�i�b2ibX J�T b?Qrb i?2 HQ+�iBQM Q7 i?2 Q#b2`p�iBQMbX X X  X  X  X  X  8k 

jXR a+?2K�iB+ Q7 i?2 KQ/2H /QK�BM- r?B+? +QMbBbib Q7 � ?Q`BxQMi�H B+2@Q+2�M 

BMi2`7�+2 rBi? +QH/- b�Hiv Q+2�M #2HQrX AM i?2 BMi2`BQ` Q7 i?2 /QK�BM i?2 
Q+2�M Bb BM ;2Qbi`QT?B+ #�H�M+2 �M/ ?�b p2HQ+Biv Uu, vV 4UU0, 0VX L2�` i?2 
B+2 �M 1FK�M #QmM/�`v H�v2` 7Q`KbX X X X X X X X X X X X X X X X X X X X X  8N 

jXk Pp2`pB2r Q7 i?2 KQ/2H /QK�BM rBi? ~Qr �M/ K2Hi `�i2 bQHmiBQMb 7Q` `mM 

jX h?2 mTT2` x − y bm`7�+2 b?Qrb i?2 BMbi�Mi�M2Qmb K2Hi `�i2 m- r?BH2 
p2`iB+�H y − z �M/ x − z TH�M2b b?Qr i?2 p2`iB+�H p2HQ+Biv w �M/ i2K@ 
T2`�im`2 T }2H/b `2bT2+iBp2HvX Pp2`H�B/ �`2 i?2 ?Q`BxQMi�H p2HQ+Biv T`Q@ 
}H2b Uu, v, ;`22M bQHB/ HBM2bV �M/ #mQv�M+v 7`2[m2M+v b[m�`2/ �i t = 0  

? UN0
2, TBMF /�b?2/ HBM2V �M/ t = 30 ? UN2, TBMF bQHB/ HBM2V r?2`2 

N = (−g/ρ0(∂ρ/∂z))1/2 Bb i?2 #mQv�M+v 7`2[m2M+vX lMH2bb Qi?2`rBb2 
bi�i2/- �HH TH�M2b �M/ T`Q}H2b �`2 7`QK t = 30 ?X X X X X X X X X X X X X X X  ej 

jXj h2KTQ`�H 2pQHmiBQM Q7 i?2 r�i2` +QHmKM 7Q` `mM jX U�V SH�M2 �p2`�;2/ 

i2KT2`�im`2c U#V b�HBMBivc �M/ U+V MQ`K�HBb2/ #mQv�M+v 7`2[m2M+v N2/N0
2 

Qp2` i?2 mTT2` r�i2` +QHmKM i?`Qm;? iBK2X h?2 KBt2/ H�v2`b i?�i 2K2`;2 
Qp2` i?2 +Qm`b2 Q7 i?2 2tT2`BK2Mi �`2 �MMQi�i2/ �b GR- Gk �M/ GjX X X  X  e8 

jX9 a+?2K�iB+ Q7 i?2 T`QTQb2/ K2+?�MBbK 7Q` .* #2M2�i? � K2HiBM; B+2 b?2H7-
r?2`2 ρT �M/ ρS �`2 /2MbBiv +QMi`B#miBQMb 7`QK i2KT2`�im`2 �M/ b�HBMBiv 

`2bT2+iBp2HvX h?2 i?2`K�H /BzmbBp2 #QmM/�`v H�v2` Bb i?B+F2` i?�M Bib 
b�HBM2 +QmMi2`T�`i- `2bmHiBM; BM � `2;BQM rBi? � M2;�iBp2 /2MbBiv ;`�/B2Mi 
U;`2v b?�/BM;V r?B+? rBHH Qp2`im`MX X X X X X X X X X X X X X X X X X X X X X  ee 

jX8 S`Q}H2b Q7 Q+2�M T`QT2`iB2b i?`Qm;? iBK2X *QHmKMb 7`QK GĜ_, i2KT2`@ 
�im`2 T c b�HBMBiv Sc bi`�iB}+�iBQM 2tT`2bb2/ �b MQ`K�HBb2/ #mQv�M+v 7`2@ 
[m2M+v b[m�`2/ N2/N0

2c ai`2�K@rBb2 u �M/ +`Qbb@bi`2�K v p2HQ+BivX _Qrb 
�`2 H�#2HH2/ #v 2tT2`BK2MiX h2KT2`�im`2- b�HBMBiv �M/ bi`�iB}+�iBQM 7Q` 
`mM k UMQi b?QrMV �`2 2ti`2K2Hv bBKBH�` iQ `mM RX X X  X  X  X  X  X  X  X  X  X  X  X  ed 

tB 
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∗jXe .2MbBiv `�iBQ Rρ �b � 7mM+iBQM Q7 /2Ti? 7Q` `mM j �i t = 1 ? U/�`F #Hm2V-
t = 35  ? UK2/BmK #Hm2V �M/ t = 70  ? UHB;?i #Hm2VX .�b?2/ ;`2v HBM2 

∗;Bp2b i?2 HBM2�` bi�#BHBiv +`Bi2`BQM Rρ = 1.07X h?2 BMBiB�H i2KT2`�im`2 �M/ 
∗b�HBMBiv +QM/BiBQMb ;Bp2 Rρ = 8.6X X X X X X X X X X X X X X X X X X X X X X X  e3 

jXd SH�M2@�p2`�;2/ #mQv�M+v ~mt B �b � 7mM+iBQM Q7 /2Ti? �M/ iBK2 7Q` U�V 
∗`mM j∗ UU0 = 1.4 +K b−1- T0 = 0.375 ◦*V �M/ U#V `mM j UU0 = 1.4 +K b−1-

∗T0 = 0.175 ◦*VX U+V iBK2@b2`B2b Q7 B �i � /2Ti? Q7 z4@yXk KX X X X X X X X  dy 

jX3 h?2 +QMi`B#miBQMb Q7 ?2�i �M/ b�Hi iQ i?2 #mQv�M+v ~mt �i t = 50 ? 7Q` 
`mM j∗X "Qi? /BzmbBp2 �M/ im`#mH2Mi +QMi`B#miBQMb �`2 THQii2/X >Q`BxQMi�H 
/Qii2/ HBM2b b?Qr i?2 i?2`K�H �M/ b�HBM2 /BzmbBp2 bm#H�v2` b+�H2b ;Bp2M BM 

1[X jXRkX X X  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  dk 

jXN J2HiBM; �M/ /BzmbBQM �i i?2 B+2@Q+2�M BMi2`7�+2X U�V h2KTQ`�H 2pQHmiBQM 

Q7 K2Hi `�i2 m �M/ U#V b+�H�` /BzmbBp2 bm#H�v2` i?B+FM2bb2b δT UbQHB/ HBM2bV 
�M/ δS U/�b?2/ HBM2bV 7Q` �HH 2tT2`BK2MibX �HbQ THQii2/ �`2 i2KT2`�im`2 
/BzmbBQM H2M;i?b+�H2 hT = (4κT t)1/2 UbQHB/ ;`2v HBM2V �M/ b�HBMBiv /BzmbBQM 

H2M;i?b+�H2 hS = (4κSt)1/2 U/�b?2/ ;`2v HBM2VX U+V S`Q}H2b Q7 M2�`@B+2 i2K@ 
T2`�im`2 �M/ b�HBMBiv- b+�H2/ �b (T−Tb)/(TML−Tb) �M/ (S−Sb)/(SML−Sb) 

7Q` 2tT2`BK2Mib R �M/ j �i t = 100 ?X AM `mM R im`#mH2M+2 Bb ;2M2`�i2/ 

#v +QMp2+iBQM QMHv r?2`2�b BM `mM j- b?2�` ;2M2`�i2/ im`#mH2M+2 Bb �HbQ 

T`2b2Mi- `2bmHiBM; BM � i?BMM2` i?2`K�H /BzmbBp2 bm#H�v2`X U/V .BzmbBp2 
bm#H�v2` i?B+FM2bb `�iBQ �b � 7mM+iBQM Q7 7`B+iBQM p2HQ+Biv �i t = 50 ? UT�H2 
+B`+H2bV- t = 100 ? U#QH/ +B`+H2bV �M/ t = 200 ? Ub[m�`2- `mM R QMHvVX GBM2b 
b?Qr T`2pBQmb 2biBK�i2b Q7 δT/δS 7`QK :�/2 URNNjV U/�b?2/V- E2BixH 2i �HX 
UkyRe#V U/Qi@/�b?2/V �M/ aB`2p��; UkyyNV U/Qii2/VX X X  X  X  X  X  X  X  X  X  X  X  d8 

∗ ∗jXRy J2Hi `�i2 m �b � 7mM+iBQM Q7 i?2`K�H /`BpBM; T �M/ 7`B+iBQM p2HQ+Biv u 

7`QK i?Bb bim/v U+B`+H2bV- r?2`2 �HH [m�MiBiB2b �`2 �p2`�;2/ Qp2` 50 < t <  

100 ?- �M/ 7`QK }2H/ /�i� +QHH2+i2/ #2M2�i? i?2 _Qbb A+2 a?2H7 U"2;2K�M 

2i �HX- kyR3V Ub[m�`2VX AMb2i, �b 7Q` K�BM };m`2 rBi? K2Hi `�i2 U+QHQm`V 
T`2/B+i2/ #v i?2 i?`22@2[m�iBQM T�`�K2i2`Bb�iBQM rBi? T�`�K2i2`b `2+QK@ 
K2M/2/ BM C2MFBMb 2i �HX UkyRy#V Ua22 aR ȜjX8Xk 7Q` /2i�BHbVX LQi2 /Bz2`2Mi 

∗b+�H2X 6Q` i?2 }2H/ Q#b2`p�iBQM- u Bb +�H+mH�i2/ 7`QK i?2 7`22 bi`2�K p2@ 
∗ ∗HQ+Biv �b u = Cd 

1/2U0 7Q` Cd = 0.0025X 1``Q` #�`b b?Qr i?2 `�M;2 Q7 u 

p�Hm2b Q#i�BM2/ 7`QK +?QQbBM; Cd = 0.01Ĝ0.001X X X X X X X X X X X X X X X  dd 

tBB 



GAah P6 6A:l_1a 

jXRR SH�M2@BMi2;`�i2/ #mQv�M+v T`Q/m+iBQM B- b?2�` T`Q/m+iBQM P - �M/ /BbbB@ 
T�iBQM ϵ �i t = 50 ?X SQbBiBp2 UM2;�iBp2V p�Hm2b 7Q` 2�+? i2`K �`2 b?QrM 

BM #H�+F UQ`�M;2VX S�M2Hb �`2 H�#2HH2/ #v `mM- b22 h�#H2 R 7Q` /2i�BHbX X X  3j 

9XR a+?2K�iB+ Q7 i?2 KQ/2H /QK�BM- r?B+? +QMbBbib Q7 � ?Q`BxQMi�H B+2@Q+2�M 

BMi2`7�+2 rBi? +QH/- b�Hiv Q+2�M #2HQrX AM i?2 BMi2`BQ` Q7 i?2 /QK�BM i?2 
Q+2�M Bb BM ;2Qbi`QT?B+ #�H�M+2 �M/ ?�b p2HQ+Biv Uu, vV 4UU0, 0VX L2�` i?2 
B+2 �M 1FK�M #QmM/�`v H�v2` 7Q`KbX X X X X X X X X X X X X X X X X X X X X  Nk 

9Xk aM�Tb?Qi Q7 QmiTmi 7Q` `mM �j �i t = ∆tX >Q`BxQMi�H Ux− yV TH�M2 b?Qrb 
BMbi�Mi�M2Qmb K2Hi `�i2 m �i i?2 B+2@Q+2�M #QmM/�`vX o2`iB+�H TH�M2b 
b?Qr p2`iB+�H p2HQ+Biv w Uz − y TH�M2V �M/ i2KT2`�im`2 T Ux − z TH�M2VX 
PMHv i?2 mTT2` jXe K Q7 i?2 /QK�BM Bb b?QrMX X X  X  X  X  X  X  X  X  X  X  X  X  X  X  N9 

9Xj h2KTQ`�H 2pQHmiBQM Q7 F2v [m�MiBiB2b 7Q` `mM �k Qp2` i?`22 BM2`iB�H T2`BQ/b, 
U�V K2Hi `�i2 m �M/ 7`B+iBQM p2HQ+Biv u ∗c U"V hm`#mH2Mi EBM2iB+ 1M2`;v k 

UK2 b−2Vc U*V i2KT2`�im`2 T U◦*Vc �M/ U.V b[m�`2/ #mQv�M+v 7`2[m2M+v 

N2 Ub−2V rBi? i?2 #�b2 Q7 i?2 KBt2/ H�v2` U?2`2 /2}M2/ #v i?2 Tv+MQ+HBM2 
/2Ti?V ?B;?HB;?i2/ BM r?Bi2X X X X X X X X X X X X X X X X X X X X X X X X X X  Ne 

9X9 h2KTQ`�H 2pQHmiBQM Q7 F2v [m�MiBiB2b 7Q` `mM *k Qp2` i?`22 BM2`iB�H T2`BQ/bX 
S�M2Hb �b BM 6B;X 9XjX h?2 #�b2 Q7 i?2 KBt2/ H�v2` U?2`2 /2}M2/ #v i?2 
/2Ti? Q7 i?2 bi`QM;2bi Tv+MQ+HBM2V Bb ?B;?HB;?i2/ BM r?Bi2X X X X  X X X X X  Nd 

9X8 o2HQ+Biv T`Q}H2b BM r�HH mMBib 7Q` U�V 2tT2`BK2Mib �RĜj �M/ U"V 2tT2`B@ 
+ +K2Mib *RĜjX Pp2`@THQii2/ �`2 i?2 pBb+Qmb #QmM/�`v H�v2` b+�HBM; u = z 

UbQHB/ #H�+F HBM2Vc HQ;�`Bi?KB+ #QmM/�`v H�v2` b+�HBM; U2[MX 9X9c bQHB/ ;`2v 

HBM2V �M/ J@P bBKBH�`Biv b+�HBM; U2[MX 9Xec /�b?2/ HBM2b- +QHQm`b +Q``2@ 
bTQM/ iQ H�#2HH2/ 2tT2`BK2MibVX X X X X X X X X X X X X X X X X X X X X X X X  N3 

9Xe LQ`K�HBb2/ ;2Qbi`QT?B+ UuV �M/ �;2QbiQT?B+ UvV ~Qr 7Q` U�- "V `mMb �k 

�M/ *k rBi? U0 = 1.4 +K b−1 �M/ U*- .V `mMb �j �M/ *j rBi? U0 = 2.8 

+K b−1X AM U"V �M/ U.V T`Q}H2b �`2 THQii2/ �b � 7mM+iBQM Q7 z b+�H2/ #v i?2 
TH�M2i�`v b+�H2 δf X o2HQ+Biv +QKTQM2Mib �`2 �p2`�;2/ Qp2` 2∆t < t < 3∆t 

7Q` �k-*k �M/ ∆t < t < 2∆t 7Q` �j- *jX X X X X X X X X X X X X X X X X X X  NN 

tBBB 
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9Xd a+?2K�iB+ b?QrBM; ivTB+�H T`Q}H2b Q7 b[m�`2/ #mQv�M+v 7`2[m2M+v UN2V 
7Q` i?2 i?`22 Q#b2`p2/ AaP"G ǳ`2;BK2bǴ �i t = ∆t �M/ t = 2∆tX AM 2�+? 

T`Q}H2 i?2 Tv+MQ+HBM2 /2Ti?- r?B+? r2 mb2 �b � T`Qtv 7Q` KBt2/ H�v2` 
/2Ti?- Bb b?QrM rBi? �M �``QrX X X X X X X X X X X X X X X X X X X X X X X X  Ryy 

9X3 S`Q}H2b Q7 b[m�`2/ #mQv�M+v 7`2[m2M+v UN2V 7Q` �HH `mMb UH�#2HH2/V �i 
t/∆t = 2X S`Q}H2b �`2 Qzb2i #v N2 = 2  × 10−5 b−2X X X X X X X X X X X X X  RyR 

9XN aBKmH�i2/ KBt2/ H�v2` /2Ti? hobs b+�H2/ #v TH�M2i�`v b+�H2 δf �b � 7mM+iBQM 

Q7 bi`�iB}+�iBQM T�`�K2i2` γX .�b?2/ HBM2 Bb hobs/δf = 1.4γ−1/4X J�`F@ 
2`b b?Qr r2HH@KBt2/ U+B`+H2V bi`�iB}2/ Ub[m�`2V �M/ /BzmbBp2@+QMp2+iBp2 
Ui`B�M;H2V #QmM/�`v H�v2`b `2bT2+iBp2HvX X X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  Ryk 

9XRy U�V aBKmH�i2/ KBt2/ H�v2` /2Ti? hobs b+�H2/ #v TH�M2i�`v b+�H2 δf �b � 

7mM+iBQM Q7 bi�#BHBiv T�`�K2i2` µ- i?2 /�b?2/ HBM2 Bb hobs/δf = 0.31µ−1/2X 
∗U"V 6`B+iBQM p2HQ+Biv u MQ`K�HBb2/ #v ;2Qbi`QT?B+ p2HQ+Biv U0 �b � 7mM+@ 

iBQM Q7 bi�#BHBiv T�`�K2i2` µ- /�b?2/ HBM2 Bb u ∗/U0 = 0.043µ−1/5X J�`F2`b 
�b 7Q` 6B;X 9XNX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  Ryj 

9XRR aBKmH�i2/ KBt2/ H�v2` /2Ti? hobs �b � 7mM+iBQM Q7 BT /N∞ 
3 - i?2 /�b?2/ HBM2 

Bb hobs = 11(BT /N∞ 
3 )1/2X J�`F2`b �b 7Q` 6B;X 9XNX X X X X X  X X X X X X X X X  Ry9 

∗ ∗9XRk J2Hi `�i2 m �b � 7mM+iBQM Q7 7`B+iBQM p2HQ+Biv u 7Q` U�V 0.0019 ≤ T ≤ 

0.0023- U"V 0.006 ≤ T ∗ ≤ 0.007- U*V 0.04 ≤ T ∗ ≤ 0.05 �M/ U.V 0.14 ≤ 

T ∗ ≤ 0.18X J�`F2`b �`2 �`2 +QHQm`2/ #v iBK2 t/∆tX :`22M HBM2b b?Qr 
∗i?2 2tT2+i2/ /2T2M/2M+2 Q7 m QM u 7`QK 1[bX 9XRk- 9XRj �M/ 9XN rBi? 

i`�Mb72` +Q2{+B2Mib ΓT = 0.011 �M/ ΓS = 3.1 × 10−4 7`QK C2MFBMb 2i �HX 
UkyRy#VX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  Ry8 

9XRj U�V :`�/B2Mi i?B+FM2bb BM i2KT2`�im`2 δT - U"V ;`�/B2Mi i?B+FM2bb BM b�HBM@ 
Biv δS - U*V ?2�i i`�Mb72` +Q2{+B2Mi ΓT �M/ U.V b�Hi i`�Mb72` +Q2{+B2Mi 
ΓS 7Q` `mMb �j- "j- *k �M/ *jX h?2`K�H (4κT t)1/2 �M/ b�HBM2 (4κSt)1/2 

/BzmbBQM H2M;i?b+�H2b �`2 Qp2`@THQii2/ U/Qii2/ HBM2bV QM T�M2Hb U�V �M/ 

U"V `2bT2+iBp2HvX X X  X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  Ryd 

tBp 



--
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9XR9 U�V a+�ii2` THQi b?QrBM; `�iBQ Q7 bBKmH�i2/ iQ T�`�K2i2`Bb2/ K2Hi `�i2b 
�b � 7mM+iBQM Q7 i?2 pBb+Qmb P#mF?Qp H2M;i? L+- r?2`2 i?2 T`2/B+i2/ 

K2Hi `�i2b �`2 Q#i�BM2/ 7`QK i?2 i?`22@2[m�iBQM T�`�K2i2`Bb�iBQM rBi? 

ΓT = 0.011 �M/ ΓS = 3.8 × 10−4X *B`+H2b �M/ i`B�M;H2b /2MQi2 MQM bi2�/v@ 
bi�i2 �M/ bi2�/v@bi�i2 2tT2`BK2Mib `2bT2+iBp2HvX 6Q` i?2 bi2�/v bi�i2 
2tT2`BK2Mib- U"V ΓT �M/ U*V ΓS �`2 THQii2/ �b � 7mM+iBQM Q7 L+X X X  X X X  Ry3 

9XR8 U�V *QHQm` +QMiQm` Q7 ?2�i i`�Mb72` +Q2{+B2Mi ΓT (L+) 7Q` L+ > 2500X 
aQHB/ #H�+F +QMiQm`b b?Qr L+ = 2500, 25000 /�b?2/ #H�+F +QMiQm`b b?Qr 

Q`B;BM�H L+ = 2500, 25000 i?�i rQmH/ #2 Q#i�BM2/ 7`QK }t2/ ΓT , ΓS X U"V 
*QHQm` +QMiQm` Q7 K2Hi `�i2 m U*V L rBi? +QMiQm`b Q7 µ Qp2`@THQii2/ 

BM r?Bi2X J�`F2`b /2MQi2 i?2 r2HH@KBt2/ U+B`+H2V bi`�iB}2/ Ub[m�`2V �M/ 

/BzmbBp2@+QMp2+iBp2 Ui`B�M;H2V #QmM/�`v H�v2`b `2bT2+iBp2HvX X X X  X X X X X  RRk 

8XR 1pQHmiBQM Q7 i?2 TH�M2@�p2`�;2/ #mQv�M+v ~mt /m2 iQ i2KT2`�im`2 UBT V 
�i z = −0.2 K UrBi?BM i?2 KBt2/ H�v2`V BM iBK2 7Q` `mMb R- k- j �M/ 

*R +QKT�`2/ iQ i?2 KQ/2HH2/ bm`7�+2 #mQv�M+v ~mt /m2 iQ i2KT2`�im`2 
UBT V 7`QK 1[X 8XkX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  RR3mod 

8Xk _2;BK2b �M/ i`�MbBiBQMb 7Q` i?2 AaP"GX 6BHH2/ K�`F2`b b?Qr i?2 TQbBiBQMb 
∗Q7 2tT2`BK2Mib BM T ∗- u bT�+2 �i t = 10  ?X q?2`2 `2H2p�Mi- K�`F2`b �`2 

+QHQm`2/ #v .* i`�MbBiBQM iBK2b+�H2 tDC X q?2`2 u ∗ Bb K2�bm`2/ /B`2+iHv- Bi 
∗ 

√
Bb 2biBK�i2/ 7`QK i?2 7`22 bi`2�K ~Qr mbBM; u = CdU rBi? Cd = 0.0025 

UKB/ TQBMiV- Cd = 0.001 UHQr2` #QmM/V �M/ Cd = 0.01 UmTT2` #QmM/VX 
P#b2`p�iBQM�H /�i� �`2 /2b+`B#2/ BM �TT2M/Bt "X .�i� bQm`+2b �`2, q:w-
U"2;2K�M 2i �HX- kyR3Vc 6_Aa- UC2MFBMb 2i �HX- kyRy#Vc _Aa- Uai2r�`i-
kyR3Vc :oAAa- UEBKm`� 2i �HX- kyR8Vc G*Aa- U.�pBb �M/ LB+?QHHb- kyRNVc 
>q.k- Uai2p2Mb 2i �HX- kykyVc �M/ SAAa Uai�MiQM 2i �HX- kyRjVX X X  X  X  X  X  RRN 

8Xj >2�i i`�Mb72` +Q2{+B2Mi ΓT U+QHQm`V �b � 7mM+iBQM Q7 7`B+iBQM p2HQ+Biv Uu ∗V 
�M/ i?2`K�H /`BpBM; UT ∗VX P#b2`p�iBQM�H /�i� �b 7Q` 6B;X 8XkX X X X X X X X  RkR 

tp 
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�XR SH�M2@BMi2;`�i2/ #mQv�M+v T`Q/m+iBQM B- b?2�` T`Q/m+iBQM P - �M/ /Bb@
bBT�iBQM ϵ �p2`�;2/ Qp2` t = 90 − 100 ?X h2`Kb �`2 #`QF2M /QrM BMiQ
`2bQHp2/ U`2bV �M/ bm#;`B/@b+�H2 Ub;bV +QKTQM2MibX h?2 H�`;2bi bm#;`B/@
b+�H2 +QKTQM2Mi Bb i?2 bm#;`B/@b+�H2 /BbbBT�iBQM- r?B+? �++QmMib 7Q` RyW
Q7 i?2 iQi�H /BbbBT�iBQM �i U0 = 0.0 +K b−1 �M/ j8W Q7 i?2 /BbbBT�iBQM �i
U0 = 1.4 +K b−1 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X  Rjy

�Xk 1z2+i Q7 p�`vBM; �bT2+i `�iBQ A = ∆Z+/∆X+ Q7 ;`B/ +2HHb �i Z+48y
QM Nu  7Q` bmTTH2K2Mi�`v `mMb ajĜ8X h?2`K�H /`BpBM; �M/ 7`22 bi`2�K
p2HQ+Biv �`2 +QMbi�Mi #2ir22M `mMbX h?2 p2`iB+�H /Qii2/ HBM2 b?Qrb A = 1/8XRjR

�Xj 1z2+i Q7 ?Q`BxQMi�H `2bQHmiBQM QM UmTT2`V K2Hi `�i2c UKB//H2V K2Hi `�i2
∗MQ`K�HBb2/ #v ∆T c UHQr2`V 7`B+iBQM p2HQ+Biv u 7Q` `mM j UK�BM i2tiV�M/

bmTTH2K2Mi�`v `mM aeX h?2`K�H /`BpBM; �M/ 7`22 bi`2�K p2HQ+Biv �`2 +QM@
bi�Mi #2ir22M `mMbX X X X X X X X  X X X X X X X X X X X X X X X X X X X X X X X  Rjk

�X9 1z2+i Q7 *Q`BQHBb T�`�K2i2` f QM UmTT2`V K2Hi `�i2c UKB//H2V K2Hi `�i2
∗MQ`K�HBb2/ #v ∆T c UHQr2`V 7`B+iBQM p2HQ+Biv u 7Q` `mM �k UK�BM i2tiV

bmTTH2K2Mi�`v `mMb aR �M/ akX h?2`K�H /`BpBM; �M/ 7`22 bi`2�K p2HQ+Biv
�`2 +QMbBbi2Mi #2ir22M `mMbX X X X X X X X X X X X X X X X X X X X X X X X X X  Rjj

�X8 S`Q}H2b Q7 b[m�`2/ #mQv�M+v 7`2[m2M+v N2 7Q` `mMb �k- aR �M/ akX h?2
/2Ti? �tBb Bb b+�H2/ #v γ−1/4X X X X X X X X X X X X X X X X X X X X X X X X X  Rj9

"XR .2b+`BTiBQM Q7 i?2 Q#b2`p�iBQM�H /�i� mb2/ BM +?�Ti2`b k �M/ 8 Q7 i?Bb
i?2bBbX "QH/ p�Hm2b BM/B+�i2 i?�i i?2 p�Hm2 r�b MQi 2tTHB+BiHv T`QpB/2/ BM
i?2 Q`B;BM�H bim/v- �M/ r�b BMbi2�/ BM72``2/ 7`QK /�i� THQii2/ Q` /Bb+mbb2/X
o�Hm2b BM #QH/ b?QmH/ #2 +QMbB/2`2/ �TT`QtBK�i2 QMHvX X X  X  X  X  X  X  X  X  X  Rje

tpB



*?�Ti2` R

AMi`Q/m+iBQM

h?2 �Mi�`+iB+ A+2 a?22i Bb HQbBM; K�bb �i �M �++2H2`�iBM; `�i2- +QMi`B#miBM; iQ `BbBM; b2�
H2p2H US�QHQ 2i �HX- kyR8c a?2T?2`/ 2i �HX- kyR3c "�K#2` 2i �HX- kyR3c _B;MQi 2i �HX- kyRNc
aKBi? 2i �HX- kykyVX AM K�Mv �`2�b �`QmM/ i?2 �Mi�`+iB+ +Q�bi i?2 i?B+F- K2i2Q`B+ B+2
i?�i K�F2b mT i?2 �Mi�`+iB+ A+2 a?22i 2ti2M/b #2vQM/ i?2 H�M/ �M/ ~Q�ib QM i?2 Q+2�MX
Ai Bb i?`Qm;? i?2b2 ~Q�iBM; 2ti2MbBQMb- FMQrM �b B+2 b?2Hp2b- i?�i i?2 aQmi?2`M P+2�M
�M/ i?2 A+2 a?22i 2t+?�M;2 ?2�i �M/ K�bbX h?2 T`Q+2bb2b `2bTQMbB#H2 7Q` i?Bb 2t+?�M;2
�`2 K2HiBM; �M/ 7`22xBM; Q7 i?2 B+2 b?2H7 #�b2 �M/ 7`QMi U#�b�H K2HiBM;f7`22xBM;V �M/ i?2
HQbb Q7 H�`;2 +?mMFb Q7 B+2 7`QK i?2 H2�/BM; 2/;2 Q7 i?2 B+2 b?2H7 UB+2@#2`; +�HpBM;VX h?2
T`Q+2bb2b Q7 #�b�H K2HiBM; �M/ B+2@#2`; +�HpBM; 2�+? �++QmMi 7Q` `Qm;?Hv ?�H7 Q7 i?2 K�bb
HQbb 7`QK i?2 +QMiBM2Mi U.2TQQ`i2` 2i �HX- kyRjc _B;MQi 2i �HX- kyRjVX AM � bi2�/v bi�i2-
i?Bb K�bb HQbb Bb #�H�M+2/ #v K�bb ;�BM i?`Qm;? bMQr �++mKmH�iBQM BM i?2 BMi2`BQ` Q7 i?2
+QMiBM2MiX >Qr2p2`- K�bb HQbb �M/ K�bb ;�BM �`2 MQi #�H�M+2/ �i T`2b2MiX 1M?�M+2/
#�b�H K2HiBM; Q7 B+2 b?2Hp2b Bb /`BpBM; i?BMMBM; Q7 i?2 �Mi�`+iB+ A+2 a?22i US`Bi+?�`/ 2i �HX-
kyRkc *QQF 2i �HX- kyRec �/mbmKBHHB 2i �HX- kyR3c J2`2/Bi? 2i �HX- kyRNVX *QMb2[m2MiHv- i?2
�Mi�`+iB+ +QMi`B#miBQM iQ ;HQ#�H b2� H2p2H `Bb2 Bb �++2H2`�iBM;- T`2b2MiBM; � K�DQ` i?`2�i iQ
+Q�bi�H `2;BQMb U*�x2M�p2 �M/ GHQp2H- kyRyVX 1M?�M+2/ #�b�H K2HiBM; Q7 B+2 b?2Hp2b �HbQ
+QMi`B#mi2b � 7`2b?r�i2` ~mt iQ i?2 Q+2�M- BKT�+iBM; i?2 T`Q/m+iBQM Q7 �Mi�`+iB+ "QiiQK
q�i2` r?B+? bmTTHB2b i?2 HQr2` HBK# Q7 i?2 ;HQ#�H i?2`KQ?�HBM2 +B`+mH�iBQM UC�+Q#b �M/
:BmHBpB- kyRyc .2 G�p2`;M2 2i �HX- kyR9c Sm`F2v �M/ CQ?MbQM- kyRjVX

.2bTBi2 i?2 BKTQ`i�M+2 Q7 #�b�H K2HiBM; iQ b2� H2p2H �M/ ;HQ#�H Q+2�M +B`+mH�iBQM- K�Mv
�bT2+ib Q7 i?2 BMi2`�+iBQMb #2ir22M B+2 b?2Hp2b �M/ i?2 TQH�` Q+2�Mb �`2 TQQ`Hv mM/2`@
biQQ/X h?2b2 BMi2`�+iBQMb BMpQHp2 T`Q+2bb2b QT2`�iBM; QM � `�M;2 Q7 bT�iB�H b+�H2b- 7`QK
H�`;2@b+�H2 Q+2�M T`Q+2bb2b i?�i i`�MbTQ`i r�`K r�i2` iQ i?2 �Mi�`+iB+ +Q�bi�H b2�b- iQ
i?2 +�pBiv@b+�H2 Q+2�M +B`+mH�iBQM #2M2�i? B+2 b?2Hp2b- iQ i?2 KB+`Q@b+�H2 #QmM/�`v H�v2`

R



RXRX a1� G1o1G- A*1 a>11ha �L. A*1 a>1Go1a 

T`Q+2bb2b i?�i `2;mH�i2 i?2 i`�MbTQ`i Q7 ?2�i �M/ b�Hi iQ i?2 B+2@Q+2�M BMi2`7�+2 U.BMMB@ 
K�M 2i �HX- kyRec LQ#H2 2i �HX- kykyVX P#b2`p�iBQMb #2M2�i? �M/ M2�` B+2 b?2Hp2b �`2 bT�`b2 
/m2 iQ i?2 2ti`2K2 �Mi�`+iB+ 2MpB`QMK2Mi �M/ +?�HH2M;BM; HQ;BbiB+bX *QMb2[m2MiHv- Mm@ 
K2`B+�H Q+2�M KQ/2Hb �`2 ?2�pBHv `2HB2/ mTQM 7Q` bim/B2b Q7 B+2@Q+2�M BMi2`�+iBQMb- �M/ 

�`2 +`BiB+�H 7Q` T`QD2+iBQMb Q7 7mim`2 Q+2�M +B`+mH�iBQM- #�b�H K2HiBM; �M/ B+2 b?22i bi�@ 
#BHBivX PM i?2 KB+`Q@b+�H2- #�b�H K2HiBM; Bb `2;mH�i2/ #v i?2 B+2@b?2H7 Q+2�M #QmM/�`v 

H�v2`c � M�``Qr #�M/ Q7 Q+2�M i?�i +QMi`QHb ?2�i- b�Hi �M/ KQK2MimK i`�Mb72` iQ i?2 
B+2 UJ+S?22- kyy3VX h?2 B+2 b?2H7@Q+2�M #QmM/�`v H�v2` Bb QM i?2 Q`/2` Q7 K2i`2b i?B+F 

U.�pBb �M/ LB+?QHHb- kyRNV �M/ +�MMQi #2 `2bQHp2/ BM `2;BQM�H@ �M/ ;HQ#�H@b+�H2 Q+2�M 

KQ/2Hb U2X; L�m;?i2M 2i �HX- kyR3#c :rvi?2` 2i �HX- kyky�VX h?2 Q#D2+iBp2 Q7 i?Bb i?2bBb 
Bb iQ 2M?�M+2 Qm` mM/2`bi�M/BM; Q7 i?2 B+2 b?2H7@Q+2�M #QmM/�`v H�v2`- �M/ rQ`F iQ@ 
r�`/b �++m`�i2 T�`�K2i2`Bb�iBQM Q7 i?2 }M2@b+�H2 T`Q+2bb2b +QMi`QHHBM; #�b�H K2HiBM; Q7 
�Mi�`+iB+ B+2 b?2Hp2bX 

h?Bb +?�Ti2` /2i�BHb i?2 KQiBp�iBQM �M/ +QMi2ti 7Q` i?2 rQ`F mM/2`i�F2M BM i?Bb i?2bBbX 
h?2 `QH2 Q7 B+2 b?2Hp2b BM B+2 b?22i bi�#BHBiv �M/ b2� H2p2H Bb QmiHBM2/ BM ȜRXRX h?2 H�`;2@ 
b+�H2 Q+2�M T`Q+2bb2b `2bTQMbB#H2 7Q` #�b�H K2HiBM; �`2 /2b+`B#2/ BM ȜRXkX A+2 b?2H7@Q+2�M 

#QmM/�`v H�v2` T`Q+2bb2b- BM+Hm/BM; i?2 2z2+ib Q7 #mQv�M+v �M/ +QMp2+iBQM- �`2 /Bb+mbb2/ 

BM ȜRXjX P#b2`p�iBQMb 7`QK #2M2�i? B+2 b?2Hp2b �`2 `2pB2r2/ BM ȜRX9- �M/ i?2 bi`m+im`2 Q7 
i?Bb i?2bBb Bb QmiHBM2/ BM ȜRX8X 

RXR a2� H2p2H- B+2 b?22ib �M/ B+2 b?2Hp2b 

A+2 b?22ib ?�p2 2MQ`KQmb TQi2MiB�H iQ +�mb2 H�`;2 +?�M;2b BM b2� H2p2HX h?2 �Mi�`+iB+ 
A+2 a?22i �HQM2 +QMi�BMb 83 K Q7 b2� H2p2H 2[mBp�H2Mi U6`2ir2HH 2i �HX- kyRj#V- r?BH2 
i?2 :`22MH�M/ A+2 a?22i +QMi�BMb d K U.Qr/2br2HH- kyyeVX "Qi? B+2 b?22ib �`2 HQbBM; 

K�bb �i �M �++2H2`�iBM; `�i2 U"�K#2` 2i �HX- kyR3c _B;MQi 2i �HX- kyRNc o�M /2M "`Q2F2 
2i �HX- kyRec EBM; 2i �HX- kyR3VX h?2 `�i2 Q7 K�bb HQbb 7`QK i?2 �Mi�`+iB+ A+2 a?22i ?�b 
�++2H2`�i2/ 7`QK 51 ± 73 :i v`−1 BM i?2 T2`BQ/ RNNkĜkyyR iQ 199 ± 26 :i v`−1 BM i?2 
T2`BQ/ kyRkĜkyRe U"�K#2` 2i �HX- kyR3VX 6Q` :`22MH�M/- i?2 `�i2 Q7 HQbb BM+`2�b2/ 7`QK 

8±82 :i v`−1 iQ 247±15 :i v`−1 Qp2` i?2 b�K2 iBK2 BMi2`p�H U"�K#2` 2i �HX- kyR3VX h?2 
+Q``2bTQM/BM; +QMi`B#miBQM iQ b2� H2p2H `Bb2 7`QK #Qi? B+2 b?22ib +QK#BM2/ BM+`2�b2/ 7`QK 

0.16 ± 0.3 KK v`−1 iQ 1.24 ± 0.1 KK v`−1 UJ2`2/Bi? 2i �HX- kyRNVX AM :`22MH�M/- K�bb 
HQbb Bb T`BK�`BHv /`Bp2M #v +?�M;2b iQ i?2 bm`7�+2 K�bb #�H�M+2 UaJ"V Q7 i?2 A+2 a?22i-
/QKBM�i2/ #v BM+`2�b2/ bm`7�+2 K2Hi �M/ `mMQz- �M/ /vM�KB+ i?BMMBM; U�++2H2`�iBQMV 

k 



RXRX a1� G1o1G- A*1 a>11ha �L. A*1 a>1Go1a 

Q7 ;H�+B2`b U�M/2`b2M 2i �HX- kyR8c o�M /2M "`Q2F2 2i �HX- kyRec EBM; 2i �HX- kyR3VX AM 

�Mi�`+iB+�- K�bb +?�M;2b �`2 �HbQ � `2bmHi Q7 aJ" �M/ /vM�KB+ i?BMMBM;X >Qr2p2`-
mMHBF2 BM :`22MH�M/- �Mi�`+iB+�Ƕb aJ" Bb /QKBM�i2/ #v BM+`2�b2/ bMQr7�HH r?B+? T�`iB�HHv 

Qzb2ib i?2 K�bb HQbb 7`QK /vM�KB+ i?BMMBM; UJ2`2/Bi? 2i �HX- kyRNc :�`/M2` 2i �HX- kyR3VX 

h?2 `QH2 Q7 Q+2�M 7Q`+BM; BM :`22MH�M/ `2K�BMb bQK2r?�i mM+2`i�BM Uai`�M2Q 2i �HX-
kyRjV- ?Qr2p2`- i?2`2 Bb bB;MB}+�Mi 2pB/2M+2 i?�i #�b�H K2HiBM; Q7 B+2 b?2Hp2b Bb TH�vBM; 

� F2v `QH2 BM �Mi�`+iB+�Ƕb K�bb HQbb UE?�x2M/�` 2i �HX- kyRjc J2`2/Bi? 2i �HX- kyRNc *QQF 

2i �HX- kyRec �/mbmKBHHB 2i �HX- kyR3c JBM+?2r 2i �HX- kyR3VX AM+`2�b2/ #�b�H K2HiBM; 

i?BMb B+2 b?2Hp2b- `2/m+BM; i?2B` �#BHBiv iQ #mii`2bb U`2bi`�BMV i?2 ;H�+B2`b i?�i 722/ i?2KX 
_2/m+2/ B+2 b?2H7 #mii`2bbBM; +�mb2b /vM�KB+ i?BMMBM; Q7 i?2b2 ;H�+B2`b UJ2`2/Bi? 2i �HX-
kyRNc .mTQMi �M/ �HH2v- kyy8c 6Ƀ`bi 2i �HX- kyReV- `2bmHiBM; BM � M2i /Bb+?�`;2 Q7 B+2 
7`QK i?2 �Mi�`+iB+ A+2 a?22i BMiQ i?2 Q+2�MX h?2 bT�iB�H /Bbi`B#miBQM Q7 #�b�H K2HiBM; Bb 
�HbQ BKTQ`i�Mi- �b bQK2 `2;BQMb Q7 i?2 B+2 b?2H7 �`2 KQ`2 BKTQ`i�Mi iQ #mii`2bbBM; i?�M 

Qi?2`bX 6Q` 2t�KTH2- bQK2 B+2 b?2H7 7`QMib �`2 ǳT�bbBp2Ǵ �M/ +�M #2 HQbi rBi? MQ /vM�KB+ 
2z2+i U6Ƀ`bi 2i �HX- kyReV r?BH2 Qi?2` �`2�b- bm+? �b ;`QmM/BM; xQM2b- �`2 +`BiB+�H iQ i?2 
bi�#BHBiv Q7 i?2 B+2 b?22i U_22b2 2i �HX- kyR3VX 

.vM�KB+ i?BMMBM; Q7 i?2 B+2 b?22i Bb +QM+2Mi`�i2/ BM i?2 �`2�b +HQb2bi iQ i?2 r�`K- b�Hiv-
bm#bm`7�+2 r�i2`K�bb +�HH2/ +B`+mKTQH�` /22T r�i2` U*.qV U_B;MQi 2i �HX- kyRNVX 6B;bX 
RXR- RXk 7`QK LQ#H2 2i �HX UkykyV b?Qr i?2 bT�iB�H /Bbi`B#miBQM Q7 B+2 b?22i i?BMMBM; BM 

�Mi�`+iB+� �M/ i?2 Q+2�M #QiiQK@i2KT2`�im`2- `2bT2+iBp2HvX h?2 ?B;?2bi `�i2b Q7 K�bb 
+?�M;2 +QBM+B/2 rBi? i?2 T`2b2M+2 Q7 r�`K *.q QM i?2 +QMiBM2Mi�H b?2H7X o�`B�#BHBiv BM 

K2HiBM; BM i?2b2 �`2�b- �b r2HH �b QM i?2 �Mi�`+iB+ S2MBMbmH�- Bb +QMi`QHH2/ #v p�`B�#BHBiv 

BM i?2 /2Ti? Q7 i?2 i?2`KQ+HBM2- r?B+? KQ/mH�i2b i?2 ~Qr Q7 *.q QMiQ i?2 +QMiBM2Mi�H 
b?2H7 US�QHQ 2i �HX- kyR8c C2MFBMb 2i �HX- kyR3c *QQF 2i �HX- kyRec _Q#2`ib 2i �HX- kyR3VX 
h?2 i?2`KQ+HBM2 /2Ti? BM im`M Bb /`Bp2M #v rBM/ p�`B�#BHBiv Uh?QK� 2i �HX- kyy3c EBKm`� 

2i �HX- kyRdc .QiiQ 2i �HX- kyRNV �KQM; Qi?2` T`Q+2bb2bX GBMFb #2ir22M rBM/ p�`B�#BHBiv-
B+2 b?2H7 K2HiBM; �M/ ;H�+B2` ~Qr `2bTQMb2 ?�p2 �HbQ #22M /2KQMbi`�i2/ 7Q` i?2 hQii2M 

:H�+B2` BM 1�bi �Mi�`+iB+� U_Q#2`ib 2i �HX- kyR3c :`22M2 2i �HX- kyRd�VX 

h?2 `2bTQMb2 Q7 i?2 A+2 a?22i iQ BM+`2�b2/ #�b�H K2HiBM; Bb b2MbBiBp2 iQ i?2 ;2QK2i`v Q7 i?2 
mM/2`HvBM; #2/`Q+F- �M/ Bb bm#D2+i iQ /vM�KB+�H BMbi�#BHBiB2b bm+? �b i?2 K�`BM2 B+2 b?22i 
BMbi�#BHBiv UJAaAV R- r?B+? Q++m`b r?2M B+2 Bb ;`QmM/2/ QM #2/`Q+F i?�i bHQT2b /QrMr�`/b 

RJAaA, PM � `2i`Q;`�/2 bHQT2- B+2 b?2H7 i?BMMBM; +�mb2b ;`QmM/BM; HBM2 `2i`2�i- r?B+? /`Bp2b �M BM+`2�b2 
BM i?2 ~mt Q7 B+2 �+`Qbb i?2 ;`QmM/BM; HBM2X AM im`M- i?Bb BM+`2�b2/ ~mt i?BMb i?2 B+2 K�`;BM �M/ +�mb2b 
7m`i?2` ;`QmM/BM; HBM2 `2i`2�i Uq22`iK�M- RNd9VX 

j 
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RXRX a1� G1o1G- A*1 a>11ha �L. A*1 a>1Go1a 

6B;m`2 RXR, h?2 +QMM2+iBQM #2ir22M �Mi�`+iB+ B+2 K�bb HQbb �M/ Q+2�M 7Q`+BM; 7`QK 
LQ#H2 2i �HX UkykyVX :`�pBK2i`B+ J�bb "�H�M+2 /�i� 7Q` kyyk@kyRe b?Qrb B+2 K�bb +?�M;2b 
�+`Qbb i?2 +QMiBM2MiX �MMQi�iBQMb BM K�;2Mi� ?�p2 #22M �//2/ iQ b?Qr i?2 HQ+�iBQMb Q7 
B+2 b?2Hp2b K2MiBQM2/ BM i?Bb i?2bBbX 
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RXRX a1� G1o1G- A*1 a>11ha �L. A*1 a>1Go1a 
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Potential Temperature at the bottom (°C) 

6B;m`2 RXk, h?2 +QMM2+iBQM #2ir22M �Mi�`+iB+ B+2 K�bb HQbb �M/ Q+2�M 7Q`+BM; 7`QK 
LQ#H2 2i �HX UkykyVX J�T Q7 i?2 aQmi?2`M P+2�M #QiiQK TQi2MiB�H i2KT2`�im`2 ?B;?HB;?ib 
i?2 T`2b2M+2b Q7 r�`K2` r�i2`b �HQM; i?2 q2bi �Mi�`+iB+ K�`;BM- #�b2/ QM i?2 qP*1 
;HQ#�H ?v/`Q;`�T?B+ +HBK�iQHQ;vX 
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RXkX A*1 a>1G6@P*1�L ALh1_�*hAPLa, G�_:1@a*�G1 S_P*1aa1a �L. 
*A_*lG�hAPL 

KQpBM; BMH�M/ U� ǳ`2i`Q;`�/2Ǵ bHQT2VX L2�`Hv 45% Q7 i?2 �Mi�`+iB+ A+2 a?22i Bb ;`QmM/2/ 

#2HQr b2� H2p2H U6`2ir2HH 2i �HX- kyRj#V- i?mb K�Mv �`2�b �`2 TQi2MiB�HHv bm#D2+i iQ JAaAX 
h?2 iBK2b+�H2b 7Q` i?2b2 /vM�KB+ B+2 b?22i `2bTQMb2b Uv2�`bĜ/2+�/2bV �`2 Km+? HQM;2` 
i?�M i?2 Q+2�MB+ iBK2b+�H2b QM r?B+? K2HiBM; p�`B2b UKQMi?bĜv2�`bVX Ai i�F2b iBK2 7Q` 
i?BMMBM; bB;M�Hb iQ T`QT�;�i2 BMH�M/X *QMb2[m2MiHv- T`2b2Mi /�v i?BMMBM; Q7 ;H�+B2`b 
K�v ?�p2 Bib Q`B;BM BM T�bi K2HiBM; 2p2Mib U2X;X C2MFBMb 2i �HX- kyR3VX 6m`i?2`KQ`2- i?2 
`2bTQMb2 Q7 BM/BpB/m�H ;H�+B2`b iQ i?2 b�K2 7Q`+BM; /2T2M/b QM i?2B` ;2QK2i`v �M/ i?2 
bi�#BHBiv Q7 i?2B` ;`QmM/BM; HBM2 TQbBiBQM UEQM`�/ 2i �HX- kyRdVX AM �//BiBQM- i?2 ;2QK2i`v 

Q7 i?2 B+2 b?2H7 +�pBiv �z2+ib i?2 Q+2�M +B`+mH�iBQM Uai2`M 2i �HX- kyR9V- 722/BM; #�+F BMiQ 

K2HiBM;X �b � +QMb2[m2M+2 Q7 i?2 BMi2`@/2T2M/2Mi M�im`2 Q7 i?2b2 T`Q+2bb2b- +QmTH2/ 

B+2 b?22i@Q+2�M KQ/2Hb �`2 M22/2/ 7Q` �++m`�i2 T`2/B+iBQM Q7 i?2 B+2 b?22i `2bTQMb2 iQ 

+?�M;2b BM Q+2�M i2KT2`�im`2b- 2bT2+B�HHv Qp2` HQM; iBK2b+�H2bX 

h?2 +QKTH2t �M/ BMi2`@/2T2M/2Mi M�im`2 Q7 B+2 b?22i- B+2 b?2H7 �M/ Q+2�M T`Q+2bb2b 
+QMi`B#mi2b iQ i?2 /22T mM+2`i�BMiv BM 7mim`2 b2� H2p2H +QMi`B#miBQM 7`QK i?2 �Mi�`+iB+ A+2 
a?22i Up�M /2 q�H 2i �HX- kykyVX �++m`�i2 `2T`2b2Mi�iBQM Q7 B+2 b?2H7@Q+2�M BMi2`�+iBQMb 
BM Q+2�M@+HBK�i2 KQ/2Hb Bb � F2v +?�HH2M;2 7Q` b2� H2p2H b+B2M+2 U6Qt@E2KT2` 2i �HX-
kyRNVX A+2@Q+2�M #QmM/�`v H�v2` T`Q+2bb2b- BM+Hm/BM; 2z2+ib Q7 i?2 KQ`T?QHQ;v Q7 i?2 
B+2- bi`QM;Hv BM~m2M+2 ?2�i i`�MbTQ`i �+`Qbb i?2 B+2@Q+2�M BMi2`7�+2 �M/ i?2 `�i2 Q7 #�b�H 
K2HiBM;X *QMb2[m2MiHv- #2ii2` mM/2`bi�M/BM; �M/ `2T`2b2Mi�iBQM Q7 i?2b2 T`Q+2bb2b BM 

Q+2�M KQ/2Hb Bb M2+2bb�`v 7Q` �++m`�i2 T`2/B+iBQMb Q7 i?2 2pQHmiBQM Q7 i?2 �Mi�`+iB+ A+2 
a?22i ULQ#H2 2i �HX- kykyVX 

RXk A+2 b?2H7@Q+2�M BMi2`�+iBQMb, H�`;2@b+�H2 
T`Q+2bb2b �M/ +B`+mH�iBQM 

"�b�H K2HiBM; Bb +QMi`QHH2/ #v B+2@Q+2�M BMi2`�+iBQMb QM � `�M;2 Q7 i2KTQ`�H �M/ bT�@ 
iB�H b+�H2b U.BMMBK�M 2i �HX- kyReV 7`QK H�`;2@b+�H2 +B`+mH�iBQM iQ KB+`Q b+�H2 B+2@Q+2�M 

#QmM/�`v H�v2` T`Q+2bb2b U:�v2M 2i �HX- kyRec E2BixH 2i �HX- kyRe#c o`2m;/2M?BH �M/ h�v@ 
HQ`- kyRNVX h?Bb b2+iBQM /2�Hb rBi? i?2 r�i2`K�bb2b- H�`;2@b+�H2 +B`+mH�iBQM �M/ b?2H7 
T`Q+2bb2b `2bTQMbB#H2 7Q` #�b�H K2HiBM; �`QmM/ �Mi�`+iB+�X 

h?2 T`QT2`iB2b Q7 i?2 r�i2`K�bb2b i?�i BMi2`�+i rBi? B+2 b?2Hp2b �`2 +`BiB+�HHv BKTQ`i�Mi 
7Q` i?2 K�;MBim/2 �M/ bT�iBQ@i2KTQ`�H p�`B�#BHBiv Q7 #�b�H K2HiBM;X AM i?2 TQH�` Q+2�M-
i?2 /2MbBiv Q7 b2�r�i2` Bb � bi`QM; 7mM+iBQM Q7 b�HBMBiv- #mi QMHv � r2�F 7mM+iBQM Q7 i2K@ 

e 
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RXkX A*1 a>1G6@P*1�L ALh1_�*hAPLa, G�_:1@a*�G1 S_P*1aa1a �L. 
*A_*lG�hAPL 

T2`�im`2 /m2 iQ i?2 bK�HHM2bb Q7 i?2 i?2`K�H 2tT�MbBQM +Q2{+B2Mi �i +QH/ i2KT2`�im`2b 
UJ+.Qm;�HH �M/ "�`F2`- kyRRVX *QMb2[m2MiHv- b�HBMBiv /QKBM�i2b Qp2` i2KT2`�im`2 BM 

/2i2`KBMBM; i?2 M2mi`�H #mQv�M+v /2Ti? Q7 � r�i2`K�bb- �M/ Bi Bb +QKKQM iQ }M/ r�`K2` 
r�i2` �i /2Ti?X 6B;X RXj b?Qrb i?2 /2T2M/2M+2 Q7 /2MbBiv QM i2KT2`�im`2 �M/ b�HBMBiv 

Qp2` � `2H2p�Mi `�M;2 Q7 Q+2�M +QM/BiBQMbX 

6B;m`2 RXj, .2MbBiv +QMiQm`b 7Q` b2�r�i2` 7`QK >2rBii UkykyV �i +QM/BiBQMb `2H2p�Mi 
iQ i?2 TQH�` Q+2�MX h?2 ;`2v HBM2b b?Qr HB[mB/mb U7`22xBM; i2KT2`�im`2V +m`p2bX h?2 
�//BiBQM Q7 K2Hir�i2` +�mb2b T − S T`QT2`iB2b iQ 2pQHp2 �HQM; i?2 Tm`TH2 HBM2- �bbmKBM; 
2[m�H 2//v /BzmbBpBiB2b Q7 ?2�i �M/ b�Hi U2X;X J+.Qm;�HH 2i �HX- kyR9VX 

AM i?2 aQmi?2`M P+2�M- 1FK�M /Bp2`;2M+2 mTr2HHb � `2H�iBp2Hv r�`K- b�Hiv r�i2`K�bb 
FMQrM �b *B`+mKTQH�` .22T q�i2` U*.qVX AM K�Mv �`2�b- i?2 B+2 b?2Hp2b �`2 b?B2H/2/ 

7`QK *.q #v i?2 �Mi�`+iB+ aHQT2 6`QMi U�a6Vk- r?B+? T`QpB/2b � /vM�KB+ #�``B2` 
b2T�`�iBM; i?2 `2H�iBp2Hv i?2 +QH/- 7`2b? r�i2` QM i?2 +QMiBM2Mi�H b?2H7 7`QK i?2 r�`K2` 
b�HiB2` r�i2` Qzb?Q`2 U2;X 6B; RX9�VX >Qr2p2`- 7�+iQ`b bm+? �b /22T b?2Hp2b- � r2�F 

�a6 U2X;X 6B;X RX9* � .V Q` #�i?vK2i`B+ 72�im`2b bm+? �b i`Qm;?b �M/ +�MvQMb +miiBM; 

�+`Qbb i?2 +QMiBM2Mi�H b?2H7 T`QpB/2 `Qmi2b #v r?B+? *.q +�M �++2bb B+2 b?2Hp2b U2X;X 
q ?HBM 2i �HX- kyRyc JQ``BbQM 2i �HX- kykyVX AM +Q�bi�H �`2�b Q7 �Mi�`+iB+� ǳa?2H7 q�i2`Ǵ-
+?�`�+i2`Bb2/ #v i2KT2`�im`2b +HQb2 iQ i?2 bm`7�+2 7`22xBM; TQBMi- Bb T`2p�H2MiX �i i?2 
b2� bm`7�+2- b�Hi `2D2+iBQM /m`BM; b2� B+2 7Q`K�iBQM BM rBMi2`iBK2 /2MbB}2b i?2 bm`7�+2 
r�i2`b �M/ /`Bp2b /22T +QMp2+iBp2 KBtBM; 7Q`KBM; ǳ.2Mb2Ǵ Q` ǳ>B;? a�HBMBivǴ a?2H7 q�i2` 
U.aqf>aaqVX h?2 HB;?i2bi r�i2`K�bb QM i?2 +QMiBM2Mi�H b?2H7 Bb �Mi�`+iB+ am`7�+2 

kh?2 �a6 Bb � T2`bBbi2Mi +`Qbb@bHQT2 /2MbBiv ;`�/B2Mi- rBi? /2MbBiv bm`7�+2b UBbQTvM+�HbV i?�i /BT 
/QrM QM i?2 �TT`Q�+? iQ i?2 +QMiBM2Mi�H b?2H7X h?2 �a6 Bb �bbQ+B�i2/ rBi? i?2 �Mi�`+iB+ aHQT2 *m``2Mi 
U�a*V- r?B+? ~Qrb �HQM; i?2 +QMiBM2Mi�H b?2H7X 
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RXkX A*1 a>1G6@P*1�L ALh1_�*hAPLa, G�_:1@a*�G1 S_P*1aa1a �L. 
*A_*lG�hAPL 

q�i2` U��aqVX � T`Q/m+i Q7 b2� B+2@K2Hi �M/ b2�bQM�H bQH�` ?2�iBM;- ��aq Bb `2H�iBp2Hv 

r�`K �M/ 7`2b?X 6BM�HHv- A+2 a?2H7 q�i2` UAaqV Bb T`Q/m+2/ #v i?2 BMi2`�+iBQMb #2ir22M 

B+2 b?2Hp2b �M/ i?2 Q+2�M �i /2Ti? �M/ Bb +?�`�+i2`Bb2/ #v i2KT2`�im`2b HQr2` i?�M 

i?2 bm`7�+2 7`22xBM; TQBMiX h?Bb Bb TQbbB#H2 /m2 iQ i?2 /2T`2bbBQM Q7 i?2 7`22xBM; TQBMi 
i2KT2`�im`2 rBi? T`2bbm`2c 7Q` 2p2`v FK Q7 /2Ti? i?2 7`22xBM; TQBMi HQr2`b #v ∼ 0.75 E 

U6Q7QMQz �M/ JBHH�`/- RN3jV �b b?QrM BM 6B;X RXjX 

6B;m`2 RX9, h?2 �Mi�`+iB+ aHQT2 6`QMiX U�Ĝ*V .Bz2`2Mi b?2H7 ivT2b pB� /2MbBiv U#H�+F 
+QMiQm`bV �M/ i2KT2`�im`2 Ub?�/BM;V �HQM; i?`22 /Bz2`2Mi b2+iBQMbX h?Bb };m`2 Bb `2T`Q@ 
/m+2/ 7`QK 6B;bX j/Ĝ7 7`QK h?QKTbQM 2i �HX UkyR3V- �MMQi�iBQMb r2`2 �//2/ � TQbi2`BQ`B 
7Q` +H�`Biv �M/ �`2 #�b2/ QM 6B;m`2b j�Ĝ+ 7`QK h?QKTbQM 2i �HX UkyR3VX a2+iBQMb Q`B;BM�i2 
7`QK >2vrQQ/ �M/ EBM; UkyykVc h?QKTbQM �M/ >2vrQQ/ Ukyy3Vc P`bB �M/ q?BirQ`i? 
Ukyy8VX 

h?2 T`2b2M+2 �M/ ;2QK2i`v Q7 B+2 b?2Hp2b 2t2`ib � mMB[m2 BM~m2M+2 QM i?2 mM/2`HvBM; 

Q+2�MX h?2 Q+2�M #2M2�i? �M B+2 b?2H7 Bb b?B2H/2/ 7`QK rBM/ bi`2bb- v2i bm#D2+i iQ bi`QM; 

#mQv�M+v 7Q`+BM; #Qi? M2�` i?2 bm`7�+2 �M/ �i /2Ti? i?`Qm;? i?2`KQ/vM�KB+ BMi2`�+iBQM 

rBi? i?2 B+2 b?2H7 UqBHHB�Kb 2i �HX- RN38VX �b i?2 /2Mb2bi r�i2`K�bb QM i?2 �Mi�`+iB+ 
+QMiBM2Mi�H b?2H7- .aq +�M �++2bb i?2 /22T2bi T�`ib Q7 i?2 B+2 b?2H7 +�pBiv U6B;X RX8VX A+2 
b?2H7 +�pBiB2b ~QQ/2/ rBi? .aq �`2 +�HH2/ +QH/ +�pBiv Q` ǳKQ/2 RǴ B+2 b?2Hp2b UC�+Q#b 
2i �HX- RNNkVX J�Mv Q7 i?2 H�`;2bi B+2 b?2Hp2b- bm+? �b i?2 _Qbb- 6BH+?M2`@_QMM2 �M/ �K2`v 

A+2 a?2Hp2b �`2 +QH/ +�pBiv B+2 b?2Hp2bX q?BH2 K2Hi `�i2b �`2 ivTB+�HHv HQr BM i?2b2 +�pBiB2b-
i?2 T`2bbm`2 /2T2M/2M+2 Q7 i?2 7`22xBM; i2KT2`�im`2 K2�Mb i?�i 2p2M r�i2`K�bb2b �i i?2 
bm`7�+2 7`22xBM; i2KT2`�im`2 U∼ −1.9 ◦*V +�M /`Bp2 ?B;? K2HiBM; �i /2Ti?X 6Q` 2t�KTH2-
�i i?2 kkyy K@/22T ;`QmM/BM; HBM2 Q7 i?2 �K2`v A+2 a?2H7 i?2 7`22xBM; i2KT2`�im`2 Bb 
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RXkX A*1 a>1G6@P*1�L ALh1_�*hAPLa, G�_:1@a*�G1 S_P*1aa1a �L. 
*A_*lG�hAPL 

/2T`2bb2/ #v �HKQbi k◦*- `2bmHiBM; BM K2Hi@`�i2b i?�i 2t+22/ jy K v`−1 U:�HiQM@62MxB 
2i �HX- kyRkVX h?2 `2bmHiBM; K2Hir�i2` KBt2b rBi? i?2 �K#B2Mi Q+2�M- 7Q`KBM; #mQv�Mi 
A+2 a?2H7 q�i2` r?B+? �b+2M/b i?2 mM/2`bB/2 Q7 i?2 B+2 b?2H7X h?2 +�pBiv@b+�H2 +B`+mH�iBQM 

�bbQ+B�i2/ rBi? i?2 BM~Qr Q7 .aq- K2HiBM; �i /2Ti? �M/ i?2 Qmi~Qr Q7 Aaq Bb FMQrM �b 
i?2 B+2@TmKT UG2rBb �M/ S2`FBM- RN3eVX �i bQK2 TQBMi- i?2 �b+2M/BM; Aaq K�v #2+QK2 
+QH/2` i?�M i?2 BM bBim 7`22xBM; TQBMi- �HHQrBM; 7`�xBH B+2 iQ 7Q`K �M/ �++mKmH�i2 QM i?2 
mM/2`bB/2 Q7 i?2 B+2 b?2H7 U6`B+F2` 2i �HX- kyyRc *`�p2M 2i �HX- kyyNc >2``�Bx@"Q``2;m2`Q 

2i �HX- kyRjVX 

6B;m`2 RX8, A/2�HBb2/ b+?2K�iB+ Q7 T`Q+2bb2b QT2`�iBM; BM �M B+2 b?2H7 +�pBiv �i +QH/ Q` 
ǳKQ/2 RǴ +QM/BiBQMbX 6B;X �/�Ti2/ 7`QK ai2`M 2i �HX UkyR9VX 

q�`K +�pBiv Q` ǳKQ/2 kǴ K2HiBM; Bb /`Bp2M #v KQ/B}2/ *.q UK*.qVX .2bTBi2 #2BM; 

KQ/B}2/ #v KBtBM; rBi? +QH/2` r�i2`K�bb2b �b Bi BMi`m/2b QMiQ i?2 +QMiBM2Mi�H b?2H7-
K*.q Bb biBHH r�`K U∼ 0 ◦*V r?2M Bi 2Mi2`b i?2 B+2 b?2H7 +�pBivX "2+�mb2 *.q `2bB/2b 
�i /2Ti?- i?2 T`2bbm`2 /2T2M/2M+2 Q7 i?2 7`22xBM; i2KT2`�im`2 ;Bp2b Bi 2p2M ;`2�i2` 
K2HiBM; TQi2MiB�HX *QMb2[m2MiHv- r�`K +�pBiB2b 2t?B#Bi i?2 ?B;?2bi K2Hi `�i2b U_B;MQi 
2i �HX- kyRNVX JQ/2 k K2HiBM; Bb T`2p�H2Mi BM q2bi �Mi�`+iB+� U*QQF 2i �HX- kyRec C�+Q#b 
2i �HX- kyRRc C2MFBMb 2i �HX- kyR3V- ?Qr2p2`- 7�+iQ`b bm+? �b rB/2 Q` b?�HHQr +QMiBM2Mi�H 
b?2Hp2b- Q` � /22T i?2`KQ+HBM2- i2M/ iQ T`Qi2+i 1�bi �Mi�`+iB+ B+2 b?2Hp2b 7`QK K*.q-
rBi? 2t+2TiBQMb bm+? �b i?2 hQii2M :H�+B2` A+2 a?2H7 U_Q#2`ib 2i �HX- kyR3V �M/ a?B`�b2 A+2 
hQM;m2 U>B`�MQ 2i �HX- kykyVX ǳJQ/2 jǴ Q` b?�HHQr K2HiBM; Bb /`Bp2M #v �Mi�`+iB+ am`7�+2 
q�i2` U��aqV- �MQi?2` `2H�iBp2Hv +QH/ r�i2`K�bbX AM rBMi2`iBK2 �M/ �i /2Ti?- ��aq 

Bb �i bm`7�+2 7`22xBM; i2KT2`�im`2 UT ∼ −1.9 ◦*V �M/ /`Bp2b HQr K2Hi `�i2b Km+? HBF2 
.aqX >Qr2p2`- BM bmKK2`iBK2- ��aq Bb r�`K2/ #v BMi2`�+iBQM rBi? i?2 �iKQbT?2`2 
�M/ /`Bp2b Km+? ?B;?2` K2Hi `�i2b BM i?2 b?�HHQr2` T�`ib Q7 i?2 +�pBiv U�`x2MQ 2i �HX-
kyR9c ai2r�`i 2i �HX- kyRNVX 

N 



ice 

interface _./ 
(Tb, Sb) 

ocean mixed layer (TMu SMJ 

ambient ocean 

RXjX A*1 a>1G6@P*1�L ALh1_�*hAPLa, h>1 A*1 a>1G6@P*1�L 
"PlL.�_u G�u1_ 

RXj A+2 b?2H7@Q+2�M BMi2`�+iBQMb, i?2 B+2 b?2H7@Q+2�M 
#QmM/�`v H�v2` 

"�b�H K2HiBM; Bb HBKBi2/ #v i?2 `�i2 Q7 i`�MbTQ`i Q7 #Qi? ?2�i �M/ b�Hi i?`Qm;? i?2 Q+2�MB+ 
#QmM/�`v H�v2` #2M2�i? �M B+2 b?2H7X �i i?2 bi�iBQM�`v B+2@Q+2�M BMi2`7�+2- #Qi? Q+2�M 

p2HQ+Biv �M/ im`#mH2Mi ~m+im�iBQMb ;Q iQ x2`QX h?mb- i?2 i`�MbTQ`i Q7 ?2�i �M/ b�Hi Kmbi 
Q++m` #v KQH2+mH�` /BzmbBQM �HQM2X PmibB/2 Q7 i?Bb /BzmbBp2 H�v2`- im`#mH2Mi i`�MbTQ`i 
/QKBM�i2bX h?2 bQm`+2 Q7 i?Bb im`#mH2M+2 K�v #2 b?2�` BMbi�#BHBiv /m2 iQ 7`B+iBQM #2ir22M 

i?2 Q+2�M �M/ B+2 U2X;X .�pBb �M/ LB+?QHHb- kyRNc o`2m;/2M?BH �M/ h�vHQ`- kyRNV Q` +QM@ 
p2+iBQM /m2 iQ i?2 #mQv�M+v bmTTHB2/ #v K2Hir�i2` U2X;X E2`` �M/ J+*QMMQ+?B2- kyR8c 
:�v2M 2i �HX- kyReVX �M 2ti2MbBp2 `2pB2r Q7 i?2 `QH2b Q7 +m``2Mi b?2�` �M/ +QMp2+iBQM BM 

B+2@Q+2�M BMi2`�+iBQMb +�M #2 7QmM/ BM J�Hv�`2MFQ 2i �HX UkykyVX 6Q` � bHQTBM; B+2 b?2H7-
#mQv�Mi K2Hir�i2` /`Bp2b � im`#mH2Mi THmK2 mT@bHQT2 UJ+*QMMQ+?B2 �M/ E2``- kyR3c 
JQM/�H 2i �HX- kyRNV- r?BH2 7Q` � ~�i Q` [m�bB@~�i B+2 b?2H7- K2Hir�i2` i2M/b iQ bi`�iB7v 

i?2 #QmM/�`v H�v2` �M/ bmTT`2bb im`#mH2M+2 UJ+S?22- RNN9c o`2m;/2M?BH �M/ h�vHQ`-
kyRNVX AM i?Bb b2+iBQM r2 /2b+`B#2 i?2 i?2`KQ/vM�KB+ +QM/BiBQMb �i i?2 B+2@Q+2�M BMi2`@ 
7�+2- QmiHBM2 T?vbB+�H KQ/2Hb Q7 i?2 B+2 b?2H7@Q+2�M #QmM/�`v H�v2`- �M/ /Bb+mbb BMbB;?ib 
7`QK H�#Q`�iQ`v �M/ ?B;?@`2bQHmiBQM KQ/2HHBM; bim/B2bX 

RXjXR J2HiBM; �M/ i?2 B+2@Q+2�M BMi2`7�+2 

6B;m`2 RXe, a+?2K�iB+ Q7 i?2 B+2@Q+2�M bvbi2K b?QrBM; i?2 #�H�M+2 Q7 ?2�i �M/ b�Hi �i 
i?2 B+2@Q+2�M BMi2`7�+2X 

�i i?2`KQ/vM�KB+ 2[mBHB#`BmK- i?2 B+2@Q+2�M BMi2`7�+2 i2KT2`�im`2 UTbV �M/ b�HBMBiv 

USbV b�iBb7v i?2 7`22xBM; i2KT2`�im`2 UHB[mB/mbV `2H�iBQMb?BT, 

Tb = Tf (Sb, pb), URXRV 

Ry 



�----
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r?2`2 Tf Bb i?2 7`22xBM; i2KT2`�im`2 �M/ pb Bb i?2 BMi2`7�+2 T`2bbm`2 Ub22 6B;X RXjVX 
>2�i �M/ b�Hi ~mt2b 7`QK i?2 Q+2�M iQ i?2 BMi2`7�+2 UQT - QS V �`2 #�H�M+2/ #v H�i2Mi 
?2�i UQlatentV �M/ #`BM2 UQbrineV ~mt2b 7`QK K2HiBM; �M/- 7Q` ?2�i- +QM/m+iBp2 ~mt2b 
�r�v 7`QK i?2 BMi2`7�+2 rBi?BM i?2 B+2 QT,ice  - �b b?QrM BM 6B;X RXeX h?2b2 #�H�M+2b �`2 
2tT`2bb2/ �b, 

Qlatent = QT − QT,ice  URXkV 

Qbrine = QS URXjV 

r?2`2 Qlatent = Lf mρi - Qbrine = Sbmρi - m Bb i?2 K2Hi `�i2- Lf Bb i?2 H�i2Mi ?2�i Q7 
7`22xBM; �M/ ρi Bb i?2 B+2 /2MbBivX h?2 pQHmK2 BMTmi Q7 r�i2` /m2 iQ B+2 K2Hi Bb �bbmK2/ 

iQ #2 x2`Q- #�b2/ QM i?2 2tT2+i�iBQM i?�i i?2 K2Hi `�i2 Bb 2ti`2K2Hv bK�HH rBi? `2bT2+i 
iQ Q+2�M p2HQ+BiB2b U>QHH�M/ �M/ C2MFBMb- RNNNVX h?2 B+2 b�HBMBiv Bb �HbQ �bbmK2/ iQ #2 
x2`Q- �b Bb ivTB+�H 7Q` B+2 b?2Hp2b UP2`i2` 2i �HX- RNNkVX h?2b2 ~mt #�H�M+2 2[m�iBQMb 
+�M #2 bQHp2/ �HQM;bB/2 i?2 HB[mB/mb `2H�iBQMb?BT 7Q` i?2 BMi2`7�+2 +QM/BiBQMb m- Tb �M/ 

SbX >2�i +QM/m+iBQM BMiQ i?2 B+2 b?2H7 +�M #2 BM+Q`TQ`�i2/ #v KQ/2HHBM; i?2 bi2�/v bi�i2 
i2KT2`�im`2 T`Q}H2 rBi?BM i?2 B+2 U>QHH�M/ �M/ C2MFBMb- RNNNV- ?Qr2p2`- i?2 Q+2�MB+ ~mt 

i2`Kb �`2 TQQ`Hv +QMbi`�BM2/X h?Bb bvbi2K Q7 2[m�iBQMb- Q7i2M +�HH2/ i?2 ǳi?`22@2[m�iBQM 

T�`�K2i2`Bb�iBQMǴ- r�b }`bi �TTHB2/ #v >2HHK2` �M/ PH#2`b URN3NV �M/ Bb biBHH mb2/ iQ/�vX 
>Qr2p2`- i?2 /2i�BHb Q7 i?2 Q+2�M ~mt T�`�K2i2`Bb�iBQMb ?�p2 2pQHp2/ 7`QK +QMbi�Mi 
`�i2b Q7 ?2�i �M/ b�Hi /BzmbBQM U>2HHK2` �M/ PH#2`b- RN3Nc .2i2`K�MM �M/ :2`/2b- RNN9V 
iQ +m``2Mi bT22/ /2T2M/2Mi KQ/2Hb BM r?B+? ?2�i �M/ b�Hi i`�Mb72` �`2 `2T`2b2Mi2/ #v 

2KTB`B+�H 7mM+iBQMb UC2MFBMb- RNNRc J+S?22 2i �HX- RN3dV Q` Q#b2`p�iBQM�HHv@+QMbi`�BM2/ 

+Q2{+B2Mib UC2MFBMb 2i �HX- kyRy#VX >2`2- r2 rBHH 2tTHQ`2 i?2 T?vbB+�H #�bBb Q7 i?2b2 
7Q`KmH�iBQMbX 

RXjXk h?2 7`B+iBQM�H B+2 b?2H7@Q+2�M #QmM/�`v H�v2` 

hvTB+�HHv- i?2 B+2 b?2H7@Q+2�M #QmM/�`v H�v2` UAaP"GV `272`b iQ i?2 7`B+iBQM�H #QmM/�`v 

H�v2` i?�i 7Q`Kb �/D�+2Mi iQ i?2 Ubi�iBQM�`vV B+2 /m2 iQ � K2�M ~Qr Q` +m``2MiX h?2 
T`2b2M+2 Q7 *Q`BQHBb ;Bp2b i?2 #QmM/�`v H�v2` � M�im`�H /2Ti? b+�H2 r?B+? /2T2M/b QM i?2 
*Q`BQHBb 7`2[m2M+v UfV �M/ i?2 bi`2M;i? Q7 i?2 im`#mH2M+2 r?B+? Bb +?�`�+i2`Bb2/ #v i?2 

∗7`B+iBQM p2HQ+Biv Uu ∗V- � 7mM+iBQM Q7 b?2�` bi`2bb �i i?2 BMi2`7�+2 Uu = τw/ρ0VX AM �M 

mMbi`�iB}2/ 2MpB`QMK2Mi i?Bb b+�H2- Q7i2M +�HH2/ i?2 TH�M2i�`v b+�H2- Bb ;Bp2M #v δf ∼ u ∗/f 

U2X;X J+S?22- kyy3VX "2M2�i? B+2 b?2Hp2b- i?2 TH�M2i�`v b+�H2 Bb QM i?2 Q`/2` Q7 Ry KX 

qBi?BM i?2 #QmM/�`v H�v2` i?2`2 �`2 b2p2`�H /BbiBM+i `2;BQMb U6B;X RXdVX *HQb2 iQ i?2 B+2 

RR 



ice viscous 
-----_____.,-: = :------------<..--sublayer 

ocean surface/log layer 

u(z) outer layer 

free stream flow 
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Bb i?2 pBb+Qmb bm#H�v2`- � `2;BQM Q7 H�KBM�` ~QrX h?2 i?B+FM2bb Q7 i?2 pBb+Qmb bm#H�v2` 
Bb T`QTQ`iBQM�H iQ i?2 pBb+Qmb b+�H2 δν ∼ ν/u∗ r?B+? /2T2M/b QM KQH2+mH�` pBb+QbBiv ν 

�M/ 7`B+iBQM p2HQ+Biv u ∗X qBi?BM i?2 pBb+Qmb bm#H�v2` i?2 p2HQ+Biv b+�H2b rBi? /Bbi�M+2 
7`QK i?2 B+2 Uu(z) ∼ zu ∗/νVX �M�HQ;Qmb iQ i?2 pBb+Qmb bm#H�v2`- /BzmbBp2 bm#H�v2`b 
7Q` i2KT2`�im`2 UT V �M/ b�HBMBiv USV 7Q`K �/D�+2Mi iQ i?2 B+2@Q+2�M BMi2`7�+2X h?2 
KQH2+mH�` /BzmbBpBiB2b Q7 ?2�i UκT V �M/ b�Hi UκS V �`2 bK�HH2` i?�M KQH2+mH�` pBb+QbBivc i?2 
S`�M/iH �M/ a+?KB/i MmK#2`b �`2 Pr  = ν/κT ∼ 14 �M/ Sc = ν/κS ∼ 2500 `2bT2+iBp2HvX 
*QMb2[m2MiHv i?2 /BzmbBp2 #QmM/�`v H�v2`b 7Q` ?2�i �M/ b�Hi �`2 i?BMM2` i?�M i?�M i?2 
pBb+Qmb bm#H�v2`X 

6B;m`2 RXd, � 7`B+iBQM�H AaP"G +QMbBbib Q7 � pBb+Qmb bm#H�v2`- bm`7�+2 Q` ǳHQ;Ǵ H�v2` �M/ 
� im`#mH2Mi Qmi2` H�v2`X AM bvbi2Kb r?2`2 TH�M2i�`v `Qi�iBQM U*Q`BQHBbV Bb BKTQ`i�Mi- i?2 
#QmM/�`v H�v2` /2Ti? Bb 2tT2+i2/ iQ b+�H2 rBi? i?2 SH�M2i�`v b+�H2 Uδf VX 

h?2 bm`7�+2 Q` HQ; H�v2` Q++mTB2b i?2 ∼kyW Q7 i?2 im`#mH2Mi 1FK�M H�v2` M2�`2bi i?2 B+2X 
qBi?BM i?2 bm`7�+2 H�v2`- i?2 bBx2 Q7 i?2 im`#mH2Mi 2//B2b BM+`2�b2b rBi? /Bbi�M+2 7`QK i?2 
bQHB/ B+2@Q+2�M #QmM/�`vX o2`iB+�H b?2�` Bb BMp2`b2Hv T`QTQ`iBQM�H iQ i?2 /Bbi�M+2 7`QK 

i?2 bm`7�+2 UzV �M/ T`QTQ`iBQM�H iQ i?2 7`B+iBQM p2HQ+Biv �b, 
∂u u ∗ 

∼ URX9V 
∂z z 

U2X;X SQT2- kyyRVX AMi2;`�iBM; i?Bb `2H�iBQMb?BT p2`iB+�HHv vB2H/b � HQ;�`Bi?KB+ b+�HBM; Q7 
p2HQ+Biv rBi? ?2B;?i, 

∗ 

u(z) =  
u 
k 

ln 
z 
z0 

URX8V 

r?2`2 k = 0.41 Bb i?2 pQM@E�`K�MǶb +QMbi�Mi �M/ z0 Bb i?2 `Qm;?M2bb H2M;i?b+�H2X 

h?2 �bbmKTiBQM Q7 bBKBH�`Biv #2ir22M p2HQ+Biv �M/ b+�H�` T`Q}H2b 7QHHQrb 7`QK JQMBM@ 
P#mF?Qp UJPV bBKBH�`Biv i?2Q`v- r?B+? Bb +QKKQMHv �TTHB2/ iQ r�HH@#QmM/2/ bi`�iB@ 
}2/ b?2�` ~QrbX "�b2/ QM bBKBH�`Biv- 2tT`2bbBQMb 7Q` ?2�i �M/ b�Hi i`�Mb72` +Q2{+B2Mib 
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UΓT , ΓSV �`2 /2`Bp2/ #�b2/ QM i?2 /vM�KB+b Q7 i?2 bm`7�+2 H�v2` UE�/2` �M/ u�;HQK-
RNdkVX h?2b2 i`�Mb72` +Q2{+B2Mib `2H�i2 i?2 iQi�H ?2�i �M/ b�Hi i`�Mb72` �+`Qbb i?2 #QmM/@ 
�`v H�v2` iQ i?2 K2�M T`QT2`iB2b Q7 i?2 ~QrX *Q2{+B2Mib ΓT �M/ ΓS �`2 ;Bp2M #v, 

ΓT = (2.12 ln(u ∗ h/ν) + 12.5Pr2/3 − 9)−1 URXeV 

ΓS = (2.12 ln(u ∗ h/ν) + 12.5Sc2/3 − 9)−1 . URXdV 

"2+�mb2 Q7 i?2 �TT2�`�M+2 Q7 Pr  �M/ Sc i?2 ?2�i i`�Mb72` +Q2{+B2Mi Bb H�`;2` i?�M i?�i 7Q` 
b�Hi USc > Pr- i?2`27Q`2 ΓT > ΓSVX h?2b2 2tT`2bbBQMb �HbQ ?�p2 � 7mM+iBQM�H /2T2M/2M+2 
QM � _2vMQH/b MmK#2` URe = u ∗h/νV- r?B+? +QKT�`2b pBb+Qmb �M/ BM2`iB�H 7Q`+2b- mbBM; 

∗i?2 7`B+iBQM p2HQ+Biv u �M/ #QmM/�`v H�v2` /2Ti? hX lbBM; ΓT �M/ ΓS - C2MFBMb URNNRV 
7Q`KmH�i2/ 2tT`2bbBQMb 7Q` i?2 Q+2�MB+ ?2�i �M/ b�Hi ~mt2b QT �M/ QS - �HHQrBM; 1[bX 
RXRĜRXj iQ #2 bQHp2/ 7Q` BMi2`7�+2 +QM/BiBQMb Tb - Sb �M/ mX �bbmKBM; #QmM/�`v H�v2` 
im`#mH2M+2 T`Q/m+2b � r2HH@KBt2/ H�v2` BM i2KT2`�im`2 �M/ b�HBMBiv �/D�+2Mi iQ i?2 B+2-
C2MFBMb URNNRV b2i i?2 ?2�i ~mt �b T`QTQ`iBQM�H iQ i?2 T`Q/m+i Q7 i?2 7`B+iBQM p2HQ+Biv 

u ∗- i?2 i2KT2`�im`2 /Bz2`2M+2 #2ir22M i?2 BMi2`7�+2 Tb �M/ i?2 KBt2/ H�v2` TML  - �M/ � 

i?2`K�H 2t+?�M;2 +Q2{+B2Mi ΓT - rBi? �M 2[mBp�H2Mi 2tT`2bbBQM 7Q` b�HBMBiv, 

QT = cpρΓTu ∗ (TML  − Tb) URX3V 

QS = ρΓSu ∗ (SML  − Sb) URXNV 

lM/2` i?2 �bbmKTiBQM Q7 ?v/`�mHB+�HHv bKQQi? B+2j q?BH2 1[bX RXe �M/ RXd ?�p2 � bQHB/ 

#�bBb BM 2KTB`B+�H bim/B2b- i?2`2 ?�p2 #22M 72r Q++�bBQMb iQ i2bi i?2 7mM+iBQM�H 7Q`K Q7 
i?2b2 2tT`2bbBQMb #2M2�i? K2HiBM; b2� B+2- �M/ MQM2 #2M2�i? B+2 b?2Hp2bX a2� B+2@ �M/ B+2 
b?2H7@Q+2�M BMi2`�+iBQMb /Bz2` BM i?�i B+2 b?2Hp2b �`2 bi�iBQM�`v r?BH2 b2� B+2 KQp2b mM/2` 
rBM/ bi`2bb- BM/2T2M/2MiHv Q7 i?2 Q+2�M +m``2Mib #2M2�i? BiX >2�i ~mt K2�bm`2K2Mib 
K�/2 #2M2�i? bKQQi? K2HiBM; b2� B+2 /Q MQi bmTTQ`i i?2 _2vMQH/b MmK#2` /2T2M/2M+2 
Q7 1[bX RXe �M/ RXdX AMbi2�/- J+S?22 2i �HX URNNNV 7QmM/ i?�i � +QMbi�Mi i`�Mb72` 
+Q2{+B2Mi r�b KQ`2 �TT`QT`B�i29X 

j� ?v/`�mHB+�HHv bKQQi? #QmM/�`v Bb QM2 7Q` r?B+? i?2 BMi2`7�+2 `Qm;?M2bb Bb i?BMM2` i?�M i?2 H�KBM�` 
bm#H�v2` Q7 i?2 ~QrX AM i?Bb +�b2 z0 ∼ 5δν BM 1[X RX8X 

9h?Bb rQ`F mb2/ � `2/m+2/ ǳirQ@2[m�iBQMǴ 7Q`KmH�iBQM r?B+?- BMbi2�/ Q7 bQHpBM; 7Q` i?2 BMi2`7�+2 
i2KT2`�im`2- +QMbB/2`b i?2 i2KT2`�im`2 /Bz2`2M+2 #2ir22M i?2 KBt2/ H�v2` �M/ i?2 HQ+�H 7`22xBM; i2K@ 
T2`�im`2 �i KBt2/ H�v2` b�HBMBiv �M/ BMi2`7�+2 T`2bbm`2X 
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"mQv�M+v 2z2+ib QM i?2 7`B+iBQM�H B+2 b?2H7@Q+2�M #QmM/�`v H�v2` 

h?mb 7�` r2 ?�p2 MQi +QMbB/2`2/ i?2 2z2+i Q7 #mQv�M+v QM i?2 /vM�KB+b Q7 i?2 AaP"GX 
h?2 �//BiBQM Q7 K2Hir�i2` +QQHb �M/ 7`2b?2Mb i?2 Q+2�M #2M2�i? i?2 B+2X qBi? `2bT2+i 
iQ /2MbBiv- K2Hir�i2` Bb H2bb /2Mb2 i?�M i?2 �K#B2Mi Q+2�M- �M/ rBHH i2M/ iQ bi`�iB7v Q` 
bi�#BHBb2 i?2 r�i2` +QHmKMX J2Hir�i2` i?2`27Q`2 +QMbiBimi2b � bi�#BHBbBM; ~mt Q7 #mQv�M+v 

�i i?2 B+2@Q+2�M BMi2`7�+2X 6Q` ~Qr i?�i Bb bi`QM;Hv �z2+i2/ #v bi`�iB}+�iBQM- i?2 p2HQ+Biv 

T`Q}H2 BM i?2 bm`7�+2 H�v2` Bb 2tT2+i2/ iQ /2T�`i 7`QK � bBKTH2 HQ;�`Bi?KB+ `2H�iBQMb?BTX 
JQMBM@P#mF?Qp bBKBH�`Biv i?2Q`v 2ti2M/2/ 7Q` bi`�iB}2/ b?2�` ~Qr �HHQrb i?2 p2HQ+Biv 

b?2�` iQ #2 2tT`2bb2/ �b � 7mM+iBQM Q7 i?2 /Bbi�M+2 7`QK i?2 B+2 #�b2- z- /BpB/2/ #v i?2 
P#mF?Qp H2M;i?b+�H2- L UJQMBM �M/ P#mF?Qp- RN89V- r?2`2 i?2 P#mF?Qp H2M;i? Bb �M 

2biBK�i2 Q7 i?2 /Bbi�M+2 �r�v 7`QK i?2 B+2 r?2`2 bi`�iB}+�iBQM bi�`ib iQ /QKBM�i2 i?2 
~Qr UP#mF?Qp- RN9eVX h?2 p2HQ+Biv ;`�/B2Mi Bb ;Bp2M #v, 

∗ " #∂u u z ∼ f URXRyV
∂z z L 

r?2`2 i?2 P#mF?Qp H2M;i?b+�H2 Bb ;Bp2M #v L = u ∗3/(kB) r?2`2 B UK2 b−3V Bb i?2 bm`7�+2 
#mQv�M+v ~mt UP#mF?Qp- RNdRVX 6Q` � bi�#BHBbBM; #mQv�M+v ~mt- i?2 P#mF?Qp H2M;i?b+�H2 
+QKT�`2b i?2 `QH2b Q7 b?2�` �M/ #mQv�M+v BM i?2 T`Q/m+iBQMfbmTT`2bbBQM Q7 im`#mH2M+2-
r?2`2 � H�`;2- TQbBiBp2 L BM/B+�i2b i?�i i?2 ~Qr Bb mM�z2+i2/ #v bi�#BHBbBM; #mQv�M+vX 
h?Bb 2tT`2bbBQM URXRyV BKTHB2b i?�i bi`�iB}+�iBQM Bb �z2+iBM; i?2 KBtBM; H2M;i?- Q` i?2 
K�tBKmK p2`iB+�H /Bbi�M+2 Qp2` r?B+? 2//B2b +�M /Bzmb2 KQK2MimK UJ+S?22- RNN9VX 

AM+Hm/BM; i?2 2z2+ib Q7 #Qi? `Qi�iBQM �M/ bi`�iB}+�iBQM- J+S?22 2i �HX URN3dV /2p2HQT2/ 

2tT`2bbBQMb 7Q` ?2�i �M/ b�Hi i`�Mb72` #2M2�i? b2� B+2- r?B+? ?�p2 bBM+2 #22M �TTHB2/ iQ 

B+2 b?2Hp2b U2X;X >QHH�M/ �M/ C2MFBMb- RNNNVX h?2 2z2+ib Q7 `Qi�iBQM �M/ bi`�iB}+�iBQM 

�`2 2M+�TbmH�i2/ BM i?2 bi�#BHBiv T�`�K2i2` UηV- r?B+? Bb ;Bp2M #v, 
−1/2ξu ∗ 

η = 1 +  , URXRRV 
fLRc 

r?2`2 f Bb i?2 *Q`BQHBb T�`�K2i2` �M/ ξ = 0.052 �M/ Rc = 0.2 �`2 +QMbi�MibX �bbmKBM; 

� ?v/`�mHB+�HHv bKQQi? BMi2`7�+2- i?2 i`�Mb72` +Q2{+B2Mib 7`QK J+S?22 2i �HX URN3dV +�M 

#2 2tT`2bb2/ �b, 

1 u ∗ξη2 1 −1 

ΓT = ln + + 12.5Pr2/3 − 8.5 URXRkV 
k fhν 2ξη 

1 u ∗ξη2 1 −1 

ΓS = ln + + 12.5Sc2/3 − 8.5 URXRjV
k fhν 2ξη 
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7QHHQrBM; >QHH�M/ �M/ C2MFBMb URNNNVX AM i?2b2 2tT`2bbBQMb- hν ∼ 5δν Bb i?2 pBb+Qmb 
bm#H�v2` i?B+FM2bbX "2+�mb2 L Bb � 7mM+iBQM Q7 i?2 bm`7�+2 #mQv�M+v ~mt /m2 iQ K2HiBM;-
1[bX RXRĜRXj Kmbi #2 bQHp2/ Bi2`�iBp2Hv 7Q` i?2 K2Hi `�i2X 

6Q` H�`;2 L- r?2M i?2 ~Qr Bb `2H�iBp2Hv mM�z2+i2/ #v #mQv�M+v- i?2 bi�#BHBiv T�`�K2@ 
i2` η → 1 �M/ i?2 i`�Mb72` +Q2{+B2Mi 7Q`KmH�iBQMb RXRk �M/ RXRj �`2 2[mBp�H2Mi iQ RXe 

�M/ RXdX .2bTBi2 K�Mv Q+2�M KQ/2Hb BKTH2K2MiBM; RXRk �M/ RXRj iQ T�`�K2i2`Bb2 K2Hi@ 
BM;- Bi Bb +QKKQM T`�+iBb2 iQ b2i η = 1 U2X;X :�HiQM@62MxB 2i �HX- kyRkc :rvi?2` 2i �HX-
kyRec L�m;?i2M 2i �HX- kyR3#VX >QHH�M/ �M/ C2MFBMb URNNNV b?Qr2/ i?�i i?2 bi�#BHBiv 

T�`�K2i2` K�/2 H2bb i?�M � RyW /Bz2`2M+2 iQ i?2 T`2/B+i2/ K2Hi `�i2 7Q` i2KT2`�im`2b 
H2bb i?�M yX8 ◦* �#Qp2 i?2 7`22xBM; i2KT2`�im`2 �M/ 7`B+iBQM p2HQ+BiB2b ;`2�i2` i?�M yXR 

+K b−1 U+Q``2bTQM/BM; iQ � 7`22 bi`2�K ~Qr Q7 ∼k +K b−1VX >Qr2p2`- bm#b2[m2Mi rQ`F 

bm;;2bib i?�i M2;H2+iBM; i?2 2z2+i Q7 bi`�iB}+�iBQM QM #QmM/�`v H�v2` /vM�KB+b +QmH/ 

+�mb2 K2Hi `�i2b iQ #2 bB;MB}+�MiHv Qp2`2biBK�i2/X AM ?B;? `2bQHmiBQM MmK2`B+�H bBKmH�@ 
iBQMb- o`2m;/2M?BH �M/ h�vHQ` UkyRNV b?Qr2/ i?�i bi`�iB}+�iBQM Bb 2ti`2K2Hv BKTQ`i�Mi 
BM /2i2`KBMBM; i?2 i`�Mb72` �+`Qbb i?2 AaP"GX h?2v 7QmM/ i?�i i`�Mb72` +Q2{+B2Mib ΓT 

∗�M/ ΓS /2T2M/ QM i?2 7`B+iBQM�H P#mF?Qp H2M;i?b+�H28 UL+VX �i `2H�iBp2Hv r�`K- HQr u 

+QM/BiBQMb- r?B+? +Q``2bTQM/ iQ HQr L+- i?2v 7QmM/ i?�i i?2 2{+B2M+v Q7 ?2�i �M/ b�Hi 
i`�Mb72` /2+`2�b2/- K2Hi `�i2b r2`2 bmTT`2bb2/ �M/ i?2 #QmM/�`v H�v2` r�b Qp2`�HH KQ`2 
bi`�iB}2/X h?Bb bim/v +QMbB/2`2/ QMHv i?2 bm`7�+2 H�v2`- �M/ /B/ MQi BM+Hm/2 i?2 2z2+ib Q7 
`Qi�iBQMX 6m`i?2` rQ`F Bb `2[mB`2/ iQ mM/2`bi�M/ `Qi�iBQM- #mQv�M+v �M/ i?2 mb27mHM2bb 
Q7 i?2 bi�#BHBiv T�`�K2i2` ηX 

6`B+iBQM p2HQ+Biv �M/ i?2 2z2+ib Q7 BMi2`7�+B�H `Qm;?M2bb 

∗h?2 7`B+iBQM p2HQ+Biv u �TT2�`b BM i?2 2tT`2bbBQMb 7Q` i?2 Q+2�MB+ ?2�i �M/ b�Hi ~mt2b 
∗U1[bX RX3 �M/ RXNVX >Qr2p2`- BM T`�+iBb2- u Bb MQi +�``B2/ BM �M Q+2�M KQ/2H �M/ 

Kmbi #2 2tT`2bb2/ �b � 7mM+iBQM Q7 i?2 K2�M ~Qr bT22/ U0 bQK2 /Bbi�M+2 7`QK i?2 
B+2 #�b2X �bbmKBM; � [m�/`�iB+ `2H�iBQMb?BT #2ir22M i?2 b?2�` bi`2bb �M/ i?2 K2�M 

~Qr τ = ρ0CdU0
2- r?2`2 Cd Bb i?2 /BK2MbBQMH2bb /`�; +Q2{+B2Mi- ;Bp2b �M 2tT`2bbBQM 

∗ ∗7Q` u BM i2`Kb Q7 i?2 K2�M ~Qr u = 
√ 
CdU0X AM `2�HBiv- Cd �HbQ /2T2M/b QM i?2 

`Qm;?M2bb Q7 i?2 B+2@Q+2�M BMi2`7�+2- r?B+? +�M 2t2`i KQ`2 /`�; QM i?2 Q+2�M +m``2Mi i?�M 

� ?v/`�mHB+�HHv bKQQi? B+2 #�b2X >Qr2p2`- Cd Bb 2ti`2K2Hv TQQ`Hv +QMbi`�BM2/ #2M2�i? 

8h?2 7`B+iBQM�H P#mF?Qp H2M;i?b+�H2 UL+V Bb i?2 `�iBQ Q7 i?2 P#mF#Qp H2M;i?b+�H2 iQ i?2 pBb+Qmb 
b+�H2 L+ = L/δν �M/ /2i2`KBM2b r?2i?2` �Mv TQ`iBQM Q7 i?2 ~Qr Bb mM�z2+i2/ #v 2Bi?2` bi`�iB}+�iBQM 
Q` pBb+QbBivX 
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B+2 b?2Hp2bX AM F22TBM; rBi? i?2 �bbmKTiBQM Q7 ?v/`�mHB+�HHv bKQQi? B+2- `2H�iBp2Hv HQr 

/`�; +Q2{+B2Mib BM i?2 `�M;2 Cd =yXyyR8ĜyXyyj �`2 ivTB+�HHv BKTH2K2Mi2/ BM B+2@Q+2�M 

KQ/2Hb U2X;X J�+�v2�H- RN39c :rvi?2` 2i �HX- kyR8c L�m;?i2M 2i �HX- kyR3#VX 

h?2`2 ?�p2 #22M 2ti`2K2Hv 72r QTTQ`imMBiB2b iQ BMp2biB;�i2 i?Bb �bbmKTiBQMX "2M2�i? 

i?2 6BH+?M2`@_QMM2 A+2 a?2H7 �i K2HiBM; +QM/BiBQMb .�pBb �M/ LB+?QHHb UkyRNV `2TQ`i2/ � 

p�Hm2 Q7 Cd = 0.0022X P#b2`p�iBQMb #2M2�i? K2HiBM; b2� B+2 ?�p2 vB2H/2/ p�Hm2b Q7 Cd BM 

i?2 `�M;2 yXyykĜyXyyN U2X;X J+S?22- RNNkVX _2+2Mi bim/B2b Q7 i?2 b2� B+2@Q+2�M #QmM/�`v 

H�v2` ?�p2 7QmM/ p�Hm2b mT iQ irQ Q`/2`b Q7 K�;MBim/2 H�`;2` i?�M i?Bb 7Q` `2;BQMb r?2`2 
TH�i2H2i B+2 Ui?2 b2� B+2 �M�HQ;m2 iQ K�`BM2 B+2V Bb T`2b2Mi U_Q#BMbQM 2i �HX- kyRdV- i?mb 
r2 2tT2+i i?�i Cd K�v �HbQ #2 +QMbB/2`�#Hv ?B;?2` #2M2�i? K�`BM2 B+2 i?�M BM K2Hi xQM2b 
QM B+2 b?2Hp2bX 

RXjXj *QMp2+iBQM@/`Bp2M K2HiBM; 

h?2 B+2@Q+2�M T�`�K2i2`Bb�iBQMb QmiHBM2/ i?mb 7�` ?�p2 7Q+mb2/ QM i?2 +�b2 r?2`2 K2HiBM; 

Bb T`QTQ`iBQM�H iQ i?2 BMi2MbBiv Q7 im`#mH2M+2 ;2M2`�i2/ #v +m``2Mi b?2�`X PM2 BMi2`T`2@ 
i�iBQM Q7 i?Bb T�`�K2i2`Bb�iBQM Bb i?�i i?2 rB/i? Q7 i?2 H�KBM�` bm#H�v2`- �+`Qbb r?B+? 

?2�i �M/ b�Hi Kmbi /Bzmb2- Bb +QMi`QHH2/ #v i?2 b?2�` bi`2bb 2t2`i2/ #v i?2 ~Qr Uq2HHb 
�M/ qQ`bi2`- kyy3c J+*QMMQ+?B2 �M/ E2``- kyRd�VX >Qr2p2`- i?Bb Bb MQi i?2 QMHv TQb@ 
bB#H2 K2+?�MBbKX AM i?2 +�b2 Q7 � p2`iB+�H Q` bHQTBM; B+2 b?2H7- #mQv�Mi BMbi�#BHBiv Q7 i?2 
bm#H�v2` Bib2H7 +QmH/ BMbi2�/ TH�v i?Bb `QH2 Uq2HHb �M/ qQ`bi2`- kyy3VX AM i?Bb T�`�/B;K-
#mQv�Mi K2Hir�i2` /`Bp2b � THmK2 mT i?2 bHQT2 �M/ �HQM; i?2 B+2 U6B;X RX3V �b BMp2biB@ 
;�i2/ BM H�#Q`�iQ`v �M/ ?B;? `2bQHmiBQM MmK2`B+�H bim/B2b Q7 � K2HiBM;- p2`iB+�H Q` bHQTBM; 

B+2 b?2H7 UCQb#2`;2` �M/ J�`iBM- RN3Rc E2`` �M/ J+*QMMQ+?B2- kyR8c :�v2M 2i �HX- kyRec 
J+*QMMQ+?B2 �M/ E2``- kyR3c JQM/�H 2i �HX- kyRNVX E2`` �M/ J+*QMMQ+?B2 UkyR8V �M/ 

:�v2M 2i �HX UkyReV b?Qr2/ i?�i i?2 K2Hi `�i2 Q7 p2`iB+�H B+2 mv /2T2M/b mTQM i?2 i?2`K�H 
∗/`BpBM; T Ui?2 /Bz2`2M+2 #2ir22M i?2 �K#B2Mi i2KT2`�im`2 �M/ i?2 HQ+�H T`2bbm`2 �M/ 

b�HBMBiv /2T2M/2Mi 7`22xBM; i2KT2`�im`2V �b mv ∼ T ∗4/3 �M/ Bb BM/2T2M/2Mi Q7 i?2 THmK2 
p2HQ+BivX J+*QMMQ+?B2 �M/ E2`` UkyR3V �M/ JQM/�H 2i �HX UkyRNV 2ti2M/2/ i?Bb `2bmHi iQ 

bHQTBM; B+2- BM/2T2M/2MiHv /2i2`KBMBM; i?�i i?2 K2Hi `�i2 7Q` bHQTBM; B+2 UmsV r�b T`QTQ`@ 
iBQM�H iQ mv b+�H2/ #v i?2 #�b�H bHQT2 �M;H2 7`QK i?2 ?Q`BxQMi�H UθV �b ms ∼ mv sin

2/3 θX 
q?BH2 i?2 sin2/3 θ /2T2M/2M+2 Q7 i?2 K2Hi `�i2 QM bHQT2 �M;H2 r�b QMHv /2KQMbi`�i2/ 

2tT2`BK2Mi�HHv 7Q` θ > 50◦- i?2 bBKmH�iBQMb b?Qr2/ i?�i i?Bb `2H�iBQMb?BT ?QH/b /QrM 

iQ θ = 10◦X h?2 2z2+i Q7 �K#B2Mi bi`�iB}+�iBQM QM K2HiBM; ?�b �HbQ #22M BMp2biB;�i2/ 

Re 
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RXjX A*1 a>1G6@P*1�L ALh1_�*hAPLa, h>1 A*1 a>1G6@P*1�L 
"PlL.�_u G�u1_ 

BM � H�#Q`�iQ`v b2iiBM;X J+*QMMQ+?B2 �M/ E2`` UkyRe�V b?Qr2/ i?�i bi`�iB}+�iBQM ?�b 
� bi`QM; BM~m2M+2 QM +QMp2+iBp2Hv@/`Bp2M K2HiBM; �M/ THmK2 p2HQ+Biv r?2M i?2 �K#B2Mi 
bi`�iB}+�iBQM Bb H�`;2 +QKT�`2/ iQ i?2 THmK2 #mQv�M+v ~mtX 

6B;m`2 RX3, .B`2+i MmK2`B+�H bBKmH�iBQM Q7 +QMp2+iBp2 K2HiBM; Q7 � p2`iB+�H B+2 7�+2 7`QK 
:�v2M 2i �HX UkyReVX S�M2Hb �`2 U�V p2`iB+�H p2HQ+Biv w- U#V ?Q`BxQMi�H p2HQ+Biv u �M/ U+V 
K2Hi U/BbbQHmiBQMV `�i2 �M/ BMi2`7�+2 i2KT2`�im`2 UTiVX 

�b i?2 #mQv�Mi THmK2 �++2H2`�i2b- Bi Bb �MiB+BT�i2/ i?�i b?2�` rBHH #2+QK2 BM+`2�bBM;Hv 

BKTQ`i�Mi �M/ � i`�MbBiBQM K�v Q++m` #2ir22M +QMp2+iBp2 �M/ b?2�` /QKBM�i2/ K2HiBM; 

Uq2HHb �M/ qQ`bi2`- kyy3VX "2+�mb2 Q7 i?2 bK�HH T?vbB+�H b+�H2 Q7 i?2 H�#Q`�iQ`v �M/ 

MmK2`B+�H 2tT2`BK2Mib +QM/m+i2/ i?mb 7�`- i?Bb i`�MbBiBQM ?�b MQi v2i #22M Q#b2`p2/X 
>Qr2p2`- J+*QMMQ+?B2 �M/ E2`` UkyRd�V bm;;2bi i?�i � i`�MbBiBQM 7`QK � +QMp2+iBp2Hv@ 
+QMi`QHH2/ iQ � b?2�`@+QMi`QHH2/ /BzmbBp2 bm#H�v2` Bb 2tT2+i2/ �#Qp2 � +`BiB+�H p2HQ+Biv BM 

∗i?2 `�M;2 kĜ9 +K b−1 7Q` � p2`iB+�H B+2 7�+2 �i T ∼ 0.5 ◦*- #�b2/ mTQM i?2B` 2KTB`B+�H 
K2HiBM; T�`�K2i2`Bb�iBQM �M/ � +`BiB+�H _�vH2B;? MmK#2` �`;mK2MiX h?2 2z2+ib Q7 bHQT2 
�M;H2 �M/ bi`�iB}+�iBQM �`2 MQi i�F2M BMiQ �++QmMi BM i?Bb +`BiB+�H bT22/X � `2+2Mi `2pB2r 

T�T2` #v J�Hv�`2MFQ 2i �HX UkykyV mb2/ Q#b2`p�iBQM�H /�i� iQ 2biBK�i2 � +`BiB+�H _2vMQH/b 
MmK#2` 7Q` i?2 i`�MbBiBQM 7`QK +QMp2+iBp2 iQ b?2�`@+QMi`QHH2/ K2HiBM;X "�b2/ mTQM i?2 
�#BHBiv Q7 b?2�` �M/ +QMp2+iBp2 T�`�K2i2`Bb�iBQMb iQ `2T`2b2Mi Q#b2`p2/ K2Hi `�i2b #2@ 
M2�i? i?2 6BH+?M2`@_QMM2 �M/ _Qbb A+2 a?2Hp2b- J�Hv�`2MFQ 2i �HX UkykyV bm;;2bi i?�i 
i?Bb i`�MbBiBQM Q++m`b �i Reδ = W δ/ν = 20- r?2`2 δ Bb i?2 KQH2+mH�` bm#H�v2` i?B+FM2bb 

Rd 
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RX9X P"a1_o�hAPLa "1L1�h> A*1 a>1Go1a 

�M/ W Bb i?2 p2HQ+Biv �i i?2 2/;2 Q7 i?�i bm#H�v2`X 

6B;m`2 RXN, .B`2+i MmK2`B+�H bBKmH�iBQM Q7 /Qm#H2@/BzmbBp2 +QMp2+iBQM Ub2KB+QMp2+iBQMV 
#2M2�i? K2HiBM; B+2 7`QK E2BixH 2i �HX UkyRe#VX *QHQm` b?Qrb MQ`K�HBb2/ #mQv�M+vX 

"2M2�i? � ~�i B+2 b?2H7- bi�#BHBbBM; #mQv�M+v 7`QK K2HiBM; +�MMQi /`Bp2 � K2�M ~QrX 
1tT2`BK2Mi�H �M/ /B`2+i MmK2`B+�H bBKmH�iBQM U.LaV bim/B2b ?�p2 BMp2biB;�i2/ K2HiBM; 

Q7 ~�i B+2 �i [mB2b+2Mi Ux2`Q K2�M ~QrV +QM/BiBQMbX AM i?Bb +�b2- i?2 #QmM/�`v H�v2` Bb 
+?�`�+i2`Bb2/ #v � /BzmbBp2 bm#H�v2` M2�` i?2 B+2 rBi? � ;`�pBi�iBQM�HHv mMbi�#H2 #QmM/@ 
�`v H�v2` #2M2�i? Bi �M/ � /22T2` `2;BQM Q7 +QMp2+iBQM #2HQr UJ�`iBM �M/ E�mzK�M-
RNddc E2BixH 2i �HX- kyRe#VX 6Q` � ~�i B+2@Q+2�M BMi2`7�+2- i?2 #mQv�M+v bmTTHB2/ #v 

K2HiBM; �i �Mi�`+iB+ +QM/BiBQMb Bb bi�#BHBbBM;X >Qr2p2`- � ivT2 Q7 +QMp2+iBQM FMQrM �b 
/Qm#H2@/BzmbBp2 Q` ǵb2KB@Ƕ +QMp2+iBQM +�M Q++m`X .Qm#H2@/BzmbBp2 +QMp2+iBQM Bb � +QMb2@ 
[m2M+2 Q7 i?2 `�TB/ /BzmbBQM Q7 ?2�i UκT V +QKT�`2/ iQ b�Hi UκS V r?B+? �HHQrb i?2 i?2`K�H 
/BzmbBp2 #QmM/�`v H�v2` iQ ;`Qr KQ`2 [mB+FHv i?�M i?�M Bib b�HBM2 +QmMi2`T�`i- +`2�iBM; 

�M mMbi�#H2 /2MbBiv #QmM/�`v H�v2` �M/ /`BpBM; +QMp2+iBQMX "Qi? J�`iBM �M/ E�mzK�M 

URNddV �M/ E2BixH 2i �HX UkyRe#V 7QmM/ i?�i i?2 /BzmbBp2 `2;BQM M2�` i?2 B+2 ;`2r BM iBK2-
`2bmHiBM; BM iBK2@/2T2M/2Mi ~mt2b iQ i?2 B+2@Q+2�M BMi2`7�+2X 6B;X RXN b?Qrb +QMp2+iBp2 
THmK2b +�mb2/ #v /Qm#H2 /BzmbBQM #2M2�i? K2HiBM; B+2 UE2BixH 2i �HX- kyRe#VX aK�HH@b+�H2 
+QMp2+iBp2 T`Q+2bb2b bm+? �b /Qm#H2@/BzmbBp2 +QMp2+iBQM �M/ #mQv�Mi THmK2b �`2 MQi `2@ 
bQHp2/ Q` r2HH@T�`�K2i2`Bb2/ BM `2;BQM�H Q+2�M KQ/2Hb- �M/ i?mb i?2B` 2z2+i QM K2HiBM; 

�M/ +�pBiv@b+�H2 +B`+mH�iBQM Bb MQi �++QmMi2/ 7Q`X 

RX9 P#b2`p�iBQMb #2M2�i? B+2 b?2Hp2b 

P#b2`p�iBQMb 7`QK rBi?BM B+2 b?2H7 +�pBiB2b �`2 `2H�iBp2Hv bT�`b2 /m2 iQ i?2 /B{+mHiv Q7 
�++2bbBM; i?2 Q+2�M i?`Qm;? ?mM/`2/b Q7 K2i2`b Q7 B+2X �p�BH�#H2 Q#b2`p�iBQMb b?Qr � 

#`Q�/ `�M;2 Q7 2MpB`QMK2Mi�H +QM/BiBQMbX >2`2- r2 7Q+mb QM i?2 Q#b2`p�iBQMb `2H2p�Mi iQ 

R3 



RX9X P"a1_o�hAPLa "1L1�h> A*1 a>1Go1a 

K2HiBM; �M/ i?2 AaP"G- bm+? �b i?2 i2KT2`�im`2- b�HBMBiv �M/ bi`�iB}+�iBQM- i?2 bi`2M;i? 

�M/ /`Bp2`b Q7 +m``2Mib M2�` i?2 B+2- i?2 `Qm;?M2bb �M/ bHQT2 Q7 i?2 B+2 #�b2- �M/ 2pB/2M+2 
Q7 im`#mH2M+2 BMi2MbBiv �M/ KBtBM;X 

�KQM;bi i?2 B+2 b?2Hp2b +H�bbB}2/ �b ǳ+QH/ +�pBivǴ- � rB/2 p�`B2iv Q7 +QM/BiBQMb ?�p2 #22M 

Q#b2`p2/X "Q`2?QH2b /`BHH2/ i?`Qm;? i?2 6BH+?M2`@_QMM2 A+2 a?2H7 b?Qr +QH/ +QM/BiBQMb-
HQr bi`�iB}+�iBQM- bi`QM; iB/�H +m``2Mib �M/ K2Hi `�i2b QM i?2 Q`/2` Q7 R K v` −1 UC2MFBMb 
2i �HX- kyRy#c LB+?QHHb- kyR3VX aBKBH�` +QM/BiBQMb ?�p2 #22M Q#b2`p2/ #2M2�i? i?2 G�`b2M 

* A+2 a?2H7 U.�pBb �M/ LB+?QHHb- kyRNV- r?2`2 im`#mH2M+2 K2�bm`2K2Mib 7`QK rBi?BM i?2 
AaP"G b?Qr i?�i #mQv�Mi K2Hir�i2` /Q2b MQi TH�v � bi`QM; `QH2 BM i?2 #QmM/�`v H�v2` 
im`#mH2M+2 �i i?2b2 +QM/BiBQMbX "2M2�i? i?2 �K2`v A+2 a?2H7- �MQi?2` +QH/ +�pBiv B+2 
b?2H7- bB;MB}+�Mi xQM2b Q7 `27`22xBM; ?�p2 #22M Q#b2`p2/X h?2 r2bi2`M ~�MF Q7 i?2 B+2 
b?2H7 Bb +?�`�+i2`Bb2/ #v � i?B+F- r2HH KBt2/ #QmM/�`v H�v2`- M2;�iBp2 i?2`K�H /`BpBM; 

UBX2X ǳbmT2`+QQHǴ r�i2` rBi? i2KT2`�im`2 +QH/2` i?�M i?2 BM bBim 7`22xBM; i2KT2`�im`2V 
�M/ i?2 T`2b2M+2 Q7 �++`2i2/ 7`�xBH B+2 UB+2 +`vbi�Hb i?�i 7Q`K rBi?BM i?2 r�i2` +QHmKM 

�M/ b2iiH2 QM i?2 mM/2`bB/2 Q7 i?2 B+2 b?2H7c >2``�Bx@"Q``2;m2`Q 2i �HX- kyRjVX 

*QH/ i2KT2`�im`2b �`2 �HbQ ivTB+�H Q7 i?2 BMi2`BQ` Q7 i?2 _Qbb A+2 a?2H7 +�pBiv- r?2`2 
Q#b2`p�iBQMb b?Qr i2KT2`�im`2b rBi?BM ∼ 0.01◦* Q7 i?2 BM bBim 7`22xBM; i2KT2`�im`2 M2�` 
i?2 B+2 #�b2 Uai2p2Mb 2i �HX- kykyVX J2�bm`2K2Mib K�/2 BM i?2 RNdyb b?Qr � r2HH KBt2/ 

#QmM/�`v H�v2` U6Qbi2`- RN3jV �M/ bHQr `27`22xBM; QM i?2 Q`/2` Q7 k +K v`−1 UwQiBFQp 

2i �HX- RN3yVX JQ`2 `2+2Mi Q#b2`p�iBQMb 7QmM/ � bBKBH�` r2HH@KBt2/ #QmM/�`v H�v2` �M/ 

K�`;BM�H BMi2`KBii2Mi K2HiBM;f7`22xBM; +QM/BiBQMb Uai2p2Mb 2i �HX- kykyVX J2HiBM; Bb Km+? 

bi`QM;2` �i i?2 7`QMi Q7 i?2 _Aa /m2 iQ i?2 BM~m2M+2 Q7 b2�bQM�HHv r�`K2/ bm`7�+2 r�i2`b 
U�`x2MQ 2i �HX- kyR9c ai2r�`i- kyR3c ai2r�`i 2i �HX- kyRNVX >2`2- Q+2�M i2KT2`�im`2b 
BM i?2 `�M;2 yXRĜR◦* �#Qp2 i?2 BM bBim 7`22xBM; i2KT2`�im`2 /`Bp2 K2Hi `�i2b Q7 b2p2`�H 
K2i2`b T2` v2�` Uai2r�`i 2i �HX- kyRNVX a2�bQM�H p�`B�iBQM BM K2HiBM; Bb �HbQ � 72�im`2 Q7 
i?2 6BK#mH A+2 a?2H7- r?2`2 i2KT2`�im`2b p�`v b2�bQM�HHv 7`QK bmT2`+QQH BM rBMi2` iQ 

�#Qp2 7`22xBM; BM bmKK2`- r?2M 7`2b? bm`7�+2 r�i2`b 2Mi2` i?2 +�pBiv U>�ii2`K�MM 2i �HX-
kyRkVX 

"2M2�i? i?2 SBM2 AbH�M/ A+2 a?2H7- *.q Bb T`2b2Mi �M/ +QMb2[m2MiHv i?2`K�H /`BpBM; 

Bb ?B;? U∼ 1.5 ◦*VX *QM+m``2Mi K2�bm`2K2Mib �HbQ b?Qr2/ `2H�iBp2Hv bi`QM;- bi2�/v ~Qr 

URyĜR8 +K b−1V �M/ ?B;? K2Hi `�i2b U∼R8 K v`−1V Uai�MiQM 2i �HX- kyRjVX h?2 bi2�/v 

~Qr Bb �ii`B#mi2/ iQ � #mQv�Mi K2Hir�i2` THmK2 #�b2/ QM i?2 /2MbBiv bi`m+im`2 �M/ i?2 
#�b�H bHQT2 Q7 i?2 B+2X �MQi?2` r�`K- *.q@~QQ/2/ +�pBiv Bb i?2 :2Q`;2 oA B+2 b?2H7X 
.2bTBi2 #2BM; bm#D2+i iQ 2p2M H�`;2` i?2`K�H /`BpBM; U∼ 2.3 ◦*V i?�M SBM2 AbH�M/ A+2 

RN 
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RX9X P"a1_o�hAPLa "1L1�h> A*1 a>1Go1a 

a?2H7- :2Q`;2 oA K2Hi `�i2b �`2 �M Q`/2` Q7 K�;MBim/2 HQr2`X �b r2HH �b HQr K2Hi `�i2b- � 

/BzmbBp2 +QMp2+iBQM@7�pQ`�#H2 i?2`KQ?�HBM2 bi�B`+�b2 r�b Q#b2`p2/ UEBKm`� 2i �HX- kyR8VX 
h?2`KQ?�HBM2 bi�B`+�b2b �`2 i?2 ?�HHK�`F Q7 /Qm#H2@/BzmbBp2 +QMp2+iBQMX h?2 `2K�`F�#H2 
/Bz2`2M+2 BM K2Hi `�i2b #2ir22M i?2 SBM2 AbH�M/ �M/ :2Q`;2 oA A+2 a?2H7 +�pBiB2b K�v 

#2 �ii`B#mi2/ iQ i?2 T`2b2M+2 Q7 � #�b�H bHQT2 �M/ �bbQ+B�i2/ im`#mH2Mi THmK2 �i i?2 
SBM2 AbH�M/ A+2 a?2H7 bBi2- �b +QKT�`2/ iQ i?2 ~�ii2`- KQ`2 ?B;?Hv bi`�iB}2/ :2Q`;2 oA 
A+2 a?2H7 bBi2X P#b2`p�iBQMb 7`QK i?2 ;`QmM/BM; HBM2 Q7 i?2 _Qbb A+2 a?2H7 bm;;2bi i?�i 
bi`�iB}+�iBQM 2z2+ib �`2 MQi HBKBi2/ iQ *.q@�z2+i2/- ?B;? i?2`K�H /`BpBM; HQ+�iBQMbX 
�i i?Bb ;`QmM/BM; xQM2 bBi2- r?B+? r�b +?�`�+i2`Bb2/ #v HQr@KQ/2`�i2 i?2`K�H /`BpBM; 

U∼ 0.1 ◦*V /m2 iQ i?2 T`2b2M+2 Q7 .aq �M/ r2�F +m``2Mib U∼ 1 +K b−1V- i?2 i?2`KQ?�HBM2 
bi`m+im`2 r�b bm;;2biBp2 Q7 /Qm#H2@/BzmbBp2 +QMp2+iBQM U"2;2K�M 2i �HX- kyR3VX 

6B;m`2 RXRy, A+2 #�b2 ;2QK2i`v mM/2` SBM2 AbH�M/ :H�+B2` B+2 b?2H7 7`QK 6B;X k Q7 
.mi`B2mt 2i �HX UkyR9VX U+V "�b�H 2H2p�iBQM U+QHQ`V Q7 � HQM;Bim/BM�H +?�MM2HX U/V "�b�H 
bHQT2 �M;H2 7`QK ?Q`BxQMi�H BM i?2 �`2� BM/B+�i2/ BM U+VX 

h?2 KQ`T?QHQ;v Q7 i?2 mM/2`bB/2 Q7 i?2 B+2 b?2H7 Bb �HbQ +`m+B�H iQ K2HiBM; �M/ ~Qr QM 

#Qi? H�`;2 �M/ bK�HH b+�H2bX qBi? `2bT2+i iQ i?2 bHQT2 Q7 i?2 B+2 #�b2- �Mi�`+iB+ B+2 b?2Hp2b 
?�p2 bK�HH �bT2+i `�iBQb Up2`iB+�Hf?Q`BxQMi�H H2M;i?b+�H2b Q7 ∼ 2/100 FKV +Q``2bTQM/BM; 

iQ � bK�HH Qp2`�HH #�b�H bHQT2 Uθ < 1◦VX >Qr2p2`- QM bK�HH2` b+�H2b- bi22T bHQT2b ?�p2 #22M 

Q#b2`p2/ �bbQ+B�i2/ rBi? i2``�+2b �M/ +?�MM2Hb BM i?2 B+2 #�b2 U2X;X C2MFBMb 2i �HX- kyRy�c 
ai�MiQM 2i �HX- kyRjc .mi`B2mt 2i �HX- kyR9V- �b Bb b?QrM BM 6B;X RXRyX h?2b2 72�im`2b 
�`2 +2`i�BM iQ BM~m2M+2 #�b�H K2HiBM;- �M/ bQK2 K�v #2 7Q`K2/ Q` `2BM7Q`+2/ i?`Qm;? 

K2HiBM;X 62�im`2b �i 2p2M bK�HH2` bT�iB�H b+�H2b K�v �z2+i K2HiBM; #v BM+`2�bBM; i?2 
`Qm;?M2bb Q7 i?2 B+2 #�b2- r?B+? Bb 2tT2+i2/ iQ BM+`2�b2 i?2 ?2�i ~mt iQ i?2 B+2 U:rvi?2` 
2i �HX- kyR8VX >Qr2p2`- MQ Q#b2`p�iBQM�H bim/B2b iQ /�i2 ?�p2 BMp2biB;�i2/ i?2 2z2+i Q7 
`Qm;?M2bb QM #�b�H K2HiBM; Q7 B+2 b?2Hp2bX 

�MQi?2` +`m+B�H b2i Q7 Q#b2`p�iBQMb 7Q` mM/2`bi�M/BM; i?2 AaP"G �`2 im`#mH2M+2 [m�M@ 
iBiB2b bm+? �b /BbbBT�iBQM UϵVX >Qr2p2`- QMHv � ?�M/7mH Q7 K2�bm`2K2Mib Q7 im`#mH2M+2 

ky 



RX8X h>1aAa P"C1*hAo1a �L. PlhGAL1 

/BbbBT�iBQM ?�p2 #22M K�/2 #2M2�i? �Mi�`+iB+ B+2 b?2Hp2bX "2M2�i? i?2 SBM2 AbH�M/ 

A+2 a?2H7 � H�`;2 bT�iB�H bm`p2v r�b +QM/m+i2/- }M/BM; �p2`�;2 �M/ K�tBKmK p�Hm2b Q7 
ϵ = 3  × 10−9 q F;−1 �M/ 6.2 × 10−8 q F;−1 `2bT2+iBp2Hv M2�` i?2 B+2 UEBKm`� 2i �HX-
kyReVX qBi?BM i?2 +QH/- iB/�HHv@/QKBM�i2/ #QmM/�`v H�v2` #2M2�i? G�`b2M * A+2 a?2H7 
/BbbBT�iBQM p�Hm2b BM i?2 `�M;2 10−9Ĝ10−6 q F;−1 r2`2 K2�bm`2/ U.�pBb �M/ LB+?QHHb-
kyRNV- r?BH2 o2M�#H2b 2i �HX UkyR9V `2TQ`i2/ Km+? HQr2` /BbbBT�iBQM p�Hm2b 7`QK #2M2�i? 

:2Q`;2 oA A+2 a?2H7 U∼ 4 × 10−10 q F;−1VX h?Bb H�ii2` p�Hm2 Bb +QMbBbi2Mi rBi? i?2 Q#@ 
b2`p�iBQM Q7 � i?2`KQ?�HBM2 bi�B`+�b2 #2M2�i? i?2 :2Q`;2 oA A+2 a?2H7- �b i?2`KQ?�HBM2 
bi�B`+�b2b �`2 MQi 2tT2+i2/ iQ +Q2tBbi rBi? bi`QM; im`#mH2M+2 U_�/FQ- kyRjc a?B#H2v 2i �HX-
kyRdVX 

h?2b2 Q#b2`p�iBQMb ?�p2 `2p2�H2/ � rB/2 `�M;2 Q7 +�pBiv 2MpB`QMK2Mib �M/ T?2MQK2M� 

i?�i +?�HH2M;2 i?2 �bbmKTiBQM- BM?2`2Mi BM +QKKQM B+2@Q+2�M T�`�K2i2`Bb�iBQMb- Q7 � 

r2HH@KBt2/- im`#mH2Mi #QmM/�`v H�v2` 7Q`K2/ #v ~Qr Qp2` bKQQi?- K2HiBM; B+2X *`m+B�HHv-
Q#b2`p�iBQMb Q7 72�im`2b bm+? �b i?2`KQ?�HBM2 bi�B`+�b2b UEBKm`� 2i �HX- kyR8c "2;2K�M 

2i �HX- kyR3V- #mQv�Mi THmK2b �M/ M2�`@B+2 bi`�iB}+�iBQM Uai�MiQM 2i �HX- kyRjV bm;;2bi 
i?�i i?2 `QH2 Q7 #mQv�M+v BM K2HiBM;- KBtBM; �M/ +B`+mH�iBQM #2M2�i? �Mi�`+iB+ B+2 b?2Hp2b 
?�b i?mb 7�` #22M mM/2`2biBK�i2/ �M/ `2[mB`2b 7m`i?2` bim/vX 

RX8 h?2bBb Q#D2+iBp2b �M/ QmiHBM2 

h?2 T`2+2/BM; i2ti ?�b b?QrM i?�i Q+2�M@/`Bp2M K2HiBM; Q7 B+2 b?2Hp2b Bb � H2�/BM; +�mb2 
Q7 K�bb HQbb 7`QK �Mi�`+iB+� �M/ Bb +`m+B�H iQ B+2 b?22i bi�#BHBiv �M/ ;HQ#�H b2� H2p2HX 
6m`i?2`KQ`2- 2zQ`ib iQ T`2/B+i i?2 K2HiBM; `2bTQMb2 Q7 �Mi�`+iB+ B+2 b?2Hp2b iQ � r�`KBM; 

Q+2�M �`2 mM/2`KBM2/ #v TQQ` mM/2`bi�M/BM; Q7 i?2 bK�HH@b+�H2 B+2@Q+2�M #QmM/�`v H�v2` 
T`Q+2bb2b i?�i +QMi`QH K2HiBM;X h?Bb i?2bBb b22Fb iQ �//`2bb i?Bb FMQrH2/;2 ;�T #v 

+?�`�+i2`BbBM; K2HiBM; �M/ AaP"G /vM�KB+b �+`Qbb � #`Q�/ `�M;2 Q7 Q+2�M bi�i2bX h?2 
�BKb Q7 i?Bb i?2bBb �`2 iQ, 

Ç .2b+`B#2 �M/ +QMi2tim�HBb2 i?2 T`Q+2bb2b BM~m2M+BM; #�b�H K2HiBM; Q7 i?2 �K2`v 

A+2 a?2H7 

Ç 1p�Hm�i2 i?2 T2`7Q`K�M+2 Q7 +QKKQM B+2@Q+2�M T�`�K2i2`Bb�iBQMb BM `2T`Q/m+BM; 

Q#b2`p2/ K2Hi `�i2b #2M2�i? i?2 �K2`v A+2 a?2H7 mbBM; BM bBim Q+2�M /�i� 

Ç .2p2HQT �M B/2�HBb2/ KQ/2H +QM};m`�iBQM Q7 i?2 `Qi�iBQM�HHv �M/ #mQv�M+v �z2+i2/ 

kR 
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AaP"G ;mB/2/ #v �M/ 2p�Hm�i2/ �;�BMbi �p�BH�#H2 /�i� 7`QK rBi?BM B+2 b?2H7 +�pBiB2b 

Ç AMp2biB;�i2 i?2 AaP"G mM/2` � p�`B2iv Q7 +QM/BiBQMb- 2bT2+B�HHv r�`K �M/fQ` [mB@ 
2b+2Mi +QM/BiBQMb 7Q` r?B+? 2tBbiBM; T�`�K2i2`Bb�iBQMb T2`7Q`K TQQ`Hv 

Ç .2i2`KBM2 i?2 T?vbB+�H `2H�iBQMb?BTb #2ir22M K2HiBM; �M/ Q+2�M bi�i2 BM /Bz2`2Mi 
AaP"G ǳ`2;BK2bǴ �M/ /2p2HQT i?2 +�T�+Biv iQ T`2/B+i i?2 +QM/BiBQMb mM/2` r?B+? 

i?2b2 `2;BK2b �TTHv iQ /Bz2`2Mi �Mi�`+iB+ B+2 b?2Hp2bX 

h?2 7QHHQrBM; +?�Ti2`b Q7 i?Bb i?2bBb �`2 Q`;�MBb2/ �b 7QHHQrbX *?�Ti2` k T`2b2Mib � 

mMB[m2 b2i Q7 Q#b2`p�iBQMb 7`QK #2M2�i? i?2 �K2`v A+2 a?2H7- BM+Hm/BM; BM bBim #�b�H 
K2Hi `�i2 �M/ Q+2�M +QM/BiBQMb- �M/ 2p�Hm�i2b 2tBbiBM; B+2@Q+2�M T�`�K2i2`Bb�iBQMb mbBM; 

i?Bb /�i�b2iX *?�Ti2` j BMi`Q/m+2b i?2 MmK2`B+�H KQ/2H Q7 i?2 AaP"G- �M/ b?Qrb i?�i 
/Qm#H2@/BzmbBp2 +QMp2+iBQM /2i2`KBM2b B+2 b?2H7 K2Hi `�i2b �M/ KBt2/ H�v2` T`QT2`iB2b �i 
`2H�iBp2Hv r�`K- HQr p2HQ+Biv +QM/BiBQMbX *?�Ti2` 9 2ti2M/b i?2 KQ/2H 7Q`+BM; +QM/B@ 
iBQMb iQ 2M+QKT�bb +QH/2` �M/ KQ`2 2M2`;2iB+ +�pBiv 2MpB`QMK2Mib BM r?B+? i?2 +m``2Mi 
b?2�` +QMi`QHb i?2 K2Hi `�i2X h?2 i`�MbBiBQM 7`QK r2HH KBt2/ iQ bi`�iB}2/ +QM/BiBQMb-
r?2`2 AaP"G im`#mH2M+2 Bb bi`QM;Hv �z2+i2/ #v #mQv�M+v- Bb BMp2biB;�i2/ �M/ i?2 2z2+i 
Q7 M2�`@B+2 bi`�iB}+�iBQM QM K2HiBM; Bb [m�MiB}2/X *?�Ti2` 8 /Bb+mbb2b i?2 `2bmHib 7`QK 

*?�Ti2`b k- j �M/ 9 �M/ bvMi?2bBb2b #Qi? bBKmH�iBQM �M/ Q#b2`p�iBQM�H /�i� BMiQ � `2;BK2 
/B�;`�KX 6BM�HHv- +QM+HmbBQMb �M/ 7mim`2 rQ`F �`2 T`2b2Mi2/ BM *?�Ti2` eX 

kk 



*?�Ti2` k 

P#b2`p�iBQMb Q7 #�b�H K2HiBM; �M/ Q+2�M 
+B`+mH�iBQM #2M2�i? i?2 �K2`v A+2 a?2H7 

�#bi`�+i 

P+2�M /`Bp2M K2HiBM; Q7 �Mi�`+iB+ B+2 b?2Hp2b Bb +�mbBM; ;`QmM/2/ B+2 iQ #2 HQbi 7`QK i?2 
+QMiBM2Mi �i �M �++2H2`�iBM; `�i2X >Qr2p2`- i?2 Q+2�M T`Q+2bb2b ;Qp2`MBM; B+2 b?2H7 K2Hi@ 
BM; �`2 MQi r2HH mM/2`biQQ/- +QMi`B#miBM; iQ mM+2`i�BMiv BM T`QD2+iBQMb Q7 �Mi�`+iB+�Ƕb 
+QMi`B#miBQM iQ b2� H2p2HX >2`2- r2 �M�Hvb2 Q+2�MQ;`�T?B+ /�i� �M/ BM bBim K2�bm`2K2Mib 
Q7 B+2 b?2H7 K2Hi +QHH2+i2/ 7`QK �M BMbi`mK2Mi2/ KQQ`BM; #2M2�i? i?2 �K2`v A+2 a?2H7X 
_2bmHib b?Qr � KQ/2`�i2 �MMm�HHv@�p2`�;2/ K2Hi `�i2 Q7 yX8R±0.18 K v`−1- +QMbBbi2Mi 
rBi? KQ/2HHBM; `2bmHib �M/ ;H�+BQHQ;B+�H 2biBK�i2b- /`Bp2M #v i2KT2`�im`2b ∼ 0.2 ◦* 

�#Qp2 i?2 HQ+�H 7`22xBM; TQBMi �M/ +m``2Mib rBi? K2�M �M/ T2�F iB/�H bT22/b Q7 8Xy +K 

b−1 �M/ RdXy +K b−1- `2bT2+iBp2HvX h?2`2 Bb bB;MB}+�Mi b2�bQM�H p�`B�iBQM BM K2HiBM; rBi? 

� K�tBKmK BM J�v �M/ � KBMBKmK BM a2Ti2K#2`X q2 �M�Hvb2 +QBM+B/2Mi K2�bm`2K2Mib 
Q7 B+2 b?2H7 K2Hi �M/ Q+2�MQ;`�T?B+ 7Q`+BM; iQ +QMbi`�BM i?2 Q+2�MB+ ?2�i i`�Mb72` i?`Qm;? 

i?2 B+2@Q+2�M #QmM/�`v H�v2`- �M/ 2p�Hm�i2 T�`�K2i2`Bb�iBQMb Q7 B+2@Q+2�M BMi2`�+iBQMbX 
q2 }M/ i?�i T�`�K2i2`Bb�iBQMb BM r?B+? i?2`2 Bb �M 2tTHB+Bi /2T2M/2M+2 Q7 i?2 K2Hi `�i2 
QM i?2 bT22/ Q7 i?2 +m``2Mib #2M2�i? i?2 B+2 i2M/ iQ Qp2`2biBK�i2 i?2 HQ+�H K2Hi `�i2 #v 

#2ir22M kyyW �M/ 9yyW- /2T2M/BM; QM i?2 /`�; +Q2{+B2Mi �bbmK2/X � M2r +QMp2+iBp2 
T�`�K2i2`Bb�iBQM- BM r?B+? i?2 K2Hi `�i2 /2T2M/b QM i?2 bHQT2 Q7 i?2 B+2 #�b2- Bb �HbQ 

2p�Hm�i2/ �M/ Bb b?QrM iQ mM/2`@T`2/B+i K2HiBM; #v kyWX q2 b?Qr i?�i i?2 KBb}i #2@ 
ir22M +m``2Mi bT22/@/2T2M/2Mi T�`�K2i2`Bb�iBQMb Q7 K2Hi `�i2 �M/ Q#b2`p2/ K2Hi `�i2 Bb 
rB/2bT`2�/ �+`Qbb �p�BH�#H2 Q#b2`p�iBQMbX 

kj 
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kXR AMi`Q/m+iBQM 

h?2 �Mi�`+iB+ A+2 a?22i Bb HQbBM; K�bb- �M/ `�BbBM; b2� H2p2H- �i �M �++2H2`�iBM; `�i2 
U"�K#2` 2i �HX- kyR3c a?2T?2`/ 2i �HX- kyR3c J2`2/Bi? 2i �HX- kyRNVX h?Bb K�bb HQbb Bb 
+�mb2/ #v i?2 �++2H2`�iBQM Q7 i?2 ;H�+B2`b i?�i K�F2 mT i?2 �Mi�`+iB+ B+2 b?22i BM `2bTQMb2 
iQ `2/m+2/ B+2 b?2H7 #mii`2bbBM; UJ2`2/Bi? 2i �HX- kyRNV- � T`Q+2bb r?2`2#v ~Q�iBM; B+2 
b?2Hp2b T`QpB/2 `2bBbi�M+2 iQ i?2 ~Qr Q7 ;`QmM/2/ B+2 mTbi`2�K U.mTQMi �M/ �HH2v-
kyy8c 6Ƀ`bi 2i �HX- kyRec _22b2 2i �HX- kyR3VX h?2 `2/m+iBQM Q7 B+2 b?2H7 #mii`2bbBM; Bb 
/`Bp2M T`BK�`BHv #v BM+`2�b2/ bm#@B+2 b?2H7 K2HiBM; U2X;X E?�x2M/�` 2i �HX- kyRjc *QQF 

2i �HX- kyRec �/mbmKBHHB 2i �HX- kyR3c JBM+?2r 2i �HX- kyR3VX JQ/2HHBM; bim/B2b ?�p2 
/2KQMbi`�i2/ i?2 ;`QmM/2/ B+2 `2bTQMb2 iQ 2M?�M+2/ K2HiBM; Bb KQ`2 b2MbBiBp2 BM bQK2 
�`2�b- HBF2 ;`QmM/BM; xQM2b- i?�M Qi?2`b U_22b2 2i �HX- kyR3VX �++m`�i2 KQ/2HHBM; Q7 #Qi? 

i?2 K�;MBim/2 �M/ /Bbi`B#miBQM Q7 K2Hi `�i2b Bb i?2`27Q`2 +`BiB+�H 7Q` �++m`�i2Hv T`2/B+iBM; 

i?2 7mim`2 b2� H2p2H +QMi`B#miBQM 7`QK i?2 �Mi�`+iB+ A+2 a?22i- r?B+? Bb /22THv mM+2`i�BM 

�i T`2b2Mi UJ2`2/Bi? 2i �HX- kyRNVX 

am#@B+2 b?2H7 K2Hi `�i2b �`2 +QMi`QHH2/ #v B+2@Q+2�M BMi2`�+iBQMb BMpQHpBM; � `�M;2 Q7 i2K@ 
TQ`�H �M/ bT�iB�H b+�H2b U.BMMBK�M 2i �HX- kyReV 7`QK H�`;2@b+�H2 +B`+mH�iBQM iQ KB+`Q b+�H2 
B+2@Q+2�M #QmM/�`v H�v2` T`Q+2bb2b U:�v2M 2i �HX- kyRec E2BixH 2i �HX- kyRe#c o`2m;/2M?BH 
�M/ h�vHQ`- kyRNVX P7 +`BiB+�H BKTQ`i�M+2 iQ i?2 K�;MBim/2- bT�iB�H T�ii2`M �M/ b2�bQM@ 
�HBiv Q7 i?2 K2Hi `�i2 �`2 i?2 T`QT2`iB2b Q7 i?2 r�i2`K�bbf2b i?�i BMi`m/2 BMiQ i?2 B+2 b?2H7 
+�pBivX 6Q` 2t�KTH2- bQK2 B+2 b?2Hp2b �`2 ~QQ/2/ #v .2Mb2 a?2H7 q�i2` U.aqV- � +QH/ 

UT ∼ −1.9 ◦*V r�i2`K�bb ;2M2`�i2/ #v b2� B+2 7Q`K�iBQMX �b i?2 /2Mb2bi r�i2`K�bb QM 

i?2 �Mi�`+iB+ +QMiBM2Mi�H b?2H7- .aq +�M �++2bb i?2 /22T2bi T�`ib Q7 i?2 B+2 b?2H7 +�pBiv-
r?2`2 i?2 T`2bbm`2 /2T2M/2M+2 Q7 i?2 7`22xBM; i2KT2`�im`2 �HHQrb Bi iQ /`Bp2 ?B;? K2Hi 
`�i2bX h?Bb Bb FMQrM �b KQ/2 R K2HiBM;- r?2`2 i?`22 KQ/2b r2`2 /2b+`B#2/ #v C�+Q#b 
2i �HX URNNkVX JQ/2 k Bb /`Bp2M #v `2H�iBp2Hv r�`K *B`+mKTQH�` .22T q�i2` U*.qc 
T ∼ 1 ◦*V r?B+? BMi`m/2b QMiQ i?2 +QMiBM2Mi�H b?2H7 �M/- �7i2` bQK2 KQ/B}+�iBQM- BMiQ 

B+2 b?2H7 +�pBiB2b r?2`2 Bb /`Bp2b `�TB/ K2HiBM;X JQ/2 k K2HiBM; Bb T�`iB+mH�`Hv T`2p�@ 
H2Mi BM q2bi �Mi�`+iB+� U2X;X *QQF 2i �HX- kyRec C�+Q#b 2i �HX- kyRRc C2MFBMb 2i �HX- kyR3VX 
>Qr2p2`- 7�+iQ`b bm+? �b rB/2 Q` b?�HHQr +QMiBM2Mi�H b?2Hp2b- Q` � /22T i?2`KQ+HBM2- i2M/ 

iQ T`Qi2+i 1�bi �Mi�`+iB+ B+2 b?2Hp2b 7`QK *.qX JQ/2 j K2HiBM; Bb /`Bp2M #v �Mi�`+iB+ 
am`7�+2 q�i2` U��aqV- �MQi?2` `2H�iBp2Hv +QH/ r�i2`K�bbX AM rBMi2`iBK2 �M/ �i /2Ti?-
��aq Bb �i bm`7�+2 7`22xBM; i2KT2`�im`2 UT ∼ 1 ◦*V �M/ /`Bp2b HQr K2Hi `�i2b Km+? HBF2 
.aqX >Qr2p2`- BM bmKK2`iBK2- ��aq Bb r�`K2/ #v BMi2`�+iBQM rBi? i?2 �iKQbT?2`2 

k9 
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AM01 

AM06 

AM03 

AM04 
AM05 

AM02 

6B;m`2 kXR, A+2 i?B+FM2bb K�T Q7 i?2 �K2`v A+2 a?2H7 BM TQH�` bi2`2Q;`�T?B+ T`QD2+iBQM 
rBi? #Q`2?QH2 bBi2b �JyRĜe H�#2HH2/X h?2 ~Q�iBM; B+2 b?2H7 Bb /2MQi2/ #v i?2 #QH/ +QHQm`bX 
J�T T`Q/m+2/ rBi? �Mi�`+iB+ J�TTBM; hQQHb U:`22M2 2i �HX- kyRd#V mbBM; i?2 "2/K�Tk 
T`Q/m+i U6`2ir2HH 2i �HX- kyRj�V 

�M/ /`Bp2b Km+? ?B;?2` K2Hi `�i2b BM i?2 b?�HHQr2` T�`ib Q7 i?2 +�pBiv U2X;X �`x2MQ 2i �HX-
kyR9VX 

kXRXR �K2`v A+2 a?2H7 

h?2 �K2`v A+2 a?2H7 U�AaV Bb �M 2K#�v2/ B+2 b?2H7 BM 1�bi �Mi�`+iB+� r?B+? ?�b �M �`2� 

Q7 ∼ek-yyy FK2 �M/ bQK2 Q7 i?2 /22T2bi �Mi�`+iB+ B+2 U∼kkyy Kc 6`B+F2` 2i �HX- kyyRV 
BM +QMi�+i rBi? i?2 Q+2�MX JQ/2HHBM; bim/B2b UqBHHB�Kb 2i �HX- kyyRc :�HiQM@62MxB 2i �HX-
kyRkV bm;;2bi i?�i .aq Bb T`2b2Mi #2M2�i? i?2 �Aa r?2`2 Bi /`Bp2b KQ/2`�i2 K2Hi `�i2b 
�HQM; i?2 2�bi2`M ~�MF Q7 i?2 B+2 b?2H7 +�pBivX h?2 /22T /`�7i Q7 i?2 �Aa �HHQrb .aq 

iQ /`Bp2 bi`QM; K2HiBM; �i i?2 ;`QmM/BM; HBM2, � /`�7i Q7 k-kyy K /2T`2bb2b i?2 7`22xBM; 

i2KT2`�im`2 #v �HKQbi k◦*- `2bmHiBM; BM K2Hi@`�i2b i?�i 2t+22/ jy K v`−1 U:�HiQM@62MxB 
2i �HX- kyRkVX h?2b2 2H2p�i2/ K2Hi `�i2b �i i?2 ;`QmM/BM; HBM2 T`Q/m+2 +QH/- 7`2b?- #mQv�Mi 
K2Hi r�i2` +�HH2/ A+2 a?2H7 q�i2` UAaqVX h?2 Aaq �b+2M/b i?2 mM/2`bB/2 Q7 i?2 B+2 b?2H7 
�HQM; i?2 r2bi2`M ~�MF r?2`2 Bi #2+QK2b +QH/2` i?�M i?2 BM bBim 7`22xBM; i2KT2`�im`2-
�HHQrBM; 7`�xBH B+2 iQ 7Q`K �M/ �++mKmH�i2 QM i?2 mM/2`bB/2 Q7 i?2 B+2 b?2H7 U6`B+F2` 2i �HX-

k8 
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kyyRc >2``�Bx@"Q``2;m2`Q 2i �HX- kyRjVX Aaq i?2M 2tBib i?2 +�pBiv QM i?2 r2bi2`M ~�MF Q7 
i?2 �Aa �i /2Ti? U>2``�Bxɢ"Q``2;m2`Q 2i �HX- kyRec qBHHB�Kb 2i �HX- kyReVX h?2 BM~Qr Q7 
.aq QM i?2 2�bi2`M ~�MF �M/ i?2 Qmi~Qr Q7 Aaq QM i?2 r2bi2`M ~�MF +`2�i2 � +v+HQMB+ 
+B`+mH�iBQM rBi?BM i?2 +�pBivX 

� bmbi�BM2/ Q#b2`p�iBQM�H +�KT�B;M ?�b BKT`Qp2/ Qm` mM/2`bi�M/BM; Q7 +B`+mH�iBQM BM 

S`v/x "�v �M/ #2M2�i? i?2 �AaX h?2 �K2`v A+2 a?2H7@P+2�M _2b2�`+? U�JAaP_V T`QD2+i 
?�b #22M KQMBiQ`BM; i?2 Q+2�M #2M2�i? i?2 �Aa 7Q` M2�`Hv irQ /2+�/2b UkyyR@QM;QBM;V 
U�HHBbQM- kyyjVX h?2 /�i� BM+Hm/2 Q+2�MQ;`�T?B+ bm`p2vb �M/ KQQ`BM;b 7`QK i?2 +�HpBM; 

7`QMi Q7 i?2 �Aa �b r2HH �b 7`QK #Q`2?QH2b BM i?2 B+2 b?2H7 Bib2H7X AM iQi�H- e #Q`2?QH2b 
r2`2 /`BHH2/ i?`Qm;? i?2 B+2 �M/ � p�`B2iv Q7 /�i� �M/ K�i2`B�H r�b +QHH2+i2/ BM+Hm/BM; 

b2/BK2Mib- K�`BM2 �M/ ;H�+B�H B+2 b�KTH2b �M/ B+2 i2KT2`�im`2 K2�bm`2K2MibX P+2�MQ@ 
;`�T?B+ K2�bm`2K2Mib r2`2 +QHH2+i2/ 7`QK T`Q}HBM; �M/ i?2 /2THQvK2Mi Q7 BMbi`mK2Mi2/ 

KQQ`BM;b 7Q` HQM;2`@i2`K KQMBiQ`BM; U*`�p2M 2i �HX- kyy9- kyR9c >2``�Bx@"Q``2;m2`Q 2i �HX-
kyRjc SQbi 2i �HX- kyR9VX h?2b2 KQQ`BM;b +QM}`K2/ i?2 T`2b2M+2 Q7 #Qi? .aq �M/ Aaq 

#2M2�i? i?2 B+2 b?2H7- #mi �HbQ 7QmM/ i?�i � KQ/B}2/ p2`bBQM Q7 *.q r�b T`2b2MiX JQ/@ 
B}2/ *.q UK*.qV r�b Q#b2`p2/ 2Mi2`BM; i?2 +�pBiv �i BMi2`K2/B�i2 /2Ti?b /m`BM; i?2 
�mbi`�H rBMi2` U>2``�Bx@"Q``2;m2`Q 2i �HX- kyR8VX *QBM+B/2Mi Q#b2`p�iBQMb 7`QK mM/2`@B+2 
KQQ`BM; �Jyk- �TT`QtBK�i2Hv dy FK bQmi?r2bi Q7 i?2 +�HpBM; 7`QMi- b?Qrb Aaq rBi? 

� 7`2b?2` bQm`+2 r�i2` K�bb /m`BM; i?Bb iBK2- bm;;2biBM; i?�i K*.q /`Bp2b K2HiBM; BM 

bQK2 �`2�b Q7 i?2 �Aa +�pBivX 

a2p2`�H bim/B2b ?�p2 T`2b2Mi2/ �`2�@�p2`�;2/ K2Hi `�i2 2biBK�i2b 7Q` i?2 �Aa- rBi? ;H�+BQ@ 
HQ;B+�H bim/B2b Uum 2i �HX- kyRyc q2M 2i �HX- kyRyc _B;MQi 2i �HX- kyRjc .2TQQ`i2` 2i �HX-
kyRjV }M/BM; p�Hm2b BM i?2 `�M;2 yX8ĜyX3 K v`−1- �M/ KQ/2HBM; U:�HiQM@62MxB 2i �HX-
kyRkV �M/ Q+2�MQ;`�T?B+ U>2``�Bxɢ"Q``2;m2`Q 2i �HX- kyReV bim/B2b `2TQ`iBM; p�Hm2b Q7 
yXd9 K v`−1 �M/ RXy K v`−1- `2bT2+iBp2HvX :�HiQM@62MxB 2i �HX UkyRkV b?Qr2/ � b2�bQM�H 
+v+H2 BM �`2�@�p2`�;2/ K2Hi rBi? � K�tBKmK Q7 yX3 K v`−1 BM rBMi2` �M/ � KBMBKmK Q7 
yXd K v`−1 BM bmKK2`X 

kXRXk h?2 B+2 b?2H7@Q+2�M #QmM/�`v H�v2` 

h?2 B+2 b?2H7@Q+2�M #QmM/�`v H�v2` UAaP"GV `2;mH�i2b ?2�i �M/ b�Hi 2t+?�M;2b #2ir22M 

i?2 B+2 �M/ i?2 7�`@}2H/ Q+2�M- �M/ TH�vb � +`m+B�H `QH2 BM /2i2`KBMBM; i?2 `�i2 �i r?B+? 

i?2 B+2 b?2H7 K2HibX *HQb2 iQ i?2 B+2- r?2`2 pBb+QbBiv /QKBM�i2b- i?2b2 2t+?�M;2b Q++m` 
#v KQH2+mH�` /BzmbBQM UJ+S?22 2i �HX- RN3dc :�v2M 2i �HX- kyRec E2BixH 2i �HX- kyRe#VX 

ke 
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6m`i?2` 7`QK i?2 B+2- im`#mH2Mi ~mt2b /QKBM�i2 UE2BixH 2i �HX- kyRe#c aB`2p��;- kyyNc 
o`2m;/2M?BH �M/ h�vHQ`- kyRNVX P7i2M- i?Bb im`#mH2M+2 Bb T`Q/m+2/ #v p2`iB+�H b?2�`, 
p2HQ+Biv Kmbi i`�MbBiBQM 7`QK x2`Q �i i?2 B+2@Q+2�M BMi2`7�+2 iQ Bib 7`22 bi`2�K p�Hm2 bQK2 
/Bbi�M+2 �r�vX � bi22T p2HQ+Biv ;`�/B2Mi +�M #2+QK2 mMbi�#H2- T`Q/m+BM; � im`#mH2Mi 
#QmM/�`v H�v2`X "mQv�M+v ~mt2b /m2 iQ K2HiBM; Q` 7`22xBM; +�M 2M?�M+2 Q` bmTT`2bb i?Bb 
im`#mH2M+2 UJ+S?22 2i �HX- RN3dc o`2m;/2M?BH �M/ h�vHQ`- kyRNVX 

h?2 AaP"G Bb bm#;`B/@b+�H2 BM Q+2�M KQ/2HbX hvTB+�HHv- i?2 `2bQHmiBQM Q7 ;2M2`�H +B`+mH�@ 
iBQM KQ/2Hb U2X;X L�m;?i2M 2i �HX- kyR3�V �M/ `2;BQM�H KQ/2Hb U2X;X :rvi?2` 2i �HX- kyRec 
:�HiQM@62MxB 2i �HX- kyRkV Bb 7�` iQQ +Q�`b2 iQ +�Tim`2 i?2 AaP"G T`Q+2bb2b i?�i `2;m@ 
H�i2 K2HiBM;X AMbi2�/- � T�`�K2i2`Bb�iBQM Bb mb2/ iQ /B�;MQb2 i?2 BMi2`7�+2 i2KT2`�im`2-
b�HBMBiv �M/ K2Hi `�i2 7`QK 7�`@}2H/ Q+2�M T`QT2`iB2bX "�b�H K2HiBM; T�`�K2i2`Bb�iBQMb 
ivTB+�HHv �bbmK2 i?�i K2Hi Bb +QMi`QHH2/ #v i?2 b?2�` U;`�/B2Mi BM p2HQ+BivV BM/m+2/ #v 

H�`;2@b+�H2 +m``2Mib Q` #mQv�Mi THmK2b �M/ b2i i?2 K2Hi@`�i2 �b � 7mM+iBQM Q7 +m``2Mi 
p2HQ+BivX 

kXRXj JQ/2HBM; B+2@Q+2�M BMi2`�+iBQMb 

a?2�`@+QMi`QHH2/ K2HiBM; 

A+2 b?2H7 K2Hi Bb +�H+mH�i2/ #v #�H�M+BM; ~mt2b Q7 ?2�i �M/ b�Hi �i i?2 B+2@Q+2�M BMi2`7�+2 
U2X;X J+S?22 2i �HX- RN3dc >2HHK2` �M/ PH#2`b- RN3Nc C2MFBMb- RNNRc >QHH�M/ �M/ C2MFBMb-
RNNNV- �M/ �bbmKBM; i?�i i?2 BMi2`7�+2 i2KT2`�im`2 Tb Bb �i i?2 7`22xBM; i2KT2`�im`2 �i 
BMi2`7�+2 b�HBMBiv �M/ T`2bbm`2 Tb = Tf (Sb, pb)X h?2 BMi2`7�+2 i2KT2`�im`2 �M/ b�HBMBiv 

�`2 i?2`27Q`2 `2H�i2/ #v i?2 HBM2�`Bb2/ HB[mB/mb `2H�iBQMb?BT, 

Tb = λ1Sb + λ2 + λ3pb. UkXRV 

h?2 p�Hm2b Q7 2KTB`B+�H +QMbi�Mib λ1 - λ2 �M/ λ3 �`2 ;Bp2M BM h�#H2 kXjX �b /2b+`B#2/ 

BM /2i�BH BM ȜRXj- i?2 /Bp2`;2M+2 Q7 ?2�i �i i?2 BMi2`7�+2 Bb #�H�M+2/ #v � H�i2Mi ?2�i 
~mt /m2 iQ K2HiBM;- rBi? �M 2[mBp�H2Mi #�H�M+2 7Q` b�Hi U1[bX RXk �M/ RXjVX h?2 K2Hi 
`�i2 m �TT2�`b BM i?2 H�i2Mi ?2�i UQlatent = Lf mρiV �M/ #`BM2 UQbrine = SbmρiV ~mt2b-
`2bT2+iBp2Hv- r?2`2 Lf Bb i?2 H�i2Mi ?2�i Q7 7`22xBM; �M/ ρi Bb i?2 B+2 /2MbBivX h?2 ?2�i 
#�H�M+2 2tT`2bbBQM Bb ;Bp2M #v, 

ρimLf = ρiciκT,i  
∂Ti − ρcpΓT u ∗ (Tb − TML) UkXkV 
∂z b 

kd 
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r?2`2 i?2 }`bi i2`K QM i?2 `B;?i ?�M/ bB/2 Bb i?2 /BzmbBp2 ?2�i ~mt BMiQ i?2 B+2 b?2H7-
r?2`2 (∂Ti/∂z)b Bb i?2 B+2 b?2H7 p2`iB+�H i2KT2`�im`2 ;`�/B2Mi 2p�Hm�i2/ �i i?2 B+2@Q+2�M 

BMi2`7�+2 �M/ ci �M/ κT,i  �`2 i?2 ?2�i +�T�+Biv �M/ i?2`K�H /BzmbBpBiv Q7 i?2 B+2- `2bT2+@ 
iBp2HvX h?2 b2+QM/ i2`K QM i?2 `B;?i ?�M/ bB/2 Bb i?2 Q+2�MB+ ?2�i ~mt- ?2`2 T�`�K2@ 
i2`Bb2/ BM i2`Kb Q7 i?2 #mHF i2KT2`�im`2 /Bz2`2M+2 �+`Qbb i?2 #QmM/�`v H�v2` UTb − TML  -

∗r?2`2 TML  /2MQi2b i?2 KBt2/ H�v2` i2KT2`�im`2V- i?2 7`B+iBQM p2HQ+Biv u �M/ � i`�Mb72` 
+Q2{+B2Mi ΓT X S�`�K2i2`b ρ �M/ cp �`2 i?2 /2MbBiv �M/ ?2�i +�T�+Biv Q7 i?2 Q+2�M KBt2/ 

H�v2`- `2bT2+iBp2HvX �M 2[mBp�H2Mi 2tT`2bbBQM Bb ;Bp2M 7Q` i?2 #�H�M+2 Q7 b�Hi, 

ρim(Sb − Si) = ρΓSu ∗ (Sb − SML), UkXjV 

r?2`2 ΓS Bb i?2 b�Hi i`�Mb72` +Q2{+B2MiX AM i?Bb 2tT`2bbBQM i?2 B+2 b�HBMBiv �M/ i?2 
∗/BzmbBp2 b�Hi ~mt rBi?BM i?2 B+2 �`2 �bbmK2/ iQ #2 x2`QX h?2 7`B+iBQM p2HQ+Biv u Bb 

/2}M2/ �b i?2 b[m�`2 `QQi Q7 i?2 FBM2K�iB+ bi`2bb �i i?2 B+2@Q+2�M BMi2`7�+2X >Qr2p2`- BM 
∗i?Bb BMbi�M+2 u Bb 2biBK�i2/ �b � 7mM+iBQM Q7 i?2 7`22@bi`2�K +m``2Mi bT22/ U i?`Qm;? � 

bBKTH2 T�`�K2i2`Bb�iBQM, 

∗ 1/2 u = Cd U UkX9V 

r?2`2 /`�; +Q2{+B2Mi Cd Bb Q7i2M i�F2M iQ #2 yXyyk8 U:rvi?2` 2i �HX- kyR8VX 

>2�i �M/ b�Hi ~mt 2tT`2bbBQMb kXk �M/ kXj- BM r?B+? m /2T2M/b mTQM u ∗- �`2 +QKKQM 

iQ K�Mv B+2@Q+2�M T�`�K2i2`Bb�iBQMb U2X;X J+S?22 2i �HX- RN3dc C2MFBMb- RNNRc C2MFBMb 
2i �HX- kyRy#VX >Qr2p2`- i?2 7Q`K Q7 Q+2�MB+ ?2�i �M/ b�Hi i`�Mb72` +Q2{+B2Mib ΓT �M/ 

ΓS p�`B2b #2ir22M bim/B2bX J+S?22 2i �HX URN3dV 2tT`2bb2b ΓT , ΓS �b, 

1 u ∗ξη2 1 −1 

ΓT = ln + + 12.5Pr2/3 − 8.5 UkX8V 
k fhν 2ξη 

1 u ∗ξη2 1 −1 

ΓS = ln + + 12.5Sc2/3 − 8.5 UkXeV 
k fhν 2ξη 

r?2`2 Pr  UScV Bb i?2 S`�M/iH Ua+?KB/iV MmK#2`- k = 0.4 Bb pQM@E�`K�MǶb +QMbi�Mi- f Bb 
i?2 *Q`BQHBb T�`�K2i2`- ξ = 0.052 Bb � /BK2MbBQMH2bb +QMbi�Mi- �M/ hν = 5ν/u∗ i?2 i?B+F@ 
M2bb Q7 i?2 pBb+Qmb bm#H�v2`X h?2 bi�#BHBiv T�`�K2i2` Uηc 1[X RXRRV /2b+`B#2b i?2 BM~m2M+2 
Q7 �M BMi2`7�+B�H #mQv�M+v ~mt B- r?B+? `2/m+2b i?2 AaP"G /2Ti?X "mQv�M+v ~mt B Bb 
Bib2H7 /2i2`KBM2/ #v i?2 K2Hi `�i2X >QHH�M/ �M/ C2MFBMb URNNNV b?Qr2/ i?�i 7Q` T ′ < 0.5 

∗◦* �M/ u > 0.1 +K b−1 U+Q``2bTQM/BM; iQ U ∼ 20 +K b−1V i?2 bi�#BHBiv T�`�K2i2` K�F2b 
H2bb i?�M � RyW /Bz2`2M+2 iQ i?2 2biBK�i2/ K2Hi `�i2X h?2b2 +QM/BiBQMb �`2 i?Qm;?i iQ 

k3 
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#2 �TTHB+�#H2 iQ KQbi Q7 �Mi�`+iB+�Ƕb H�`;2bi B+2 b?2Hp2b bm+? �b i?2 _Qbb- 6BH+?M2`@_QMM2 
�M/ �K2`v- i?mb K�Mv Q+2�M KQ/2Hb /Bb+QmMi i?2 2z2+i Q7 � bi�#BHBbBM; #mQv�M+v ~mt 

�M/ b2i η = 1  U2X;X :�HiQM@62MxB 2i �HX- kyRkc :rvi?2` 2i �HX- kyRec L�m;?i2M 2i �HX-
kyR3#VX 6Q` η = 1- i?2 T�`�K2i2`Bb�iBQM #2+QK2b �M�HQ;Qmb iQ i?�i T`2b2Mi2/ BM C2MFBMb 
URNNRV rBi? i`�Mb72` p2HQ+Biv 7Q`KmH�iBQM ΓT,S  = (2.12 ln(u ∗h/ν) + 12.5(Pr,  Sc) − 9)−1 

7`QK E�/2` �M/ u�;HQK URNNyVX J2HiBM; 1[bX kXk �M/ kXj �`2 7mM+iBQMb Q7 7`B+iBQM p2HQ+@ 
Biv u ∗X hQ �pQB/ Q#i�BMBM; m = 0 7Q` +�b2b r?2`2 i?2 7`22 bi`2�K p2HQ+Biv U = 0- � HQr2` 

∗#QmM/ QM u Bb bQK2iBK2b BKTH2K2Mi2/ iQ `2T`2b2Mi ǳ/BzmbBp2Ǵ K2HiBM; U2X;X :rvi?2` 
2i �HX- kyR8VX 

a2p2`�H bim/B2b ?�p2 +QKT�`2/ Q#b2`p2/ K2Hi `�i2b iQ T`2/B+iBQMb K�/2 mbBM; T�`�K2@ 
i2`Bb�iBQMb- rBi? p�`vBM; `2bmHib UC2MFBMb 2i �HX- kyRy#c EBKm`� 2i �HX- kyR8c "2;2K�M 

2i �HX- kyR3VX q?2M �TTHB2/ iQ i?2 +QH/- 2M2`;2iB+ Q+2�M +QM/BiBQMb Q#b2`p2/ #2M2�i? 

i?2 6BH+?M2`@_QMM2 �M/ G�`b2M * A+2 a?2Hp2b- i?2 T�`�K2i2`Bb�iBQM QmiHBM2/ BM C2MF@ 
BMb URNNRV mM/2`@T`2/B+i2/ K2Hi@`�i2b #v 9yW UC2MFBMb 2i �HX- kyRy#VX >Qr2p2`- r?2M 

�TTHB2/ iQ r�`K2`- H2bb 2M2`;2iB+ +�pBiv 2MpB`QMK2Mib- i?Bb T�`�K2i2`Bb�iBQM i2M/2/ iQ 

Qp2`@T`2/B+i K2Hi `�i2b UEBKm`� 2i �HX- kyR8c "2;2K�M 2i �HX- kyR3V- #v 7�+iQ`b Q7 9ĜjyX 
lM7Q`imM�i2Hv- MQ Q#b2`p�iBQM�H bim/v iQ /�i2 ?�b #22M �#H2 iQ i2bi i?2 7mM+iBQM�H 7Q`K 

Q7 i?2 T�`�K2i2`Bb�iBQMX 

q?BH2 1[bX kX8 �M/ kXe �`2 biBHH rB/2Hv BKTH2K2Mi2/- K�Mv bim/B2b MQr b2i ΓT �M/ 

ΓS iQ +QMbi�Mi p�Hm2b U2X;X .�Mb2`2�m 2i �HX- kyR9c CQm`/�BM 2i �HX- kyRdVX h?Bb 7Q`K 

Bb bmTTQ`i2/ #v Q#b2`p�iBQMb #2M2�i? b2� B+2 UJ+S?22- kyy3VX C2MFBMb 2i �HX UkyRy#V 
mb2/ B+2 b?2H7 K2HiBM;- mTT2`@Q+2�M i2KT2`�im`2 �M/ +m``2Mi K2i2` K2�bm`2K2Mib iQ 

∗Q#b2`p�iBQM�HHv +QMbi`�BM i?2b2 i`�Mb72` +Q2{+B2MibX �b u r�b MQi /B`2+iHv K2�bm`2/-
i?2v BMp2`i2/ 7Q` i?2 T`Q/m+ib 

√ 
CdΓT �M/ 

√ 
CdΓS - r?B+? i?2v i2`K i?2`K�H �M/ b�HBM2 

ai�MiQM MmK#2`b- mbBM; i?2 /`�; `2H�iBQMb?BT U1[X kX9V �M/ �bbmKBM; +QMbi�Mi CdX h?2 
#2bi }i iQ i?2 /�i� r�b 7QmM/ 7Q` 

√ 
CdΓT 4yXyyRR-

√ 
CdΓS4 jXR×10−5 �bbmKBM; i?2 `�iBQ 

ΓT /ΓS = 35X 

*QMp2+iBQM@+QMi`QHH2/ K2HiBM; 

_2+2Mi H�#Q`�iQ`v UJ+*QMMQ+?B2 �M/ E2``- kyRe�V- im`#mH2M+2@`2bQHpBM; MmK2`B+�H U:�v2M 

2i �HX- kyRec JQM/�H 2i �HX- kyRNV �M/ i?2Q`2iB+�H UE2`` �M/ J+*QMMQ+?B2- kyR8V bim/B2b 
?�p2 7QmM/ i?�i K2HiBM; Q7 bHQTBM; Q` p2`iB+�H B+2 Bb +QMi`QHH2/ #v i?2 i?2`K�H /`BpBM; 

Ui?2 /Bz2`2M+2 #2ir22M i?2 �K#B2Mi i2KT2`�im`2 �M/ i?2 HQ+�H T`2bbm`2@ �M/ b�HBMBiv@ 

kN 
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/2T2M/2Mi 7`22xBM; i2KT2`�im`2V �M/ /Q2b MQi /2T2M/ /B`2+iHv QM +m``2Mi bT22/X AM i?Bb 
ǳ+QMp2+iBp2Ǵ `2;BK2- #mQv�Mi BMbi�#BHBiv +QMi`QHb i?2 M2�`@r�HH T`QT2`iB2b �M/ i?2`27Q`2 
K2Hi `�i2bX 

a+�HBM; �M�HvbBb �M/ H�#Q`�iQ`v 2tT2`BK2Mib r2`2 mb2/ iQ /2p2HQT � KQ/2H 7Q` i?2 �#@ 
H�iBQM Q7 � p2`iB+�H UE2`` �M/ J+*QMMQ+?B2- kyR8V Q` bHQTBM; UJ+*QMMQ+?B2 �M/ E2``-
kyR3V B+2@Q+2�M BMi2`7�+2X h?Bb KQ/2H 2MpBb�;2b i?�i i?2 i?2`K�H �M/ b�HBM2 #QmM/�`v 

H�v2`b �/D�+2Mi iQ i?2 B+2 ;`Qr /BzmbBp2Hv mMiBH bQK2 +?�`�+i2`BbiB+ iBK2b+�H2 r?2M i?2v 

�`2 T2`BQ/B+�HHv `2KQp2/ #v i?2 2//B2b �bbQ+B�i2/ rBi? im`#mH2Mi +QMp2+iBQMX h?2 +QM@ 
p2+iBQM Bb /`Bp2M #v /2bi�#BHBbBM; #mQv�M+v �bbQ+B�i2/ rBi? i?2 7`2b? K2Hir�i2` ~mtX h?2 
BMi2`7�+2 i2KT2`�im`2 Bb ;Bp2M #v, 

ρiLf + ρici(Tb − Ti) κS 
1/2 S∞ − SbT∞ − Tb = , UkXdV 

ρcp κT S∞ − Si 

r?2`2 κT �M/ κS �`2 i?2 KQH2+mH�` /BzmbBpBiB2b Q7 ?2�i �M/ b�Hi �M/ i?2 bm#b+`BTi ∞ 

/2MQi2b i?2 �K#B2Mi Q+2�M p�Hm2bX h?2 K2Hi `�i2 Bb i?2M ;Bp2M #v, 

g(ρ∞ − ρb)κ2 
s 

1/3 S∞ − Sb m = γ sin2/3 θ , UkX3V 
ρ∞ν S∞ − Si 

r?2`2 γ Bb � +QMbi�Mi Q7 T`QTQ`iBQM�HBiv 2[m�H iQ yXyN UE2`` �M/ J+*QMMQ+?B2- kyR8V �M/ 

θ Bb i?2 �M;H2 Q7 i?2 B+2@Q+2�M BMi2`7�+2 iQ i?2 ?Q`BxQMi�HX h?2 HB[mB/mb `2H�iBQMb?BT kXR 

�HHQrb i?Bb bvbi2K Q7 2[m�iBQMb iQ #2 bQHp2/ 7Q` BMi2`7�+2 +QM/BiBQMb �M/ K2Hi `�i2X h?Bb 
KQ/2H BKTHB2b i?�i m b+�H2b �b ∆T 4/3- r?2`2 ∆T = T∞ −Tb Bb i?2 i2KT2`�im`2 /Bz2`2M+2 
#2ir22M i?2 BMi2`7�+2 �M/ �K#B2Mi Q+2�M- �M/ rBi? i?2 #�b�H bHQT2 θ �b sin2/3 θX �M 

2[mBp�H2Mi 2tT`2bbBQM 7Q` K2HiBM; Q7 � bHQTBM; B+2 7�+2 r�b /2i2`KBM2/ mbBM; im`#mH2M+2@ 
`2bQHpBM; MmK2`B+�H bBKmH�iBQMb UJQM/�H 2i �HX- kyRNVX q?BH2 i?2 sin2/3 θ /2T2M/2M+2 Q7 
i?2 K2Hi `�i2 QM bHQT2 �M;H2 r�b QMHv /2KQMbi`�i2/ 2tT2`BK2Mi�HHv #v J+*QMMQ+?B2 �M/ 

E2`` UkyR3V 7Q` �M;H2b ;`2�i2` i?�M 8y◦- i?2 bBKmH�iBQMb Q7 JQM/�H 2i �HX UkyRNV b?Qr2/ 

i?�i i?Bb `2H�iBQMb?BT ?QH/b 7Q` bHQT2 �M;H2b Q7 Ry◦ �M/ ;`2�i2`X 

kXRX9 S`2b2Mi bim/v 

h?Bb +?�Ti2` Bb T`2b2Mi2/ �b 7QHHQrbX h?2 /�i� +QHH2+iBQM �M/ T`Q+2bbBM; �`2 /2b+`B#2/ BM 

ȜkXkX P+2�M �M/ K2Hi `�i2 p�`B�#BHBiv Bb [m�MiB}2/ �i b2�bQM�H �M/ ?B;?2` 7`2[m2M+B2b BM 

ȜkXjX AM ȜkX9- Q+2�M �M/ K2Hi `�i2 Q#b2`p�iBQMb �`2 mb2/ iQ 2p�Hm�i2 b?2�` �M/ +QMp2+iBp2 
T�`�K2i2`Bb�iBQMb Q7 B+2@Q+2�M BMi2`�+iBQMbX 6BM�HHv- BM ȜkX8- i?2 +QKT�`BbQM #2ir22M 

jy 
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Q#b2`p2/ �M/ T`2/B+i2/ K2Hi `�i2b Bb 2tT�M/2/ iQ BM+Hm/2 Qi?2` Tm#HBb?2/ bim/B2b Q7 K2Hi 
`�i2b �M/ BM bBim Q+2�M Q#b2`p�iBQMbX 

kXk .�i� �M/ J2i?Q/QHQ;v 

kXkXR AMbi`mK2Mi�iBQM 

h?2 #Q`2?QH2 �i �Jye Udy◦R9XdǶ ac dR◦k3XRǶ 1V r�b ?Qi r�i2` /`BHH2/ /m`BM; i?2 kyyNfkyRy 

bmKK2` �i � bBi2 i?�i r�b T`2/B+i2/ iQ #2 K2HiBM; U:�HiQM@62MxB 2i �HX- kyRkVX h?2 B+2 
b?2H7 Bb eyd K i?B+F- rBi? dj±k K Q7 7`22#Q�`/- �M/ i?2 r�i2` +QHmKM i?B+FM2bb Bb kN8 

KX h?2 B+2 Q+2�M BMi2`7�+2 �M/ b2�~QQ` �`2 �i 8kj±k UmTT2` HBKBiV �M/ 3jd±k /#�`-
`2bT2+iBp2HvX 

"27Q`2 i?2 KQQ`BM; r�b /2THQv2/- b2p2`�H *h. +�bib r2`2 +QHH2+i2/ Qp2` i?2 7mHH /2Ti? 

Q7 i?2 +�pBiv /m`BM; � irQ /�v T2`BQ/ mbBM; � 6�HKQmi? a+B2MiB}+ AMbi`mK2Mib U6aAV 
jǴ JB+`Q *QM/m+iBpBiv h2KT2`�im`2 .2Ti? U*h.V BMbi`mK2Mi Ub2`B�H ReRyVX S`2@b2�bQM 

H�#Q`�iQ`v +�HB#`�iBQMb Q7 i?2 6aA *h. i2KT2`�im`2- T`2bbm`2 �M/ +QM/m+iBpBiv b2MbQ`b 
r2`2 /QM2 �i i?2 *QKKQMr2�Hi? a+B2MiB}+ �M/ AM/mbi`B�H _2b2�`+? P`;�MBb�iBQM .BpBbBQM 

Q7 J�`BM2 _2b2�`+?- ?Qr2p2` MQ BM bBim +�HB#`�iBQMb r2`2 T2`7Q`K2/ /m2 iQ i?2 /B{+mHiv 

Q7 /2THQvBM; LBbFBM #QiiH2b i?`Qm;? i?2 B+2 b?2H7- MQ` r�b � b?BT#Q�`/ +�HB#`�iBQM +?2+F 

T2`7Q`K2/X "�b2/ mTQM i?2 H�`;2bi +Q``2+iBQMb 7`QK T`2pBQmb �JAaP_ bBi2b UmbBM; i?2 
b�K2 BMbi`mK2MiV i?2 2``Q` Bb 2tT2+i2/ iQ #2 H2bb i?�M yXyy8◦*- yXj Tbm �M/ j /#�` 7Q` 
i2KT2`�im`2- b�HBMBiv �M/ T`2bbm`2- `2bT2+iBp2HvX AM bBim i2KT2`�im`2 UT V �M/ S`�+iB+�H 
a�HBMBiv USV �`2 +QMp2`i2/ iQ *QMb2`p�iBp2 h2KT2`�im`2 UΘV �M/ �#bQHmi2 a�HBMBiv USAV 
mbBM; i?2 :B##b a2�r�i2` J�iH�# T�+F�;2 UJ+.Qm;�HH �M/ "�`F2`- kyRRVX 

� KQQ`BM;- +QKT`BbBM; i?`22 a2�#B`/ a"1jdAJ JB+`Q+�ib �M/ QM2 mTr�`/ HQQFBM; 

_.A jyyF>x qQ`F?Q`b2 �+QmbiB+ .QTTH2` *m``2Mi S`Q}H2` U�.*SV- r�b i?2M /2THQv2/ 

i?`Qm;? i?2 B+2X �HH BMbi`mK2Mib b�KTH2/ �i jy KBMmi2 BMi2`p�HbX AM i?2 p2`iB+�H- i?2 
�.*S b�KTH2/ kd #BMb �i 9 K `2bQHmiBQM- r?2`2 kj Q7 i?2 #BMb r2`2 rBi?BM i?2 r�i2` 
+QHmKMX h?2 �.*S mb2b 7Qm` #2�Kb iQ +�H+mH�i2 p2HQ+Biv- �M/ 2�+? #2�K Bb �i �M �M;H2 
Q7 ky◦ 7`QK i?2 p2`iB+�HX h?2 HQ+�iBQMb Q7 i?2 BMbi`mK2Mib rBi? `2bT2+i iQ i?2 B+2@Q+2�M 

BMi2`7�+2 �`2 QmiHBM2/ BM h�#H2 kXRX h?2 /m`�iBQM Q7 i?2 �.*S `2+Q`/ Bb jee /�vb- i?mb 
r2 `2bi`B+i i?2 �M�HvbBb Q7 i?2 JB+`Q+�i /�i� iQ i?2 b�K2 T2`BQ/ 7Q` i?Bb bim/vX 

jR 



� � � �

kXkX .�h� �L. J1h>P.PGP:u 

h�#H2 kXR, hvT2- /m`�iBQM �M/ /2Ti? Q7 K2�bm`2K2Mib 7`QK i?2 �Jye #Q`2?QH2X .2Ti? 
;Bp2M rBi? `2bT2+i iQ i?2 B+2@Q+2�M BMi2`7�+2X 

bi�`i /�i2 /m`�iBQM T`2bbm`2 /2Ti? 
U/�vbV U/#�`V UKV 

BMi2`7�+2 ∼ ∼ 89d y 
*h. yRfyRfRy k yĜ3jd yĜk3e 
K*�hR ydfyRfRy jee 88R 9 
�.*S ydfyRfRy jee e9y Nk 
K*�hk ydfyRfRy jee e3R Rjk 
K*�hj ydfyRfRy jee dNy k3e 

kXkXk J2Hi `�i2 K2�bm`2K2Mib 

h?2 `�i2 Q7 K2HiBM; Q7 i?2 B+2 b?2H7 #�b2 �i �Jye Bb +�H+mH�i2/ 7`QK i?2 `�i2 Q7 +?�M;2 Q7 
i?2 `�M;2 7`QK i?2 mTr�`/b 7�+BM; �.*S iQ i?2 B+2X _�M;2 7`QK i?2 �.*S iQ i?2 B+2 
b?2H7 Bb Q#i�BM2/ #v TQbi@T`Q+2bbBM; i?2 2+?Q �KTHBim/2 UBMi2MbBivV Q7 i?2 �.*S TBM;b-
`�i?2` i?�M mbBM; i?2 "QiiQK h`�+FBM; 7mM+iBQM�HBivX 6QHHQrBM; i?2 K2i?Q/ QmiHBM2/ 

BM a?+?2`#BM� 2i �HX Ukyy8V- � KQ/B}2/ :�mbbB�M Bb mb2/ iQ �TT`QtBK�i2 i?2 bm`7�+2 
`2~2+iBQM T2�F T`Q}H2 A(z), 

z − h0
2 

A(z) =  a0 exp − + a1z + a2 UkXNV 
δ 

r?2`2 a0, a1, a2, h0 �M/ δ �`2 Q#i�BM2/ #v � H2�bi b[m�`2b }i Q7 1[X kXN iQ i?2 2+?Q 

�KTHBim/2 /�i� BM i?2 pB+BMBiv Q7 i?2 bm`7�+2 T2�FX h?2 }ii2/ p�Hm2 Q7 h0 Bb �M 2biBK�i2 
Q7 i?2 `�M;2 7`QK i?2 �.*S iQ i?2 B+2 b?2H7X 

h?2 }i Bb 7QmM/ 7Q` 2�+? Q7 i?2 7Qm` �.*S #2�Kb BM/2T2M/2MiHvX A/2�HHv- �M �p2`�;2 Qp2` 
i?2 7Qm` #2�Kb rQmH/ #2 mb2/ iQ /2+`2�b2 i?2 bi�iBbiB+�H 2``Q` Ua?+?2`#BM� 2i �HX- kyy8V-
?Qr2p2` i?Bb r�b MQi TQbbB#H2 /m2 iQ i?2 b?�T2 Q7 i?2 B+2 b?2H7 #�b2X q2 b?Qr i?�i i?2 
B+2 b?2H7 /`�7i +?�M;2b #v ky K Qp2` � ?Q`BxQMi�H /Bbi�M+2 Q7 QMHv 9y KX h?2 K2i?Q/ Q7 
}iiBM; � +m`p2 iQ i?2 2+?Q �KTHBim/2 `2HB2b QM ?�pBM; /�i� QM #Qi? bB/2b Q7 i?2 bm`7�+2 
`2~2+iBQM T2�FX AM i?2 +�b2 Q7 i?2 B+2 rBi? b?�HHQr2` /`�7i UHQM;2` `�M;2V- i?2 T2�F Bb MQi 
`2bQHp2/ �M/ i?2`27Q`2 +�MMQi #2 }ii2/ rBi? 1[X kXNX *QMb2[m2MiHv- `�M;2 Bb +�H+mH�i2/ 

QMHv 7Q` ?2�/BM;b −30 ≤ θ ≤ 50 �M/ K2Hi `�i2 2biBK�i2b �`2 QMHv TQbbB#H2 Qp2` i?Bb �`2�X 
h?2 ?2�/BM;- TBi+?- �M/ `QHH /�i� `2+Q`/2/ #v i?2 �.*S �`2 mb2/ iQ K�T i?2 `�M;2 /�i� 

QMiQ � TH�M2 BM TQH�` +QQ`/BM�i2bX h?2 /�i� �`2 i?2M #BMM2/ �M/ �HH 7Qm` �.*S #2�Kb 
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550 

600 

~650 
.0 
::g__ 

o. 700 

750 

800 

-2 .1 -2 .05 -2 -1.95 34.6 

e ( C) 

34.65 34.7 

SA (g kg-1) 

34.75 6 

x 10-6 

kXjX P"a1_o�hAPLa 

6B;m`2 kXk, U�V *QMb2`p�iBp2 h2KT2`�im`2 Θ �M/ U"V �#bQHmi2 a�HBMBiv SA T`Q}H2b 7`QK 
i?2 irQ *h. +�bib �i �JyeX AM/BpB/m�H mT@ �M/ /QrM@+�bib �`2 b?QrM U;`2v HBM2bV 
�b Bb i?2 7Qm`@T`Q}H2 K2�M U#H�+F HBM2VX Pp2`H�BM �i i?2 �TT`QT`B�i2 T`2bbm`2b �`2 i?2 
K2�M U± kσV KB+`Q+�i Θ �M/ SA 7Q` i?2 KQMi? 7QHHQrBM; i?2 *h. /�i� +QHH2+iBQMX U*V 
a[m�`2/ #mQv�M+v 7`2[m2M+v N2- r?2`2 i?2 ;`2v �M/ #H�+F #mQv�M+v 7`2[m2M+v +m`p2b 
r2`2 Q#i�BM2/ mbBM; Ry �M/ 9y /#�` `mMMBM; rBM/Qr �p2`�;2b- `2bT2+iBp2HvX h?2 b?�/2/ 
;`2v `2;BQM b?Qrb `�M;2 BM i?2 B+2@Q+2�M BMi2`7�+2 TQbBiBQM �#Qp2 i?2 BMbi`mK2Mib /m2 iQ 
i?2 bHQTBM; B+2 #�b2X 

�`2 �p2`�;2/ iQ;2i?2` Qp2` � KQMi?@HQM; T2`BQ/ iQ Q#i�BM � K2�M B+2@bm`7�+2 TQbBiBQM 7Q` 
i?�i KQMi?X .Bz2`2M+BM; i?2b2 bm`7�+2b vB2H/b KQMi?Hv K2Hi `�i2 2biBK�i2bX 

kXj P#b2`p�iBQMb 

kXjXR P+2�MQ;`�T?B+ b2iiBM; 

*h. +�bib +QHH2+i2/ #27Q`2 i?2 /2THQvK2Mi Q7 i?2 KQQ`BM; �i �Jye b?Qr � r�i2` +QHmKM 

bi`�iB}2/ BM #Qi? i2KT2`�im`2 �M/ b�HBMBiv- rBi? +QQH2`- 7`2b?2` r�i2` Qp2`HvBM; r�`K2`-
b�HiB2` r�i2` U6B;X kXkVX h?2`2 Bb MQ /Bb+2`MB#H2 /Bz2`2M+2 #2ir22M i?2 mT@ �M/ /QrM@ 
+�bib Q7 i?2 *h.X h?2 r�i2` +QHmKM Bb bi�#Hv bi`�iB}2/ rBi? /2Ti?@K2�M bi`�iB}+�iBQM 

N2 ∼ 3.5×10−6 b−2- r?2`2 N = [−(g/ρ0)(∂ρ/∂z)]1/2 Bb i?2 #mQv�M+v 7`2[m2M+vX h?2`2 Bb 
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MQ +H2�` KBt2/ H�v2` #2M2�i? i?2 B+2- BM 7�+i i2KT2`�im`2 ;`�/B2Mib �`2 2bT2+B�HHv bi`QM; 

BM i?2 mTT2` jy K Q7 i?2 r�i2` +QHmKMX h?2`2 Bb bQK2 2pB/2M+2 7Q` � #�b�H KBt2/ H�v2` 
#2HQr ∼dNy /#�`- �Hi?Qm;? i?Bb r�b MQi +QMbBbi2MiHv b�KTH2/ #v i?2 *h.X 

6B;X kX9 b?Qrb i?2 7Qm` +�bi@K2�M Θ−SA T`QT2`iB2b 7`QK i?2 *h.X � /2}MBM; 72�im`2 Q7 
Q+2�M T`QT2`iB2b #2M2�i? B+2 b?2Hp2b Bb i?2 T`2b2M+2 Q7 K2Hir�i2` 7`QK K2i2Q`B+ U7`2b?V 
B+2- r?B+? +�mb2b Q+2�M T`QT2`iB2b iQ 2pQHp2 �HQM; M2�`Hv@bi`�B;?i HBM2 BM Θ − SA bT�+2 
U2X;X- :�/2- RNdNc >�ii2`K�MM 2i �HX- kyRkc ai2p2Mb 2i �HX- kykyVX lM/2` i?2 �bbmKTiBQM 

Q7 2[m�H 2//v /BzmbBpBiB2b 7Q` ?2�i �M/ b�Hi- i?2 ;`�/B2Mi UdΘ/dSAV Q7 i?Bb ǳK2Hir�i2` 
KBtBM; HBM2Ǵ +�M #2 +�H+mH�i2/ U:�/2- RNdNc J+.Qm;�HH 2i �HX- kyR9VX �i HQ+�H +QM/BiBQMb 
1[X Re Q7 J+.Qm;�HH 2i �HX UkyR9V ;Bp2b dΘ/dSA = 2.38 C g−1 kg- �M/ 2tTH�BMb i?2 
Θ − SA T`QT2`iB2b r2HH Qp2` i?2 T`2bbm`2 `�M;2 8eyĜe8y /#�`X L2�` i?2 BMi2`7�+2- i?2 
dΘ/dSA ;`�/B2Mi bi22T2Mb- /2pB�iBM; 7`QK i?2 K2Hir�i2` KBtBM; HBM2X � HBM2 Q7 #2bi }i 
Qp2` i?Bb R8 K i?B+F H�v2` ?�b bHQT2 dΘ/dSA = 4.8 C g−1 kgX h?Bb `2bmHi BM/B+�i2b i?�i 
i?2 im`#mH2Mi /BzmbBpBiB2b Q7 ?2�i �M/ b�Hi �`2 MQi 2[m�H Qp2` i?Bb `2;BQM- r?B+? +QmH/ #2 
2tTH�BM2/ #v � KBtBM; T`Q+2bb bm+? �b /Qm#H2@/BzmbBp2 +QMp2+iBQM UEBKm`� 2i �HX- kyR9V 
Q` i?2 T`2b2M+2 Q7 bi`�iB}+�iBQM UC�+FbQM �M/ _2?K�MM- kyR9VX 
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-1.9 

-2 

-2.1 

-2.2 

AM06-790 
AM06-681 
AM06-551 
AM06-CTD 
AM02-770 
AM02-561 

Jan. 

( °
 C

)
 (
°
 C

)
 (
°
 C

) 

AM02-339 

-2.3

 Jul. 

-1.9 

-2 

-2.1 

-2.2 

-2.3

 Oct. 

-1.9 

-2 

-2.1 

-2.2 

-2.3 

34.4 34.5 34.6 34.7

 S  (g kg-1)
A 

6B;m`2 kXj, Θ@SA THQib 7Q` KQMi?b C�Mm�`v- CmHv �M/ P+iQ#2` BM kyRy �i �Jye �M/ 
�Jyk U8 v2�` +QKTQbBi2 Q7 v2�`b kyyR- kyyj@kyyeVX 6`22xBM; i2KT2`�im`2 +m`p2b �i 
bm`7�+2- �Jye BMi2`7�+2 U89j /#�`c bQHB/ #Hm2V �M/ �Jyk BMi2`7�+2 Ujke /#�`c /�b?2/ 
#Hm2- #QiiQK T�M2H QMHvV T`2bbm`2 �`2 �HbQ b?QrMX h?2 /�b?2/ ;`2v HBM2 Bb i?2 K2Hir�i2` 
KBtBM; HBM2 7`QK 6B;X kX9X 

h?2 iBK2b2`B2b Q7 i2KT2`�im`2 �M/ b�HBMBiv K2�bm`2K2Mib 7`QK i?2 mTT2` r�i2` +QHmKM 

bm;;2bi i?�i �Jye Bb � bBi2 Q7 K2HiBM; v2�`@`QmM/X 6Q` i?2 r?QH2 T2`BQ/ b�KTH2/- i?2 
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I 
I 

I 
I 

I 

30
.3

6
30

.3
6

30
.4

4
30

.4
4 
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p (dbar)
550 600 650 700 750 

-1.9 

-1.95 

-2 

34.6 34.65 34.7 34.75 

SA (g kg-1) 

(° 
C

) 

34.62 34.63 34.64 34.65 
-2.12 

-2.1 

-2.08 

-2.06-2.05 

-2.1 

-2.15 

6B;m`2 kX9, Θ@SA THQi Q7 i?2 7Qm`@T`Q}H2 K2�M 7`QK 6B;X kXk +QHQm`2/ #v T`2bbm`2X 
� K2Hir�i2` KBtBM; HBM2 rBi? ;`�/B2Mi dΘ/dSA4kXj3 ◦Cg−1kg +�H+mH�i2/ 7QHHQrBM; J+@ 
.Qm;�HH 2i �HX UkyR9V Bb b?QrM U/�b?2/ ;`2v HBM2V- �b �`2 i?2 HQ+�H BbQTv+M�H bHQT2b U/Qii2/ 
;`2v HBM2bVX h?2 BMb2i b?Qrb � HBM2 Q7 #2bi }i 7Q` i?2 mTT2` R8 K Q7 i?2 r�i2` +QHmKM 
U`2/ HBM2V r?B+? ?�b ;`�/B2Mi dΘ/dSA49X3 ◦Ckg g−1X 

i2KT2`�im`2 `2+Q`/2/ #v i?2 mTT2` KB+`Q+�i Bb ;`2�i2` i?�M i?2 BM bBim 7`22xBM; i2KT2`�@ 
im`2 �i i?2 BMi2`7�+2 T`2bbm`2 U89j /#�`V- #v yXk ◦* QM �p2`�;2 U6B;X kX8VX h2KT2`�im`2b 
`2+Q`/2/ �i �HH /2Ti?b �`2 +QH/2` i?�M i?2 bm`7�+2 7`22xBM; i2KT2`�im`2 U@RXN ◦*V BM/B@ 
+�iBM; i?2 T`2b2M+2 Q7 Aaq- �M/ b?Qr bBKBH�` b2�bQM�HBiv �i �HH /2Ti?b U6B;X kX8VX h?2 
r�i2` +QHmKM- r?B+? Bb r�`K2bi BM bmKK2` �M/ �mimKM- +QQHb Qp2` rBMi2` �M/ `2�+?2b � 

KBMBKmK i2KT2`�im`2 BM bT`BM;X h?2 +QQHBM; Bb +QBM+B/2Mi rBi? 7`2b?2MBM; �i �HH /2Ti?bX 
AM P+iQ#2`- i?2 +QQHBM; �M/ 7`2b?2MBM; i`2M/ `2p2`b2b- �M/ i2KT2`�im`2b �M/ b�HBMBiB2b 
BM+`2�b2 `�TB/Hv iQr�`/b i?2B` T`2pBQmb bmKK2` p�Hm2bX 

JB+`Q+�i i2KT2`�im`2b �M/ b�HBMBiB2b 7�HH QM � K2Hi@7`22x2 HBM2 UJ+.Qm;�HH 2i �HX- kyR9V-
/2KQMbi`�iBM; i?�i i?2 r�i2` K�bb2b �``BpBM; �i �Jye ?�p2 #22M KQ/B}2/ #v i?2 �//B@ 
iBQM Q7 7`2b? r�i2` /m2 iQ B+2 K2Hi- rBi? i?2 ?B;?2bi 7`�+iBQM Q7 K2Hi@r�i2` �i i?2 KB+`Q+�i 
M2�`2bi i?2 B+2 #�b2X h?2 Aaq T`2b2Mi �i �Jye 7QHHQrb � bBM;H2 K2Hi@7`22x2 HBM2 v2�` 
`QmM/ U6B;X kXjV- bm;;2biBM; � bBM;H2 Aaq bQm`+2 r�i2` K�bb rBi? SA ∼j9Xe3 ; F;−1X 

je 



�

kXjX P"a1_o�hAPLa 

q?BHbi Bi Bb MQi TQbbB#H2 iQ mb2 i?2 K2Hi@7`22x2 `2H�iBQMb?BT iQ mM2[mBpQ+�HHv B/2MiB7v i?2 
bQm`+2 r�i2` K�bb2b Q7 i?2 Aaq- i?2 b�HBMBiv bm;;2bib i?�i Bi Bb .aq /`BpBM; K2Hi �i 
�JyeX 6B;m`2 kXj b?Qrb i?�i Θ − SA KBMBKmK BM bT`BM; Bb i?2 `2bmHi Q7 � ?B;? /2;`22 
Q7 KQ/B}+�iBQM Q7 .aq #v K2Hir�i2`X 

� KmHiB@v2�` +QKTQbBi2 Q7 Θ−SA 7`QK KQQ`BM; �Jyk U>2``�Bx@"Q``2;m2`Q 2i �HX- kyR8V-
bBim�i2/ KB/@r�v U∼dy FKV 7`QK �Jye iQ i?2 +�HpBM; 7`QMi �M/ bT�MMBM; i?2 v2�`b 
kyyR- kyyj@kyye- Bb �HbQ b?QrM BM 6B;X kXjX h?2 /�i� 7`QK �Jyk KB+`Q+�ib �i 8eR �M/ 

ddy /#�` b?Qr bBKBH�` b2�bQM�HBiv �M/ T`QT2`iB2b iQ �JyeX h?2 Θ − SA T`QT2`iB2b �i 
i?2 irQ KQQ`BM; HQ+�iBQMb 7QHHQr i?2 b�K2 K2Hir�i2` KBtBM; HBM2- bm;;2biBM; i?2 b�K2 
bQm`+2 r�i2`K�bb- ?Qr2p2` i?2 Q+2�M Bb ivTB+�HHv r�`K2` �M/ b�HiB2` �i �Jyk i?�M �i 
�Jye �i �M 2[mBp�H2Mi /2Ti?X h?2b2 Q#b2`p�iBQMb bm;;2bi � T�i?r�v 7Q` .aq 7`QK i?2 
+�HpBM; 7`QMi �HQM; i?2 2�bi2`M ~�MF Q7 i?2 �Aa- +QMbBbi2Mi rBi? i?2 KQ/2HHBM; `2bmHib 
Q7 :�HiQM@62MxB 2i �HX UkyRkVX h?2 r�`K- 7`2b? Aaq Q#b2`p2/ #v i?2 mTT2` KB+`Q+�i �i 
�Jyk BM rBMi2` U6B;X k#V- r?B+? ?�b #22M B/2MiB}2/ �b Aaq rBi? K*.q �b Bib bQm`+2 
U>2``�Bx@"Q``2;m2`Q 2i �HX- kyR8V- Bb MQi Q#b2`p2/ �i �Jye BM kyRyX 

hB/�H +m``2Mib �`2 2pB/2Mi BM i?2 �.*S p2HQ+Biv K2�bm`2K2Mib #2M2�i? �Jye U6B;X 
kXeVX >�`KQMB+ �M�HvbBb US�rHQrB+x 2i �HX- kyykV- `2bi`B+i2/ iQ 7`2[m2M+B2b ?B;?2` i?�M 

b2KB@�MMm�H /m2 iQ i?2 HBKBi2/ /m`�iBQM Q7 i?2 �.*S `2+Q`/- b?Qrb i?�i i?2 iB/2b ?�p2 
KBt2/ b2KB@/Bm`M�H �M/ /Bm`M�H T`QT2`iB2bX h?2 2HHBTb2 b2KB@K�DQ` p2HQ+BiB2b Q7 b2KB@ 
/Bm`M�H +QMbiBim2Mib S2 �M/ M2 �`2 jXj �M/ jXy +K b−1- `2bT2+iBp2Hvc H�`;2` i?�M i?�M 

i?Qb2 Q7 /Bm`M�H +QMbiBim2Mib K1 �M/ O1 - r?B+? �`2 RXN �M/ RX3 +K b−1 Uh�#H2 kXkVX 
1HHBTb2 b2KB@KBMQ` p2HQ+BiB2b 7Q` #Qi? /Bm`M�H �M/ b2KB@/Bm`M�H +QMbiBim2Mib �`2 TQbBiBp2-
BM/B+�iBM; +HQ+FrBb2 `Qi�iBQM Q7 i?2 +m``2Mi p2+iQ` BM iBK2X >Qr2p2` i?2 b2KB@KBMQ` 
p2HQ+BiB2b �`2 �HbQ bK�HH- �b iB/2b �`2 +HQb2 iQ `2+iBHBM2�`X hB/2b �`2 Q`B2Mi2/ LL1faaq-
`Qm;?Hv MQ`K�H iQ i?2 �Aa +�HpBM; 7`QMiX h?2b2 }M/BM;b �`2 +QMbBbi2Mi rBi? `2bmHib 7`QK 

� #�`Qi`QTB+ iB/�H KQ/2H r?B+? b?Qr2/ KBt2/ b2KB/Bm`M�H �M/ /Bm`M�H iB/�H +m``2Mib 
#2M2�i? i?2 �Aa- rBi? i?2 K�;MBim/2 Q7 i?2 b2KB@K�DQ` �tBb ;2M2`�HHv H2bb i?�M 8 +K b−1 

7Q` i?2 b2KB/Bm`M�H iB/2 �M/ H2bb i?�M k +K b−1 7Q` i?2 /Bm`M�H iB/2 U>2K2` 2i �HX- kyyeVX 
�M 2biBK�i2 Q7 i?2 ivTB+�H iB/�H +m``2Mi K�;MBim/2 Bb ;Bp2M #v, 

4 
2 2 1/2Utyp = (ue,i + ve,i) UkXRyV 

i=1 

r?2`2 ue �M/ ve �`2 i?2 K�;MBim/2 Q7 i?2 b2KBK�DQ` �tBb �M/ b2KBKBMQ` �tBb Q7 i?2 
iB/�H 2HHBTb2- rBi? bm#b+`BTi i `2T`2b2MiBM; i?2 7Qm` K�BM iB/�H +QMbiBim2MibX lbBM; i?2 
+QMbiBim2Mib BM h�#H2 kXk vB2H/b Utyp = 9.8 +K b−1 �i �JyeX Utyp Bb `Qm;?Hv i?2 K�tBKmK 

jd 



0 

-2 

0 -2.1 -
© 

-2.2 
--551 dbar 
-- 681 dbar 

-2.3 -- 790 dbar 1------------------a 

34.75 "v-,. 

34.7 

34.65 

34.6 

34.55 
'---'---'---'---'----'--'---'---'---'---'---'-----" 

FMAMJJASONDJ 
date (2010) 

kXjX P"a1_o�hAPLa 

A 

B 

6B;m`2 kX8, hBK2@b2`B2b Q7 U�V Θ U"V SA 7`QK �HH i?`22 KB+`Q+�ibX h?2 7`22xBM; i2KT2`@ 
�im`2 U#H�+FV �i mTT2` KB+`Q+�i b�HBMBiv �M/ BMi2`7�+2 T`2bbm`2 Bb �HbQ b?QrM BM U�VX 

+m``2Mi bT22/ �p�BH�#H2 7`QK i?2b2 7Qm` +QMbiBim2MibX AMbi�Mi�M2Qmb +m``2Mi bT22/b �i 
�Jye BM 2t+2bb Q7 R8 +K b−1 U6B;X kXeV �`2 � +QMb2[m2M+2 Q7 i?2 bmT2`TQbBiBQM Q7 K2�M 

�M/ iB/�H +m``2MibX 

AM Q`/2` iQ +QMbB/2` i?2 iB/�H �M/ MQM@iB/�H U`2bB/m�HV +m``2Mib b2T�`�i2Hv- r2 `2KQp2 i?2 
KQ/2HH2/ iB/�H p2HQ+BiB2b 7`QK i?2 /2Ti?@K2�M p2HQ+BiB2bX 6B;X kXe +QKT�`2b i?2 iQi�H 
�M/ `2bB/m�H ~Qr bT22/b- r?2`2 i?2 `2bB/m�H ~Qr Bb bKQQi?2/ rBi? � :�mbbB�M }Hi2` rBi? 

� ?�H7 rB/i? Q7 QM2 r22FX h?2 `2bB/m�H ~Qr Ur Bb Q`B2Mi2/ BMiQ i?2 +�pBiv Ukky◦LV �M/ 

?�b �M �MMm�H K2�M bT22/ Q7 jXk +K b−1X h?2 bi`2M;i? Q7 Ur p�`B2b b2�bQM�HHv �M/ �i 
?B;?2` 7`2[m2M+B2bX LQi�#Hv- BM i?2 T2`BQ/ �m;mbiĜ.2+2K#2`- i?2 `2bB/m�H +B`+mH�iBQM Bb 
Km+? r2�F2` U∼kXy +K b−1VX h?Bb T2`BQ/ Q7 r2�F2` +B`+mH�iBQM Bb +QBM+B/2Mi rBi? � +QH/-
7`2b? r�i2` +QHmKM U6B;X kXjV- bm;;2biBM; BM+`2�b2/ `2bB/2M+2 iBK2 #2M2�i? i?2 B+2 �M/ 

� ?B;?2` K2Hir�i2` 7`�+iBQMX 

j3 
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date (2010) 

6B;m`2 kXe, U�V .2Ti?@K2�M +m``2Mi bT22/ U = 
√ 
u2 + v2 7`QK i?2 �.*S U;`2vVX 

Pp2`H�B/ Bb i?2 bKQQi?2/- /2Ti?@K2�M +m``2Mi bT22/ rBi? iB/2b `2KQp2/ Ur = 
(u − uT )2 + (v − vT )2 U#Hm2VX U"V *m``2Mi /B`2+iBQM U;`2vV �M/ bKQQi?2/ +m``2Mi /B@ 

`2+iBQM rBi? iB/2b `2KQp2/ U`2/VX 

"2vQM/ K2�bm`BM; i?2 r�i2` +QHmKM p2HQ+BiB2b- i?2 �.*S �HbQ `2p2�Hb � H�`;2- bi2T@ 
HBF2 72�im`2 BM i?2 mM/2`bB/2 Q7 i?2 B+2 b?2H7 �i �JyeX h?2 #�b2 Q7 i?2 B+2 Bb K�TT2/ 

Qmi mbBM; i?2 `�M;2 7`QK i?2 �.*S iQ i?2 B+2 �b � 7mM+iBQM Q7 i?2 BMbi`mK2Mi #2�`BM; 

U?2�/BM;V �M/ �M;H2 UTBi+?- `QHHVX h?2 #QiiQK i`�+FBM; 7mM+iBQM Q7 i?2 �.*S T`QpB/2b 
7Qm` BM/2T2M/2Mi 2biBK�i2b Q7 `�M;2 7`QK 7Qm` b2T�`�i2 #2�Kb- 2�+? Q`B2Mi2/ �i ky◦ iQ 

i?2 p2`iB+�H �M/ �i Ny◦ iQ 2�+? Qi?2`X h?2 BMbi`mK2Mi `Qi�i2b �#Qmi i?2 KQQ`BM; HBM2 
/m2 iQ +m``2Mib- �HHQrBM; i?2 �.*S #2�Kb iQ K�T Qmi � +B`+mH�` br�i? Q7 i?2 mM/2`bB/2 
Q7 i?2 B+2 U6B;X kXdV �M/ `2p2�HBM; � bB;MB}+�Mi 72�im`2 BM i?2 B+2 �#Qp2X h?Bb 72�im`2 ?�b 
� p2`iB+�H 2ti2Mi Q7 ∼ 20 K �M/ � K�tBKmK bHQT2 Q7 98◦X h?2 ?Q`BxQMi�H 2ti2Mi Q7 i?2 
�.*S +Qp2`�;2 Bb ∼ 80 K b[m�`2X h?2 bHQT2/ 72�im`2 Bb +QMiBMmQmb �+`Qbb i?Bb /Bbi�M+2-
#mi i?2 iQi�H 2ti2Mi Q7 i?2 72�im`2 +�MMQi #2 /2i2`KBM2/ mbBM; i?2 �p�BH�#H2 /�i�X 

jN 



kXjX P"a1_o�hAPLa 

h�#H2 kXk, 1HHBTb2 T�`�K2i2`b 7Q` iB/�H +m``2Mi +QMbiBim2Mib Q7 i?2 /2Ti?@K2�M ~Qr Qp2` 
i?2 mTT2` NyK Q7 i?2 r�i2` +QHmKMX S`2b2Mi2/ �`2 p2HQ+BiB2b Q7 i?2 2HHBTb2 K�DQ` �M/ 
KBMQ` �t2b- i?2 BM+HBM�iBQM Q7 i?2 b2KB@K�DQ` �tBb U+QmMi2`@+HQ+FrBb2 7`QK 2�biV- �M/ 
T?�b2 Q7 i?2 iB/�H p2+iQ` `2H�iBp2 iQ 2[mBHB#`BmK iB/2 �i :`22MrB+?X 

M�K2 7`2[m2M+v K�DQ` KBMQ` BM+HBM�iBQM T?�b2 
◦ ◦+T? +K b−1 +K b−1 

ak yXy3jj jXjy yXjd eN 8e 
Jk yXy3y8 kXN8 yXyR dk jRj 
ER yXy9R3 RXdN @yXyR dR kj 
PR yXyj3d RXd8 yXy9 dk Rd 

kXjXk "�b�H K2Hi `�i2 

h?2 �MMm�H K2�M K2Hi `�i2 �i �Jye Bb yX8R±yXR3 K v`−1 U6B;X kX3VX JQMi?Hv@�p2`�;2/ 

K2Hi `�i2b `�M;2 7`QK � K�tBKmK Q7 yX3 K v`−1 BM H�i2 �mimKM iQ � KBMBKmK Q7 yXk 

K v`−1 BM aT`BM;X h?2 b2�bQM�HBiv BM K2HiBM; Bb +QMbBbi2Mi rBi? i?2 b2�bQM�HBiv Q7 mTT2` 
KB+`Q+�i i2KT2`�im`2bX "`Q�/Hv bT2�FBM;- r?2M i2KT2`�im`2b �`2 r�`K2`- ?B;?2` K2Hi 
`�i2b �`2 Q#b2`p2/ U6B;X kX8VX >Qr2p2`- i?2 T2`BQ/ Q7 K�tBKmK K2Hi BM CmM2 /Q2b 
MQi +QBM+B/2 rBi? i?2 r�`K2bi Q+2�M i2KT2`�im`2b- r?B+? �`2 Q#b2`p2/ BM �T`BH 7Q` i?2 
mTT2` KB+`Q+�iX h?2 /QKBM�M+2 Q7 iB/�H +m``2Mib BM i?2 p2HQ+Biv `2+Q`/ K2�Mb i?�i 
b2�bQM�HBiv BM i?2 +m``2Mi 7Q`+BM; Bb H2bb T`QMQmM+2/X h?2 r2�F `2bB/m�H ~Qr T2`BQ/ 

�m;mbiĜLQp2K#2` Bb +QBM+B/2Mi rBi? i?2 T2`BQ/ Q7 HQr K2Hi `�i2b U6B;X kXeVX 

h?2 K2Hi `�i2 K2�bm`2/ ?2`2 BM bBim Bb +QMbBbi2Mi rBi? i?2 KQ/2HH2/ K2Hi `�i2 BM i?2 
pB+BMBiv Q7 �Jye U:�HiQM@62MxB 2i �HX- kyRk- ∼R K v`−1V- �M/ KQ`2 #`Q�/Hv rBi? �Aa �`2�@ 
�p2`�;2/ K2Hi `�i2b 7`QK KQ/2Hb UyXd9 K v`−1c :�HiQM@62MxB 2i �HX- kyRkV- Q+2�MQ;`�T?B+ 
T`QtB2b URXy K v`−1c >2``�Bxɢ"Q``2;m2`Q 2i �HX- kyReV �M/ ;H�+BQHQ;B+�H bim/B2b UyX8ĜyX3 

K v`−1c um 2i �HX- kyRyc q2M 2i �HX- kyRyc _B;MQi 2i �HX- kyRjc .2TQQ`i2` 2i �HX- kyRjVX 
>Qr2p2`- i?2 b2�bQM�H +v+H2 BM K2HiBM; �i �Jye Bb bQK2r?�i Qmi Q7 T?�b2 rBi? i?2 
KQ/2HH2/ +�pBiv@�p2`�;2- r?B+? ?�b � K�tBKmK BM CmHv �M/ � KBMBKmK BM C�Mm�`v 

U:�HiQM@62MxB 2i �HX- kyRkVX h?2 K�tBKmK KQ/2HH2/ +�pBiv@�p2`�;2 K2Hi`�i2 BM CmHv 

H2�/b i?2 T2`BQ/ Q7 +QQHBM; �M/ 7`2b?2MBM; �i �Jye BM CmHvĜP+iQ#2`- bm;;2biBM; i?�i i?2 
?B;? /2;`22 Q7 K2Hir�i2` KQ/B}+�iBQM �i �Jye Bb i?2 `2bmHi Q7 bi`QM; K2HiBM; 2Hb2r?2`2 
BM i?2 +�pBivX 

9y 
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6B;m`2 kXd, .2Ti? Q7 i?2 B+2 b?2H7 #�b2 `2H�iBp2 iQ x2`Q /2Ti? U/2}M2/ BM h�#H2 kXRV-
r?2`2 � KQ`2 M2;�iBp2 /2Ti? BM/B+�i2b � i?BMM2` B+2 +QHmKM �#Qp2X h?2 �`2� K�TT2/ 
Qmi #v i?2 �.*S Bb /2i2`KBM2/ #v i?2 #2�K �M;H2 Uky◦V �M/ i?2 /Bbi�M+2 iQ i?2 B+2 b?2H7 
UNkĜRR9 KVX Pp2`H�BM Bb �M QmiHBM2 Q7 i?2 `2;BQM Q7 i?2 B+2 #�b2 Qp2` r?B+? K2Hi `�i2b BM 
6B; kX3 �`2 +�H+mH�i2/X 

kX9 *QKT�`BbQM rBi? KQ/2Hb 

kX9XR *?QB+2 Q7 /�i� 

>2`2 r2 mb2 i?2 +QM+m``2Mi i2KT2`�im`2- b�HBMBiv �M/ p2HQ+Biv K2�bm`2K2Mib 7`QK bBi2 
�Jye iQ T`2/B+i i?2 HQ+�H K2Hi `�i2 mbBM; i?`22 /Bz2`2Mi K2Hi@`�i2 T�`�K2i2`Bb�iBQMbX 
q2 i2bi irQ b?2�`@/2T2M/2Mi T�`�K2i2`Bb�iBQMb bQHpBM; kXR- kXk �M/ kXj- QM2 rBi? i?2 
+QMbi�Mi i`�Mb72` +Q2{+B2Mib `2+QKK2M/2/ BM C2MFBMb 2i �HX UkyRy#V U?2`2�7i2` CRyV �M/ 

i?2 Qi?2` mbBM; kX8 7`QK J+S?22 2i �HX URN3dV U?2`2�7i2` J3dVX q2 �HbQ i2bi i?2 +QMp2+iBp2 
T�`�K2i2`Bb�iBQM bQHpBM; kXR- kXd �M/ kX3 7`QK J+*QMMQ+?B2 �M/ E2`` UkyR3V U?2`2�7i2` 
JER3VX h?2 i2KT2`�im`2 �M/ b�HBMBiv �`2 i�F2M 7`QK i?2 mTT2` KB+`Q+�iX "2+�mb2 Q7 
i?2 bHQT2/ BMi2`7�+2- i?2 TQbBiBQMBM; Q7 i?Bb BMbi`mK2Mi rBi? `2bT2+i iQ i?2 BMi2`7�+2 Bb 
bQK2r?�i �K#B;mQmbX >2`2 r2 mb2 i?2 HQr2` #QmM/ QM i?2 BMi2`7�+2 TQbBiBQM Uz4@89R 

KV �b Qm` `272`2M+2 /2Ti?X h?2 mTT2` KB+`Q+�i Bb i?2`27Q`2 bBim�i2/ �i � /2Ti? Q7 9 K 

Uh�#H2 kXRVX 

�HH T�`�K2i2`Bb�iBQMb BM+Hm/2/ BM i?Bb bim/v �bbmK2 � r�i2` +QHmKM bi`m+im`2 r?2`2 
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m
 (

m
 y

r-1
) 

1.5 

1 

0.5 

0 

-0.5 

F M A M J  J  A S O N D J  

date (2010) 

6B;m`2 kX3, P#b2`p2/ K2Hi `�i2b �i KQMi?Hv `2bQHmiBQM 7Q` U;`2vV 2�+? ;`B/ +2HH Udφ, drV 
�M/ U`2/V i?2 �`2� �p2`�;2- r?2`2 i?2 �`2� Bb QmiHBM2/ BM 6B;X kXdX 

bi`QM; KBtBM; BM � #QmM/�`v +m``2Mi Q` THmK2 T`Q/m+2b � r2HH KBt2/ H�v2` Q7 r�i2` 
M2�` i?2 B+2 bm+? i?�i- bQ HQM; �b i?2v �`2 K2�bm`2/ rBi?BM i?2 H�v2`- i2KT2`�im`2 �M/ 

b�HBMBiv /Q MQi p�`v BM /2Ti?X >Qr2p2`- i?2 *h. T`Q}H2b +QHH2+i2/ �i i?2 bi�`i Q7 i?2 
Q#b2`p�iBQM�H T2`BQ/ /Q MQi +QMpBM+BM;Hv /2KQMbi`�i2 i?2 T`2b2M+2 Q7 � KBt2/ H�v2` 
�/D�+2Mi iQ i?2 B+2 U6B;X kXkVX �b bm+?- Qm` `2bmHib rBHH #2 b2MbBiBp2 iQ i?2 /2Ti? �i r?B+? 

TML  �M/ SML  �`2 i�F2MX Pp2` i?2 mTT2` Ry K Q7 i?2 r�i2` +QHmKM i?2 i2KT2`�im`2 
;`�/B2Mi Bb dΘ/dz = 0.0017 ◦* K−1X q2 �bb2bb i?2 b2MbBiBpBiv Q7 i?2 T`2/B+i2/ K2Hi `�i2 
iQ i?2 /2Ti? �i r?B+? i?2 i2KT2`�im`2 Bb i�F2M BM ȜkX8X 

h?2 K2HiBM; UkXk �M/ kXjV �M/ i`�Mb72` +Q2{+B2Mi UkX8 �M/ kXeV 2[m�iBQMb +�HH 7Q` i?2 
∗7`B+iBQM p2HQ+Biv u ∗X h?2 �bbmKTiBQM i?�i u bT2+B}2b i?2 bi`m+im`2 Q7 i?2 ~Qr M2�` i?2 

B+2 `2bmHib BM i?2 HQ;�`Bi?KB+ G�r Q7 i?2 q�HH UGPqV rBi? i?2 7Q`K u(z) =  u ∗/k ln(z/z0)-
r?2`2 k = 0.41 Bb oQM@E�`K�MǶb +QMbi�Mi �M/ z0 Bb i?2 `Qm;?M2bb H2M;i?X h?2 `2;BQM 

Qp2` r?B+? i?2 GPq ?QH/b Bb �HbQ +�HH2/ i?2 bm`7�+2 H�v2`X h?2 p2HQ+Biv T`Q}H2b `2+Q`/2/ 

#v i?2 �.*S r2`2 �M�Hvb2/ 7Q` � HQ;�`Bi?KB+ T`Q}H2- ?Qr2p2` i?2 p2`iB+�H `2bQHmiBQM 
∗T`Qp2/ iQ #2 BMbm{+B2Mi iQ +�Tim`2 i?2 bm`7�+2 H�v2`X �b bm+?- BM 1[X kX8 r2 KQ/2H u 

mbBM; kX9 rBi? Cd = 0.0025X 

AM Q`/2` iQ mb2 i?2 [m�/`�iB+ /`�; `2H�iBQMb?BT kX9 rBi? }t2/ Cd r2 `2[mB`2 i?2 ~Qr bT22/ 

U K2�bm`2/ QmibB/2 i?2 bm`7�+2 H�v2`X hvTB+�HHv- i?2 bm`7�+2 H�v2` Q++mTB2b ∼Ry% Q7 i?2 
iQi�H #QmM/�`v H�v2` /2Ti?- �M/ 7Q` i?2 TQH�` Q+2�Mb Bb ivTB+�HHv BM i?2 `�M;2 kĜ9 K /22T 
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UJ+S?22- kyy3VX h?2 1FK�M H�v2` /2Ti? b+�H2b �b δ ∼ u ∗/|f |- r?2`2 f Bb i?2 *Q`BQHBb 
7`2[m2M+vX 6Q` � 7`22 bi`2�K p2HQ+Biv U = 5.0 +K b−1 �M/ f = −1.4 × 10−4 b−1 r2 }M/ 

δ ∼ 18 K �M/ i?2`27Q`2 � bm`7�+2 H�v2` /2Ti? Q7 ∼RX3 KX h?2 mTT2`KQbi #BM b�KTH2/ #v 

i?2 �.*S Bb j K #2HQr i?2 B+2- ?Qr2p2`- i?Bb /�i� TQBMi Bb HBF2Hv iQ #2 +QMi�KBM�i2/ 

�b Bi 7�HHb rBi?BM i?2 mTT2` eW Q7 i?2 BMbi`mK2Mi `�M;2 Uh2H2/vM2- kyyeVX h?Bb TQBMi 
?�b i?2`27Q`2 #22M /Bb+�`/2/X �b i?2 mTT2` r�i2` +QHmKM p2HQ+Biv bi`m+im`2 Bb `2H�iBp2Hv 

?QKQ;2M2Qmb BM /2Ti? r2 mb2 i?2 7Qm`@#BM K2�M Qp2` dĜRN KX h?Bb �p2`�;BM; ;Bp2b � 

+QMiBMmQmb `2+Q`/ Q7 p2HQ+Biv /�i�- �M/ /Q2b MQi #B�b i?2 bT22/ HQr Q` ?B;? +QKT�`2/ 

iQ i�FBM; i?2 p2HQ+Biv �i d K QMHvX h?2`2 Bb � bB;MB}+�Mi �KQmMi Q7 KBbbBM; p2HQ+Biv 

/�i� BM i?2 mTT2` r�i2` +QHmKM 7`QK C�Mm�`v i?`Qm;? iQ 2�`Hv �T`BHX �b bm+?- i?2 
b?2�`@/2T2M/2Mi T�`�K2i2`Bb�iBQMb �`2 i2bi2/ mbBM; /�i� 7`QK �T`BH QMr�`/bX 

hQ i2bi i?2 +QMbi�Mi i`�Mb72` +Q2{+B2Mi T�`�K2i2`Bb�iBQM QmiHBM2/ BM CRy r2 i�F2 i?2 
`2+QKK2M/2/ p�Hm2b 

√ 
CdΓT 4yXyyRR �M/ 

√ 
CdΓS4 jXR×10−5X AM?2`2Mi BM i?2b2 p�Hm2b Bb 

i?2 �bbmKTiBQM i?�i ΓT fΓS 4j8X o�`BQmb H�#Q`�iQ`v UJ�`iBM �M/ E�mzK�M- RNddV �M/ 

KQ/2HHBM; U2;X >QHH�M/ �M/ C2MFBMb- RNNNc E2BixH 2i �HX- kyRe#V bim/B2b ?�p2 �ii2KTi2/ 

iQ 2biBK�i2 i?2 `�iBQ ΓT /ΓS - ?Qr2p2` i?2 `�M;2 Q7 p�Hm2b Q#i�BM2/ #v i?2b2 bim/B2b Bb 
H�`;2- 7`QK jy iQ Ryy- `2bmHiBM; BM � H�`;2 mM+2`i�BMiv BM i?2 +�H+mH�i2/ ~mt2bX 

6BM�HHv- iQ �TTHv i?2 JER3 KQ/2H- i?2 #�b�H bHQT2 θ Bb M22/2/X �b i?2 K2Hi `�i2 r�b 
K2�bm`2/ Qp2` i?2 b2+iBQM Q7 B+2 #QmM/2/ #v −30◦ ≤ φ ≤ 50◦- θ Bb i�F2M iQ #2 i?2 
HQ+�H bHQT2 rBi?BM i?Bb `2;BQM- ∼ 9◦X Ai Bb rQ`i? MQiBM; i?�i i?Bb Bb � H�`;2 bHQT2 rBi? 

`2bT2+i iQ i?2 Qp2`�HH B+2 b?2H7 bHQT2c i?2 K2�M bHQT2 Q7 i?Bb B+2 b?2H7 rBHH #2 Q7 i?2 Q`/2` 
tan−1(H/L) = 0.2◦- r?2`2 H U∼k FKV Bb i?2 �TT`QtBK�i2 i?B+FM2bb +?�M;2 �M/ L U∼eyy 

FKV Bb i?2 �TT`QtBK�i2 H2M;i? Q7 i?2 �AaX 

kX9Xk A+2 b?2H7 ?2�i ~mt 

aQK2 Q7 i?2 ?2�i bmTTHB2/ iQ i?2 B+2@Q+2�M BMi2`7�+2 #v i?2 Q+2�M Bb HQbi iQ i?2 B+2X AM 

Q`/2` iQ 2biBK�i2 ?Qr Km+?- i?2 ?2�i i`�MbTQ`i rBi?BM i?2 B+2 b?2H7 Bb �TT`QtBK�i2/ �b 
� #�H�M+2 #2ir22M p2`iB+�H �/p2+iBQM �M/ /BzmbBQMX q2 �bbmK2 i?�i i?2 p2`iB+�H p2HQ+Biv 

Bb 2[m�H iQ i?2 #�b�H K2Hi `�i2 �M/ +QMbi�Mi rBi?BM i?2 B+2 b?2H7 �M/ i?�i i?2 B+2 b?2H7 Bb 
BM � bi2�/v bi�i2- K2�MBM; �HH B+2 �//2/ �i i?2 #�b2 Bb #�H�M+2/ #v bm`7�+2 �++mKmH�iBQM 

U7Q` � i?Q`Qm;? /Bb+mbbBQM �`QmM/ /Bz2`2Mi B+2 b?2H7 ?2�i i`�MbTQ`i �TT`QtBK�iBQMb b22 
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h�#H2 kXj, S?vbB+�H T�`�K2i2`b mb2/ BM K2Hi T�`�K2i2`Bb�iBQM +�H+mH�iBQMb 

M�K2 bvK#QH mMBi p�Hm2 
h?2`K�H /BzmbBpBiv Q+2�M κT K2 b−1 1.4 × 10−7 

h?2`K�H /BzmbBpBiv B+2 b?2H7 κT,i  K2 b−1 1.1 × 10−6 

a�Hi /BzmbBpBiv Q7 Q+2�M κS K2 b−1 1.3 × 10−9 

G�i2Mi ?2�i 7mbBQM Lf C F;−1 3.34 × 105 

aT2+B}+ ?2�i +�T�+Biv B+2 b?2H7 ci C UF; EV−1 kyyN 
aT2+B}+ ?2�i +�T�+Biv Q+2�M cp C UF; EV−1 jNd9Xy 
P+2�M `272`2M+2 /2MbBiv ρ F; K−3 1030.0 
A+2 b?2H7 `272`2M+2 /2MbBiv ρi F; K−3 920.0 
GB[mB/mb bHQT2 Ub�HBMBivV λ1 

◦* F; ;−1 @yXyeN 
GB[mB/mb bHQT2 UT`2bbm`2V λ2 

◦* /#�`−1 @dXe×10−4 

GB[mB/mb Qzb2i λ3 
◦* yXy3ke 

oQM@E�`K�MǶb +QMbi�Mi k ∼ yX9R 

>QHH�M/ �M/ C2MFBMb- RNNNV, 

∂2Ti mi ∂Ti + = 0  UkXRRV 
∂z2 κT,i  ∂z 

r?2`2 mi = ρm/ρimbX q2 +�M bQHp2 kXRR Qp2` �M B+2 b?2H7 Q7 i?B+FM2bb H rBi? bm`7�+2 
i2KT2`�im`2 Ts �M/ #�b�H i2KT2`�im`2 TbX �i �Jye H = 607  K- Ts ∼ −20 ◦* �M/ 

Tb ∼ −2.1 ◦*X �i i?2 �MMm�H �p2`�;2 K2Hi `�i2 Q7 yX8R K v`−1 i?Bb KQ/2H ;Bp2b � ?2�i 
T T~mt BMiQ i?2 B+2 Q7 Qi 4@yX8 q K−2 U6B;X kXN�VX h?2 `�iBQ Q7 ?2�i HQbi iQ i?2 B+2 Qi 

iQ i?2 H�i2Mi ?2�i ~mt Qlatent �b � 7mM+iBQM Q7 K2Hi `�i2 m Bb +QMbi�Mi �M/ 2[m�H iQ 

yXyN8 7Q` m > 0.2 K v`−1 U6B;X kXN"V- BM/B+�iBM; i?�i ∼ 10% Q7 i?2 ?2�i bmTTHB2/ #v 

i?2 Q+2�M Bb HQbi iQ i?2 B+2X "�b2/ mTQM i?Bb `2bmHi- 1[X RXk K�v #2 �TT`QtBK�i2/ �b 
QT ∼ 1.095Qlatent �i �JyeX 

kX9Xj _2bmHib 

q2 }`bi BMp2biB;�i2 i?2 /Bz2`2Mi #2?�pBQm`b Q7 i?2 CRy- J3d �M/ JER3 T�`�K2i2`Bb�iBQMb 
#v +QMbB/2`BM; i?2 K2Hi `�i2b i?2v T`2/B+i r?2M �TTHB2/ iQ � b?Q`i bHB+2 Q7 Q#b2`p�iBQM�H 
/�i� U6B;X kXRyVX PM b?Q`i iBK2b+�H2b i?2 b?2�`@/2T2M/2Mi T�`�K2i2`Bb�iBQMb 2t?B#Bi 
H�`;2 p�`B�#BHBiv BM K2HiBM;- T`BK�`BHv /m2 iQ i?2 iB/�H ~Qr �i �Jye r?B+? p�`B2b #2ir22M 

R �M/ R9 +K b−1 Qp2` i?2 irQ r22F T2`BQ/ b?QrM BM 6B;X kXRyX o�`B�#BHBiv BM K2HiBM; �b 
T`2/B+i2/ #v i?2 +QMp2+iBp2 T�`�K2i2`Bb�iBQM Bb Km+? bK�HH2` BM K�;MBim/2 �b Bi /`Bp2M 

99 



I 

I 

I 

I 

I 

I 

I 

I 

I 
I 

kX9X *PJS�_AaPL qAh> JP.1Ga 

0 0.5A B 

-0.2 0.4 

ab
s(

 Q
 T i /
Q

 T la
te
nt

) 

0 0.2 0.4 0.6 0.8 1 

m (m yr-1) 
0 0.2 0.4 0.6 0.8 1 

m (m yr-1) 

Q
T 

(W
 m

-2
) 

i 

-0.4 

-0.6 

-0.8 

0.3 

0.2 

0.1-1 

-1.2 0 

6B;m`2 kXN, U�V >2�i ~mt BMiQ i?2 B+2 QT
i �b � 7mM+iBQM Q7 K2Hi `�i2 m 7`QK � QM2@ 

/BK2MbBQM�H �/p2+iBQM@/BzmbBQM KQ/2H 7Q` � eyd K i?B+F B+2 b?2H7 rBi? � −20 ◦* bm`7�+2 
�M/ −2.1 ◦* #�b�H i2KT2`�im`2X U"V _�iBQ Q7 QT iQ H�i2Mi ?2�i ~mt /m2 iQ K2HiBM; QT 

i latent 

�b 7mM+iBQM Q7 K2Hi `�i2X h?2 p2`iB+�H /�b?2/ HBM2b +Q``2bTQM/ iQ i?2 �MMm�H �p2`�;2 K2Hi 
`�i2 Q7 yX8R K v`−1X 

bQH2Hv #v ~m+im�iBQMb BM i2KT2`�im`2- r?B+? �`2 bK�HH BM �KTHBim/2X "Qi? i?2 CRy �M/ 

J3d T�`�K2i2`Bb�iBQMb T`2/B+i Km+? ?B;?2` K2Hi `�i2b i?�M �`2 Q#b2`p2/- r?BH2 i?2 
JER3 +QMp2+iBp2 T�`�K2i2`Bb�iBQM T`2/B+iBQM Bb bBKBH�` iQ Q#b2`p�iBQMbX 

h?2 T�`�K2i2`Bb�iBQMb �`2 2p�Hm�i2/ [m�MiBi�iBp2Hv #v +�H+mH�iBM; i?2 K2�M Q7 i?2 T`2@ 
/B+i2/ K2Hi `�i2 Qp2` /Bz2`2Mi �p2`�;BM; T2`BQ/b �M/ +QKT�`BM; iQ i?2 Q#b2`p2/ K2Hi 
`�i2 7Q` i?2 b�K2 T2`BQ/X h?2 T2`BQ/b r2`2 +?Qb2M iQ KBMBKBb2 i?2 mM+2`i�BMiv BM i?2 
Q#b2`p2/ K2Hi `�i2b v2i biBHH +�Tim`2 bQK2 Q7 i?2 b2�bQM�H p�`B�#BHBiv BM i?2 `2+Q`/X h?2 
Q#b2`p2/ T ∗- U �M/ m �`2 T`2b2Mi2/ BM h�#H2 kX9 �HQM;bB/2 i?2 T`2/B+iBQMbX h?2 KQ/2H 
i?�i #2bi }ib i?2 Q#b2`p�iBQMb Bb i?2 +QMp2+iBp2 T�`�K2i2`Bb�iBQM #�b2/ QM i?2 HQ+�H 
bHQT2 �M;H2- r?B+? mM/2`@T`2/B+ib K2Hi #v kyW Qp2` T2`BQ/ 62#`m�`vĜLQp2K#2`X h?2 
b?2�`@/2T2M/2Mi T�`�K2i2`Bb�iBQMb UJ3d �M/ CRyV �`2 MQi 2p�Hm�i2/ Qp2` i?2 7mHH T2`BQ/ 

62#`m�`vĜLQp2K#2` /m2 iQ KBbbBM; mTT2` r�i2` +QHmKM p2HQ+Biv /�i�X CRy K2Hi `�i2b 
�`2 9yyW H�`;2` i?�M i?2 Q#b2`p2/ K2Hi `�i2b- r?BH2 J3d K2Hi `�i2b �`2 `Qm;?Hv kyyW 

i?2 Q#b2`p�iBQMbX AM �HH +�b2b- i?2 }i rQ`b2Mb #v ∼eW B7 i?2 ?2�i ~mt BMiQ i?2 B+2 Bb 
M2;H2+i2/X *h. T`Q}H2b i�F2M �i i?2 #2;BMMBM; Q7 i?2 Q#b2`p�iBQM�H T2`BQ/ U6B;X kXkV 
K2�bm`2 � i2KT2`�im`2 ;`�/B2Mi Q7 dΘ/dz = 0.0017 ◦* K−1 Qp2` i?2 mTT2` Ry K Q7 i?2 
r�i2` +QHmKMX �++Q`/BM;Hv- B7 i?2 K2Hi `�i2 +�H+mH�i2/ mbBM; CRy 7Q` Θ(d = 4)  Bb k K 

v`−1- i�FBM; Θ(d = 1)  vB2H/b RXN8 K v`−1 r?BH2 Θ(d = 10)  ̀ 2bmHib BM kXR K v`−1X 
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kX8X .Aa*laaAPL 

h�#H2 kX9, J2Hi `�i2b 7`QK Q#b2`p�iBQMb �M/ T�`�K2i2`Bb�iBQMbX *QHmKMb kĜ9 �`2 �p2`�;2 
p�Hm2b Q#b2`p2/ Qp2` i?2 T2`BQ/b ;Bp2M BM +QHmKM R- r?2`2 i?2 T2`BQ/ bi�`ib QM i?2 di? 
/�v Q7 i?2 KQMi?X hQ +�H+mH�i2 mM87 � /`�; +Q2{+B2Mi Q7 Cd = 0.0025 Bb mb2/X h?2 
mTT2` �M/ HQr2` #QmM/b QM i?2 Q#b2`p�iBQM�HHv +QMbi`�BM2/ i`�Mb72` +Q2{+B2Mi ΓT �`2 
#�b2/ QM mbBM; Cd = 0.0025 �M/ Cd = 0.0097- `2bT2+iBp2HvX h?2 #`�+F2i2/ K2Hi `�i2 
2biBK�i2b b?Qr i?2 2z2+i Q7 b2iiBM; i?2 ?2�i ~mt BMiQ i?2 B+2 b?2H7 QT

i iQ x2`QX 

T2`BQ/ T ∗ 

◦* 
U 

+K b−1 
mOBS 

K v`−1 
mMK18 

K v`−1 
mJ10 

K v`−1 
mM87 

K v`−1 
ΓT 

×10−3 

62#ĜLQp 
�T`ĜCmH 
�m;ĜLQp 
�T`ĜLQp 

yXky 
yXkj 
yXRe 
yXky 

∼ 
9Xk 
jXN 
9Xy 

yX8R 
yXek 
yXjy 
yX9e 

yX9R 
yX9e 
yXkN 
yXjd 

∼ 
kXj8UkX9NV 
RX99URX8kV 
RX38URXNeV 

∼ 
RXj8URX99V 
yX3jUyX3NV 
RXydURXRjV 

∼ 
kXdĜ8Xj 
kXRĜ9Xk 
kX8Ĝ8Xy 

h?2 }M�H +QHmKM BM h�#H2 kX9 b?Qrb i?2 #2bi@}i U+QMbi�MiV i`�Mb72` +Q2{+B2Mi ΓT Q#@ 
i�BM2/ #v bQHpBM; 1[bX kXR- kXk �M/ kXj ;Bp2M i?2 Q#b2`p2/ K2Hi `�i2 �M/ �bbmKBM; 

ΓT /ΓS = 35X 6Q` Cd = 0.0025 r2 Q#i�BM ΓT ∼ 5.0 × 10−3 �M/ 7Q` Cd = 0.0097 r2 Q#i�BM 

ΓT ∼ 2.5 × 10−3 Qp2` i?2 T2`BQ/ �T`BHěLQp2K#2`X 

kX8 .Bb+mbbBQM 

kX8XR h?2 bmBi�#BHBiv Q7 b?2�` �M/ +QMp2+iBp2 K2HiBM; T�`�K2@ 
i2`Bb�iBQMb �i �Jye 

AM i?2 T`2+2/BM; b2+iBQM r2 2p�Hm�i2/ #Qi? b?2�` �M/ +QMp2+iBp2 K2HiBM; T�`�K2i2`Bb�@ 
iBQMb mbBM; K2Hi `�i2 �M/ Q+2�M Q#b2`p�iBQMb 7`QK bBi2 �Jye- }M/BM; i?�i i?2 +QMp2+iBp2 
T�`�K2i2`Bb�iBQM T2`7Q`K2/ #2ii2`X >2`2- r2 rBHH #`B2~v �//`2bb i?2 bmBi�#BHBiv Q7 #Qi? 

ivT2b Q7 T�`�K2i2`Bb�iBQM iQ i?2 bim/v bBi2- #�b2/ QM i?2 iQTQ;`�T?v Q7 i?2 B+2 #�b2 �M/ 

i?2 ~Qr +QM/BiBQMbX q?BH2 i?2 HQ+�H iQTQ;`�T?v �i �Jye Bb bi22T U�#Qp2 i?2 KQQ`BM; 

r2 Q#b2`p2 � bHQTBM; 72�im`2 BM i?2 B+2 #�b2 rBi? � K�tBKmK bHQT2 Q7 98◦V- r2 K2�bm`2 
i?2 K2Hi `�i2 QM �M �/D�+2Mi b2+iBQM Q7 B+2 rBi? � K2�M bHQT2 Q7 9◦X h?mb- i?2 #�b�H bHQT2 
�M;H2 Q7 9◦ Bb KQbi `2H2p�Mi iQ i?Bb /Bb+mbbBQMX 

h?2 JER3 +QMp2+iBp2 T�`�K2i2`Bb�iBQM Bb QMHv `2H2p�Mi 7Q` bHQTBM; B+2- r?2`2 K2HiBM; Bb 
+QMi`QHH2/ #v #mQv�Mi BMbi�#BHBiv Q7 i?2 b�HBM2 bm#H�v2` �/D�+2Mi iQ i?2 B+2X AM T`BM+BTH2-
b?2�` T�`�K2i2`Bb�iBQMb bm+? �b CRy �M/ J3d K�v #2 �TTHB2/ iQ #Qi? ~�i �M/ bHQTBM; 
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6B;m`2 kXRy, UiQTV Θ �M/ SA 7`QK i?2 mTT2` KB+`Q+�i 9 K #2HQr i?2 B+2- UKB//H2V Q+2�M 
p2HQ+Biv K�;MBim/2 �p2`�;2/ Qp2` dĜRN K #2HQr i?2 B+2 #�b2 �M/ UHQr2`V KQ/2HH2/ K2Hi 
`�i2b 7Q` i?2 i?`22 T�`�K2i2`Bb�iBQMb +QKT�`2/ BM i?Bb bim/vX q?BH2 i?2 CRy �M/ J3d 
K2Hi `�i2b �`2 bi`QM;Hv KQ/mH�i2/ #v i?2 iB/�H ~Qr �i �Jye- JER3 p�`B2b QMHv rBi? 
i2KT2`�im`2X 

B+2- T`QpB/BM; i?�i i?2 b?2�` Bb bm{+B2MiHv bi`QM;X >Qr2p2`- �b K2MiBQM2/ BM ȜRXjXj-
i?2 i?`2b?QH/ #2ir22M +QMp2+iBQM �M/ b?2�` +QMi`QHH2/ K2HiBM; Bb TQQ`Hv +QMbi`�BM2/-

∗�Hi?Qm;? K�v #2 BM i?2 `�M;2 kĜ9 +K b−1 7Q` p2`iB+�H B+2 �i T ∼ 0.5 ◦* UJ+*QMMQ+?B2 
�M/ E2``- kyRd�VX h?2 K2�M bT22/ Qp2` i?2 mTT2` dĜRN K Q7 i?2 r�i2` +QHmKM Bb ∼ 4.0 

+K b−1- +HQb2 iQ i?2 bm;;2bi2/ i`�MbBiBQM p�Hm2X >Qr2p2`- /m2 iQ i?2 T`2b2M+2 Q7 iB/�H 
+m``2Mib- BMbi�Mi�M2Qmb bT22/b +�M #2 BM 2t+2bb Q7 15 +K b−1X h?mb- r2 �`2 BM � bBim�iBQM 

r?2`2 i?2 #�b�H bHQT2 Q7 i?2 B+2 T2`KBib 2Bi?2` b?2�` Q` +QMp2+iBp2 K2HiBM;- r?BH2 i?2 
K�;MBim/2 Q7 i?2 iB/�H +m``2Mi bT22/b bm;;2bib i?�i b?2�` b?QmH/ /QKBM�i2X >Qr2p2`- r2 
}M/ i?�i i?2 +QMp2+iBp2 T�`�K2i2`Bb�iBQM #2ii2` `2THB+�i2b i?2 Q#b2`p2/ K2Hi `�i2b �i i?2 
bBi2X PM i?2 #�bBb Q7 i?2b2 Q#b2`p�iBQMb- r2 +�MMQi K�F2 � /2}MBiBp2 bi�i2K2Mi �#Qmi 
r?B+? T`Q+2bb Bb /QKBM�Mi �i �JyeX a?QmH/ i?2 K2HiBM; #2 +QMp2+iBQM@/QKBM�i2/- i?2 
p�`B�iBQM BM Q#b2`p2/ #�b�H bHQT2 �i i?2 bBi2 Bb 2tT2+i2/ iQ �z2+i K2HiBM;X 6Q` 2t�KTH2- �M 

BM+`2�b2 BM #�b�H bHQT2 7`QK N◦ iQ 98◦ Ui?2 K�tBKmK Q#b2`p2/ �i �JyeV- rQmH/ BM+`2�b2 
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i?2 K2Hi `�i2 #v � 7�+iQ` Q7 j #�b2/ QM +QMp2+iBp2 K2HiBM; 1[X kX3X *QMb2[m2MiHv- i?2 
K2Hi `�i2 T`2b2Mi2/ ?2`2 K�v MQi #2 `2T`2b2Mi�iBp2 Q7 � H�`;2` �`2�X 

�M BKTQ`i�Mi +QMbB/2`�iBQM 7Q` i?2 �TTHB+�iBQM Q7 bHQT2@/2T2M/2Mi +QMp2+iBp2 T�`�K2@ 
i2`Bb�iBQMb BM `2;BQM�H Q+2�M KQ/2Hb Bb i?2 B+2 b?2H7 #�b�H iQTQ;`�T?vX >2`2- r2 �TTHv 

i?2 JER3 T�`�K2i2`Bb�iBQM iQ i?2 HQ+�H bHQT2 K2�bm`2/ #v i?2 �.*S- ?Qr2p2`- 72�im`2b 
bm+? �b i?Bb rBHH #2 bm#;`B/@b+�H2 BM i?2 +B`+mKTQH�` Q` `2;BQM�H@b+�H2 Q+2�M KQ/2Hb 7Q` 
r?B+? B+2@Q+2�M T�`�K2i2`Bb�iBQMb �`2 M22/2/X h?2b2 KQ/2Hb ?�p2 `2bQHmiBQM #2M2�i? B+2 
b?2Hp2b QM i?2 Q`/2` Q7 FBHQK2i2`b U2X;X L�m;?i2M 2i �HX- kyR3#VX "�b�H iQTQ;`�T?v bm+? 

�b i?2 bHQT2/ 72�im`2 Q#b2`p2/ �i �Jye- Q` i?2 #�b�H i2``�+2b #2M2�i? SBM2 AbH�M/ :H�+B2` 
U.mi`B2mt 2i �HX- kyR9V- rBHH 2Bi?2` #2 MQM@2tBbi2Mi Q` +QMbB/2`�#Hv bKQQi?2/ BM i?2 B+2 
b?2H7 i?B+FM2bb T`Q/m+ib mb2/ BM `2;BQM�H �M/ +B`+mKTQH�` Q+2�M KQ/2HbX �b bm+?- r?BH2 
i?2 +QMp2+iBp2 K2Hi `�i2 T�`�K2i2`Bb�iBQM Bb � `2H�iBp2Hv ;QQ/ }i 7Q` Qm` Q#b2`p�iBQMb-
i?2`2 `2K�BM bB;MB}+�Mi +?�HH2M;2b iQ i?2 BKTH2K2Mi�iBQM Q7 bm+? � T�`�K2i2`Bb�iBQM BM 

Q+2�M KQ/2Hb- r?2`2 i?2b2 72�im`2b �`2 MQi `2bQHp2/X 

kX8Xk a�KTHBM; /2Ti? +QMbB/2`�iBQMb 

SQQ` �;`22K2Mi #2ir22M i?2 T�`�K2i2`Bb2/ �M/ Q#b2`p2/ K2Hi `�i2b K�v #2 � `2bmHi Q7 
i?2 /2Ti? �i r?B+? i?2 i2KT2`�im`2- b�HBMBiv �M/ p2HQ+Biv �`2 K2�bm`2/X �i �Jye r2 
Q#b2`p2 i?2 M2�`@B+2 `2;BQM Bb bi`�iB}2/ BM #Qi? i2KT2`�im`2 �M/ b�HBMBiv- +QMi`�`v iQ i?2 
T�`�/B;K Q7 � r2HH KBt2/ AaP"G QM r?B+? i?2 i?`22@2[m�iBQM T�`�K2i2`Bb�iBQM Bb #�b2/X 
Pi?2` #Q`2?QH2b bm+? �b i?Qb2 BM i?2 J+Jm`/Q U_Q#BMbQM 2i �HX- kyRyV �M/ :2Q`;2 oA 
UEBKm`� 2i �HX- kyR8V B+2 b?2Hp2b �HbQ b?Qr bi`�iB}+�iBQM BM i2KT2`�im`2 �M/ b�HBMBiv 

#2HQr i?2 B+2X "2M2�i? i?2 _Qbb A+2 a?2H7- i?2 �#b2M+2 Q7 � r2HH KBt2/ H�v2` #2M2�i? 

i?2 B+2 r�b 7QmM/ iQ `2/m+2 i?2 }i #2ir22M i?2 i?`22@2[m�iBQM T�`�K2i2`Bb�iBQM �M/ i?2 
Q#b2`p2/ K2Hi `�i2b Uai2r�`i- kyR3V- �M/ `2bmHi BM � bm#@HBM2�` /2T2M/2M+2 Q7 K2Hi `�i2 
QM i?2`K�H /`BpBM;X h?2 BKTQ`i�M+2 Q7 K2�bm`BM; i?2 +m``2Mi bT22/ �i �M �TT`QT`B�i2 
/2Ti? ?�b �HbQ #22M /2KQMbi`�i2/X "2M2�i? i?2 G�`b2M * A+2 a?2H7- .�pBb �M/ LB+?QHHb 
UkyRNV 7QmM/ i?�i �i HQr ~Qr bT22/b- r?2M i?2B` }t2/@/2Ti? p2HQ+Biv K2�bm`2K2Mib r2`2 
i�F2M QmibB/2 Q7 i?2 HQ; H�v2`- i?2 /`�; `2H�iBQMb?BT U1[X kX9V /B/ MQi 2biBK�i2 i?2 7`B+iBQM 

p2HQ+Biv �++m`�i2Hv- BMi`Q/m+BM; H�`;2 2``Q`b BM i?2 T`2/B+i2/ K2Hi `�i2X 

AM i?2 T`2b2Mi bim/v- i?2`2 �`2 �//BiBQM�H mM+2`i�BMiB2b /m2 iQ i?2 bi22T bHQT2 BM i?2 
B+2 #�b2X 6B;X kXRR b?Qrb i?2 TQbBiBQM Q7 i?2 mTT2` KB+`Q+�i QM i?2 KQQ`BM;- �b r2HH 
�b i?2 HQ+�iBQM i?�i r?2`2 #�b�H K2Hi `�i2b �`2 K2�bm`2/X q?BH2 i?2 mTT2` KB+`Q+�i Bb 
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QMHv �i 9 K /2Ti?- Bi Bb H�i2`�HHv /BbTH�+2/ 7`QK i?2 HQ+�iBQM r?2`2 #�b�H K2Hi `�i2b �`2 
K2�bm`2/X h?mb- r?BH2 r2 +QMbB/2` Bi HBF2Hv i?�i i?2 mTT2` KB+`Q+�i i2KT2`�im`2 �M/ 

b�HBMBiv K2�bm`2K2Mib �`2 `2T`2b2Mi�iBp2 Q7 i?2 B+2 b?2H7@Q+2�M #QmM/�`v H�v2`- ?Q`BxQMi�H 
;`�/B2Mib BM i2KT2`�im`2 �M/ b�HBMBiv K�v #2 bmTTQ`i2/ #v ~Qr /vM�KB+b �bbQ+B�i2/ rBi? 

i?2 bi22T bHQT2X 

ADCP d = 

d = 
CTD d = 

~80 m 

~20 m 
ice base 

East 

melt rate 
measured 

here 

6B;m`2 kXRR, aBKTHB}2/ b+?2K�iB+ Q7 i?2 B+2 #�b2 �M/ mTT2` r�i2` +QHmKM b?QrBM; i?2 
TQbBiBQM Q7 i?2 mTT2` KB+`Q+�i �M/ �.*SX 

h?2 T`Q#H2K Q7 +Q``2+iHv B/2MiB7vBM; i?2 /2Ti? �i r?B+? Θ- SA �M/ U b?QmH/ #2 b�KTH2/ 

Bb MQi HBKBi2/ iQ Q#b2`p�iBQM�H bim/B2bX h?2 MmK2`B+�H KQ/2Hb 7Q` r?B+? i?2b2 T�`�K2@ 
i2`Bb�iBQMb r2`2 /2p2HQT2/ �`2 �HbQ b2MbBiBp2 iQ i?2 +?QB+2 Q7 b�KTHBM; /2Ti?- �b r2HH �b 
i?2 r�v BM r?B+? i?2 K2Hir�i2` ~mt Bb /Bbi`B#mi2/ U:rvi?2` 2i �HX- kyky�VX a�KTHBM; 

�M/ /Bbi`B#miBM; K2Hir�i2` �i i?2 mTT2` ;`B/ +2HH BMi`Q/m+2b � /2T2M/2M+2 Q7 i?2 K2Hi 
`�i2 QM i?2 ;`B/ `2bQHmiBQMX 

9N 



--

kX8X .Aa*laaAPL 

kX8Xj h`�Mb72` �M/ /`�; +Q2{+B2Mib 

� H�+F Q7 BM7Q`K�iBQM �#Qmi i?2 7`B+iBQM�H T`QT2`iB2b Q7 i?2 B+2 #�b2 �i �Jye 7Q`+2b �M 

�`#Bi`�`v +?QB+2 Q7 Cd BM Q`/2` iQ �TTHv i?2 b?2�`@/2T2M/2Mi T�`�K2i2`Bb�iBQMb iQ i?2 
Q+2�MQ;`�T?B+ /�i�X h?Bb Bbbm2 Bb MQi Dmbi bT2+B}+ iQ Qm` bim/vĜBM ;2M2`�H- Cd Bb 2t@ 
i`2K2Hv TQQ`Hv +QMbi`�BM2/ #2M2�i? B+2 b?2Hp2b U2X;X :rvi?2` 2i �HX- kyR8VX 6m`i?2`KQ`2-
Cd Bb Q7i2M mb2/ �b � imMBM; T�`�K2i2` r?2M �ii2KTiBM; iQ `2+QM+BH2 Q#b2`p2/ �M/ T�`�K@ 
2i2`Bb2/ K2Hi `�i2b U2X;X C2MFBMb 2i �HX- kyRy#c LB+?QHHb- kyR3VX AM B+2@Q+2�M KQ/2Hb- /`�; 

+Q2{+B2Mib BM i?2 `�M;2 yXyyR8ĜyXyyj �`2 ivTB+�H U2X;X J�+�v2�H- RN39c :rvi?2` 2i �HX-
kyR8c L�m;?i2M 2i �HX- kyR3#VX _2+2Mi im`#mH2M+2 K2�bm`2K2Mib #2M2�i? i?2 G�`b2M * 

A+2 a?2H7 r2`2 mb2/ iQ BM72` � /`�; +Q2{+B2Mi Q7 Cd = 0.0022 �i � K2HiBM; bBi2 rBi? � 

+QH/- mMbi`�iB}2/- iB/�HHv 7Q`+2/ AaP"G U.�pBb �M/ LB+?QHHb- kyRNVX "2M2�i? K2HiBM; b2� 

B+2- p�Hm2b BM i?2 `�M;2 yXyyk8ĜyXyR ?�p2 #22M K2�bm`2/ UJ+S?22- RNNkV- r?BH2 p�Hm2b 
BM 2t+2bb Q7 yXyR ?�p2 #22M Q#b2`p2/ #2M2�i? b2� B+2 BM i?2 T`2b2M+2 Q7 `Qm;? TH�i2H2i 
B+2 U_Q#BMbQM 2i �HX- kyRdVX h?2 /`�; +Q2{+B2Mi Cd = 0.0097 `2+QKK2M/2/ #v C2MFBMb 
2i �HX UkyRy#V Bb rBi?BM i?Bb `�M;2 Q7 2biBK�i2bX 

AM i?2 T`2+2/BM; b2+iBQM- Q#b2`p2/ K2Hi `�i2b r2`2 +QKT�`2/ iQ T`2/B+iBQMb 7`QK i?2 
i?`22@2[m�iBQM T�`�K2i2`Bb�iBQM mbBM; i?2 +QMbi�Mi ai�MiQM MmK#2` U

√ 
CdΓT = 0.0011V 

7Q`KmH�iBQM 7`QK C2MFBMb 2i �HX UkyRy#VX h?Bb r�b KQiBp�i2/ #v i?2 7�+i i?�i i?2 ai�M@ 
iQM MmK#2` U�b QTTQb2/ iQ i?2 BM/BpB/m�H T�`�K2i2`b Cd = 0.0097 Q` ΓT = 0.011V Bb i?2 
T�`�K2i2` +QMbi`�BM2/ KQbi `Q#mbiHv BM i?2B` bim/vX >Qr2p2`- i?2 im`#mH2M+2@`2bQHpBM; 

bBKmH�iBQMb Q7 o`2m;/2M?BH �M/ h�vHQ` UkyRNV 7Q` K2HiBM; Q7 bKQQi?- TH�M�` B+2 vB2H/2/ � 

`2K�`F�#Hv bBKBH�` i`�Mb72` +Q2{+B2Mi Q7 ΓT = 0.012 7Q` i?2B` +QH/2bi �M/ KQbi 2M2`;2iB+ 
UH2�bi #mQv�M+v@�z2+i2/V 2tT2`BK2MiX h?2v 7QmM/ ΓT /ΓS = 31- +HQb2 iQ i?2 �bbmK2/ 

`�iBQ Q7 j8- r?BH2 i?2 /`�; +Q2{+B2Mi BM i?2 bBKmH�iBQM r�b Cd = 0.0015X h?2 bBKBH�`@ 
Biv #2ir22M i?2 bBKmH�i2/ �M/ Q#b2`p�iBQM�HHv@/2`Bp2/ i`�Mb72` +Q2{+B2Mib bmTTQ`ib i?2 
MQiBQM Q7 � +QMbi�Mi ?2�i i`�Mb72` +Q2{+B2Mi Q7 ΓT ∼ 0.011 r?2M #mQv�M+v Bb `2H�iBp2Hv 

mMBKTQ`i�MiX h?Bb `2bmHi bm;;2bib i?�i Bi K�v #2 KQ`2 �TT`QT`B�i2 iQ �/QTi i?2 ?2�i 
i`�Mb72` +Q2{+B2Mi 7`QK C2MFBMb 2i �HX UkyRy#V- `�i?2` i?�M i?2 ai�MiQM MmK#2` rBi? Bib 
BKTHB+Bi /`�; +Q2{+B2MiX 

q?2M bm`7�+2 #mQv�M+v ~mt /m2 iQ K2Hir�i2` Bb BKTQ`i�Mi- ?2�i �M/ b�Hi i`�Mb72` �`2 
`2/m+2/X o`2m;/2M?BH �M/ h�vHQ` UkyRNV b?Qr2/- 7Q` +QMbi�Mi 7`B+iBQM p2HQ+Biv- i?�i 
BM+`2�bBM; Q+2�M i2KT2`�im`2b `2bmHib BM M2�`@B+2 bi`�iB}+�iBQM r?B+? /2+`2�b2b i?2 2{@ 
+B2M+v Q7 ?2�i �M/ b�Hi i`�Mb72` iQ i?2 B+2X h?mb- Bi Bb TQbbB#H2 i?�i bi`�iB}+�iBQM 2z2+ib 
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�`2 `2bTQMbB#H2 7Q` i?2 KBb}i #2ir22M i?2 T�`�K2i2`Bb2/ �M/ Q#b2`p2/ K2Hi `�i2b �i 
�JyeX h?Bb i?2K2 rBHH #2 7m`i?2` 2tTHQ`2/ BM *?�Ti2` 8 Q7 i?Bb i?2bBbX 

kX8X9 1ti2MbBQM iQ Qi?2` Tm#HBb?2/ bim/B2b 

AM i?Bb b2+iBQM i?2 +QKT�`BbQM #2ir22M Q#b2`p2/ �M/ T�`�K2i2`Bb2/ K2Hi `�i2b Bb 2ti2M/2/ 

iQ BM+Hm/2 Qi?2` Tm#HBb?2/ bim/B2b Q7 B+2 b?2H7 K2Hi `�i2 �M/ BM bBim Q+2�M Q#b2`p�iBQMb 
7`QK �`QmM/ �Mi�`+iB+�X .m2 iQ HBKBi�iBQMb BM i?2 /�i� �p�BH�#H2- i?Bb +QKT�`BbQM Bb 
K�/2 7Q` i?2 CRy T�`�K2i2`Bb�iBQM QMHvX h?2 Q#b2`p2/ �M/ T�`�K2i2`Bb2/ K2Hi `�i2b-
K2�M i?2`K�H 7Q`+BM; �M/ +m``2Mi bT22/ �i 2�+? HQ+�iBQM �`2 T`2b2Mi2/ BM h�#H2 kX8- r?2`2 
i?2 /�i� �`2 bQm`+2/ 7`QK i?2 `2H2p�Mi Tm#HB+�iBQMbX JQ`2 /2i�BH QM i?2 Q#b2`p�iBQM�H 
/�i� Bb T`QpB/2/ BM �TT2M/Bt "X 

h?2 `�iBQ Q7 Q#b2`p2/ iQ T�`�K2i2`Bb2/ K2Hi `�i2b mOBS/mJ10 Bb THQii2/ �b � 7mM+iBQM 

Q7 i?2 HQ+�H i?2`K�H /`BpBM; �M/ ~Qr bT22/ BM 6B;X kXRkX h?2 KBb}i #2ir22M i?2 CRy 

T�`�K2i2`Bb�iBQM �M/ Q#b2`p�iBQMb Bb rB/2bT`2�/X 6Q` i?2 K�DQ`Biv Q7 bBi2b mOBS/mJ10 

Bb H2bb i?�M 1/3- BM/B+�iBM; i?�i CRy i2M/b iQ bB;MB}+�MiHv Qp2`@T`2/B+i K2Hi `�i2bX h?2 
2t+2TiBQMb iQ i?Bb �`2 #2M2�i? i?2 6BH+?M2`@_QMM2 A+2 a?2H7 U6_AaV- iQ r?B+? i?2 i`�Mb72` 
+Q2{+B2Mib r2`2 imM2/- �M/ i?2 G�`b2M * A+2 a?2H7 U.�pBb �M/ LB+?QHHb- kyRNVX "Qi? i?2 
6_Aa �M/ G�`b2M * bBi2b �`2 +?�`�+i2`Bb2/ #v HQr i?2`K�H /`BpBM; UT ∗ ∼ 0.05 ◦*V �M/ 

bi`QM;- iB/�HHv@/QKBM�i2/ ~QrX 

6Q` H�`;2 �`2�b Q7 `2H2p�Mi T ∗ĜU T�`�K2i2` bT�+2- CRy /Q2b � TQQ` DQ# Q7 +�Tim`BM; i?2 
Q#b2`p2/ K2Hi `�i2bX "2M2�i? :2Q`;2 oA A+2 a?2H7- r?2`2 i?2`K�H /`BpBM; Bb 2ti`2K2Hv 

?B;?- T`2/B+i2/ K2Hi `�i2b �`2 ∼8y iBK2b H�`;2` i?�M Q#b2`p2/ UmOBS/mJ10 = 0.02VX �i 
i?Bb bBi2- � i?2`KQ?�HBM2 bi�B`+�b2 Ur?B+? Bb BM/B+�iBp2 Q7 /Qm#H2@/BzmbBp2 +QMp2+iBQMV 
r�b Q#b2`p2/ UEBKm`� 2i �HX- kyR8VX aBKBH�`Hv- Bi r�b bm;;2bi2/ i?�i /Qm#H2@/BzmbBp2 
+QMp2+iBQM K�v TH�v � `QH2 BM K2HiBM; �i i?2 ;`QmM/BM; HBM2 Q7 i?2 _Qbb A+2 a?2H7 U"2;2K�M 

2i �HX- kyR3VX �i i?Bb bBi2- +m``2Mi bT22/b �`2 2ti`2K2Hv bK�HH UU ∼ 1.0 +K b−1V- r?BH2 
i?2`K�H /`BpBM; Bb KQ/2`�i2 UT ∗ ∼ 0.1 ◦*VX h?mb- #Qi? i?2b2 bBi2b �`2 +?�`�+i2`Bb2/ #v 

bi`QM; i?2`K�H 7Q`+BM; `2H�iBp2 iQ i?2 +m``2Mi bT22/X h?2 KBb}i #2ir22M T�`�K2i2`Bb2/ 

�M/ Q#b2`p2/ K2Hi `�i2b K�v #2 2tTH�BM2/ #v bi`�iB}+�iBQM- r?B+? /2+`2�b2b i?2 2{+B2M+v 

Q7 ?2�i i`�MbTQ`i iQ i?2 B+2 Uo`2m;/2M?BH �M/ h�vHQ`- kyRNVX �Hi2`M�iBp2Hv- �MQi?2` 
T`Q+2bb bm+? �b +QMp2+iBQM UE2`` �M/ J+*QMMQ+?B2- kyR8c JQM/�H 2i �HX- kyRNV Q` /Qm#H2@ 
/BzmbBp2 +QMp2+iBQM UEBKm`� 2i �HX- kyR8c E2BixH 2i �HX- kyRe#V K�v /QKBM�i2 Qp2` +m``2Mi 
b?2�` BM /2i2`KBMBM; i?2 K2Hi `�i2 7Q` bQK2 Q7 i?2 Q#b2`p2/ +QM/BiBQMbX 
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◊ PIGIS
AIS

LCIS

FRIS

RIS

GVIIS
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10 

10 

10 

10 

100 

100 

100 

100 

10-2 10-1 

U (m s-1) 

T* 
(° 

C
) 
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FRIS (Jenkins et al. 2010)
LCIS (Davis and Nicholls 2019)
WGZ (Begeman et al. 2018)
GVIIS (Kimura et al. 2015)
AIS (This Study)
RIS W (Stewart 2018)
RIS S (Stewart 2018)
PIIS (Stanton et al. 2013) 

0  0.5  1  
mOBS/mJ10 

100 

10-1 

6B;m`2 kXRk, _�iBQ Q7 Q#b2`p2/ iQ T`2/B+i2/ K2Hi `�i2 7Q` i?2 CRy T�`�K2i2`Bb�iBQM �b � 
∗7mM+iBQM Q7 i?2`K�H /`BpBM; T �M/ 7`22 bi`2�K p2HQ+Biv U 7Q` Tm#HBb?2/ B+2 b?2H7 /�i�b2ibX 

J�T b?Qrb i?2 HQ+�iBQM Q7 i?2 Q#b2`p�iBQMbX 

h?2 �K2`v Ui?Bb bim/vV �M/ _Qbb A+2 a?2Hp2b Uai2r�`i- kyR3V �`2 #Qi? ǳ+QH/Ǵ B+2 b?2H7 
+�pBiB2b +?�`�+i2`Bb2/ #v i?2 T`2b2M+2 Q7 .aq �M/- BM i?2 +�b2 Q7 i?2 _Qbb A+2 a?2H7-

∗��aqX �b bm+?- i?2 i?2`K�H /`BpBM; Bb QMHv KQ/2`�i2 UT < 0.5◦*VX 6m`i?2`KQ`2- i?2 
+m``2Mi bT22/b �`2 bBKBH�` iQ i?Qb2 Q#b2`p2/ #2M2�i? G�`b2M * �M/ 6BH+?M2`@_QMM2 B+2 
b?2Hp2bX >Qr2p2`- i?2 K2Hi `�i2b �i i?2b2 HQ+�iBQMb �`2 Qp2`@T`2/B+i2/ #v jyyW iQ 9yyW 

#v i?2 CRy T�`�K2i2`Bb�iBQMX 

kXe amKK�`v �M/ +QM+HmbBQMb 

q2 ?�p2 T`2b2Mi2/ � v2�`@HQM; `2+Q`/ Q7 Q#b2`p�iBQMb Q7 i?2 K2HiBM; �M/ Q+2�MQ;`�T?B+ 
2MpB`QMK2Mi #2M2�i? i?2 �Aa BM 1�bi �Mi�`+iB+�X P+2�M i2KT2`�im`2b- r?B+? r2`2 
+QMbBbi2MiHv ;`2�i2` i?�M i?2 BM bBim 7`22xBM; i2KT2`�im`2- `2bmHi2/ BM v2�`@`QmM/ K2Hi@ 
BM; rBi? � K2�M p�Hm2 Q7 yX8R±0.18 K v`−1- +QMbBbi2Mi rBi? T`2pBQmb ;H�+BQHQ;B+�H �M/ 

KQ/2HHBM; 2biBK�i2bX h?2 r�i2` K�bb T`2b2Mi Bb Aaq rBi? .aq- � T`Q/m+i Q7 b2� B+2 7Q`@ 
K�iBQM- �b Bib bQm`+2 r�i2` K�bbX h2KT2`�im`2- b�HBMBiv �M/ K2Hi `�i2 p�`v b2�bQM�HHvX 
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kXeX alJJ�_u �L. *PL*GlaAPLa 

h?2 r�`K2bi +QM/BiBQMb �M/ ?B;?2bi K2Hi `�i2b r2`2 Q#b2`p2/ BM i?2 �mbi`�H �mimKM 

�M/ i?2 +QQH2bi- HQr2bi@K2Hi +QM/BiBQMb Q++m``2/ BM i?2 �mbi`�H bT`BM;X h?2 bT`BM;iBK2 
KBMBKmK BM K2Hi Bb +QBM+B/2Mi rBi? i?2 KQbi ?B;?Hv K2Hir�i2`@KQ/B}2/ +QM/BiBQMb �i 
�Jye- bm;;2biBM; � HBMF #2ir22M ?B;? K2HiBM; 2Hb2r?2`2 BM i?2 +�pBiv �M/ HQr K2HiBM; 

�i �JyeX 

6HQr �i �Jye Bb Q`B2Mi2/ BMiQ i?2 �Aa +�pBiv- 2p2M M2�` i?2 bm`7�+2- +QMbBbi2Mi rBi? � 

ǳi?`22 /BK2MbBQM�HǴ TB+im`2 Q7 +�pBiv +B`+mH�iBQM rBi? .aq BM~Qr QM i?2 2�bi2`M ~�MF 

Q7 i?2 +�pBiv #2BM; #�H�M+2/ #v i?2 Qmi~Qr Q7 Aaq BM i?2 r2biX h?2 +m``2Mib �i �Jye 

?�p2 #Qi? � iB/�H �M/ `2bB/m�H +QKTQM2MiX h?2 �MMm�H �p2`�;2 `2bB/m�H ~Qr bT22/ Bb jXk 

+K b−1 �i kky ◦L- `Qm;?Hv MQ`K�H iQ i?2 +�HpBM; 7`QMiX h?2 iB/�H +m``2Mib ?�p2 KBt2/ 

b2KB@/Bm`M�H �M/ /Bm`M�H T`QT2`iB2b �M/ �`2 `2bTQMbB#H2 7Q` +m``2Mi bT22/b Q7 ∼Ry +K 

b−1X h?2 iB/�H �M/ K2�M ~Qr +QK#BM2/ +�M `2bmHi BM T2�F ~Qr bT22/b Q7 ∼ 15.0 +K b−1X 
AM �//BiBQM- r2 K�TT2/ � H�`;2 U∼ky K BM ?2B;?iV bi2T@HBF2 72�im`2 BM i?2 #�b2 Q7 i?2 B+2 
b?2H7 �#Qp2 i?2 KQQ`BM;X 

AM bBim Q+2�MQ;`�T?B+ �M/ K2Hi `�i2 Q#b2`p�iBQMb r2`2 mb2/ iQ 2p�Hm�i2 +QKKQM B+2@ 
Q+2�M T�`�K2i2`Bb�iBQMbX .2bTBi2 i?2 T`2b2M+2 Q7 iB/�H +m``2Mib- r2 7QmM/ i?�i i?2 +QM@ 
p2+iBp2- B+2 b?2H7@bHQT2 /2T2M/2Mi T�`�K2i2`Bb�iBQM Q7 J+*QMMQ+?B2 �M/ E2`` UkyR3V 
T2`7Q`K2/ `2H�iBp2Hv r2HH �i �Jye- mM/2`2biBK�iBM; Q#b2`p2/ K2Hi `�i2b #v ∼kyWX q2 
�HbQ i2bi2/ i?2 p2HQ+Biv /2T2M/2Mi i?`22@2[m�iBQM T�`�K2i2`Bb�iBQM rBi? irQ /Bz2`2Mi 
im`#mH2Mi i`�Mb72` 2tT`2bbBQMbX h?2 +QMbi�Mi ai�MiQM MmK#2` T�`�K2i2`Bb�iBQM 7`QK 

C2MFBMb 2i �HX UkyRy#V Qp2`2biBK�i2/ K2HiBM; #v 400%- r?BH2 i?2 2tT`2bbBQM 7`QK J+S?22 
2i �HX URN3dV Qp2`2biBK�i2/ i?2 K2Hi `�i2 �i �Jye #v 200% mbBM; � /`�; +Q2{+B2Mi Q7 
yXyyk8X 1ti2MbBQM Q7 Qm` �M�HvbBb iQ Qi?2` Tm#HBb?2/ bim/B2b Q7 BM bBim Q+2�MQ;`�T?B+ 
/�i� /2KQMbi`�i2/ i?�i i?2 KBb}i #2ir22M i?2 C2MFBMb 2i �HX UkyRy#V T�`�K2i2`Bb�iBQM 

�M/ Q#b2`p�iBQMb Bb rB/2bT`2�/ BM i2KT2`�im`2@p2HQ+Biv bT�+2, i?2 T�`�K2i2`Bb�iBQM QMHv 

T2`7Q`Kb r2HH mM/2` i?2 +QH/2bi- KQbi 2M2`;2iB+ +QM/BiBQMbX S`2pBQmb bim/B2b ?�p2 b?QrM 

i?�i i?Bb T�`�K2i2`Bb�iBQM T2`7Q`Kb TQQ`Hv 7Q` r�`K �M/fQ` [mB2b+2Mi +QM/BiBQMbX >Qr@ 
2p2`- ?2`2 r2 ?�p2 b?QrM i?�i 2p2M ǳ+QH/ +�pBivǴ B+2 b?2Hp2b bm+? �b i?2 _Qbb �M/ �K2`v 

A+2 a?2Hp2b- r?B+? ?�p2 bi`QM; +m``2Mib �M/ QMHv KQ/2`�i2 UyXRĜyX8 ◦*V i?2`K�H /`BpBM;-
�`2 MQi r2HH `2T`2b2Mi2/ #v i?Bb T�`�K2i2`Bb�iBQMX 6m`i?2` rQ`F `2K�BMb iQ mM/2`bi�M/ 

i?2 2z2+ib Q7 #mQv�M+v QM i?2 AaP"GX 
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*?�Ti2` j 

h?2 `QH2 Q7 /Qm#H2@/BzmbBp2 +QMp2+iBQM BM 
#�b�H K2HiBM; Q7 �Mi�`+iB+ B+2 b?2Hp2b 

�#bi`�+i 

h?2 �Mi�`+iB+ A+2 a?22i HQb2b �#Qmi ?�H7 Bib K�bb i?`Qm;? Q+2�M@/`Bp2M K2HiBM; Q7 Bib 
7`BM;BM; B+2 b?2Hp2bX >Qr2p2`- i?2 Q+2�M T`Q+2bb2b ;Qp2`MBM; B+2 b?2H7 K2HiBM; �`2 MQi 
r2HH mM/2`biQQ/- +QMi`B#miBM; iQ mM+2`i�BMiv BM T`QD2+iBQMb Q7 �Mi�`+iB+�Ƕb +QMi`B#miBQM 

iQ ;HQ#�H b2� H2p2HX q2 mb2 ?B;? `2bQHmiBQM H�`;2@2//v bBKmH�iBQM iQ 2t�KBM2 Q+2�M /`Bp2M 

K2Hi BM i?2 }`bi ;2QT?vbB+�H@b+�H2 KQ/2H Q7 i?2 im`#mH2Mi B+2 b?2H7@Q+2�M #QmM/�`v H�v2`-
7Q+mbBM; QM i?2 Q+2�M +QM/BiBQMb Q#b2`p2/ #2M2�i? i?2 _Qbb A+2 a?2H7X q2 [m�MiB7v 

i?2 `QH2 Q7 /Qm#H2@/BzmbBp2 +QMp2+iBQM BM /2i2`KBMBM; B+2 b?2H7 K2Hi `�i2b �M/ Q+2�MB+ 
KBt2/ H�v2` T`QT2`iB2b BM KQ/2`�i2Hv r�`K �M/ HQr p2HQ+Biv +�pBiv 2MpB`QMK2MibX q2 
/2KQMbi`�i2 i?�i /Qm#H2@/BzmbBp2 +QMp2+iBQM Bb i?2 }`bi Q`/2` T`Q+2bb +QMi`QHHBM; i?2 K2Hi 
`�i2 �M/ KBt2/ H�v2` 2pQHmiBQM �i i?2b2 ~Qr +QM/BiBQMb- 2p2M KQ`2 BKTQ`i�Mi i?�M p2`iB+�H 
b?2�` /m2 iQ � K2�M ~Qr- �M/ Bb `2bTQMbB#H2 7Q` i?2 bi2T@HBF2 i2KT2`�im`2 �M/ b�HBMBiv 

bi`m+im`2- Q` i?2`KQ?�HBM2 bi�B`+�b2- Q#b2`p2/ #2M2�i? i?2 B+2X � `Q#mbi 72�im`2 Q7 
i?2 KmHiB@/�v bBKmH�iBQMb Bb � ;`QrBM; b�HBM2 /BzmbBp2 bm#H�v2` �/D�+2Mi iQ i?2 B+2@Q+2�M 

BMi2`7�+2 i?�i /`Bp2b � iBK2@/2T2M/2Mi K2Hi `�i2X h?Bb K2Hi `�i2 Bb HQr2` i?�M +m``2Mi B+2@ 
Q+2�M T�`�K2i2`Bb�iBQMb- r?B+? +QMbB/2` QMHv b?2�`@+QMi`QHH2/ im`#mH2Mi K2HiBM;- rQmH/ 

T`2/B+iX Pm` K�BM }M/BM; Bb i?�i /Qm#H2@/BzmbBp2 +QMp2+iBQM Bb �M BKTQ`i�Mi T`Q+2bb 
#2M2�i? B+2 b?2Hp2b- v2i Bb +m``2MiHv M2;H2+i2/ BM Q+2�M@+HBK�i2 KQ/2HbX 

jXR AMi`Q/m+iBQM 

P+2�M /`Bp2M #�b�H K2HiBM;- r?B+? +QKT`Bb2b KQ`2 i?�M ?�H7 Q7 i?2 K�bb HQbb 7`QK �Mi�`+@ 
iB+�Ƕb B+2 b?2Hp2b U.2TQQ`i2` 2i �HX- kyRjc _B;MQi 2i �HX- kyRjV- Bb i?BMMBM; i?2 �Mi�`+iB+ 
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A+2 a?22i �i �M �++2H2`�iBM; `�i2 US�QHQ 2i �HX- kyR8c a?2T?2`/ 2i �HX- kyR3VX h?2 `�i2 
Q7 HQbb Q7 ;`QmM/2/ B+2 K�bb 7`QK q2bi �Mi�`+iB+� �HQM2 ?�b BM+`2�b2/ #v dyW bBM+2 
kyyk US�QHQ 2i �HX- kyR8VX *QMb2[m2MiHv- i?2 �Mi�`+iB+ +QMi`B#miBQM iQ ;HQ#�H b2� H2p2H Bb 
�++2H2`�iBM;- T`2b2MiBM; � K�DQ` i?`2�i iQ +Q�bi�H `2;BQMb U*�x2M�p2 �M/ GHQp2H- kyRyVX 
J2HiBM; Q7 B+2 b?2Hp2b Bb �HbQ +QMi`B#miBM; � 7`2b?r�i2` ~mt iQ i?2 Q+2�M r?B+? ?�b � 

K�DQ` BKT�+i QM i?2 T`Q/m+iBQM Q7 �Mi�`+iB+ "QiiQK q�i2` r?B+? bmTTHB2b i?2 HQr2` 
HBK# Q7 i?2 ;HQ#�H i?2`KQ?�HBM2 +B`+mH�iBQM U.2 G�p2`;M2 2i �HX- kyR9VX lM/2`bi�M/BM; 

i?2 }M2@b+�H2 T`Q+2bb2b #v r?B+? Q+2�M �M/ B+2 b?2Hp2b BMi2`�+i- �M/ ?Qr i?2v /2T2M/ QM 

bm``QmM/BM; r�i2` T`QT2`iB2b- Bb 2bb2MiB�H 7Q` �++m`�i2Hv T`2/B+iBM; i?2 `2bTQMb2 Q7 i?2 
�Mi�`+iB+ A+2 a?22i iQ � +?�M;BM; +HBK�i2X 

q?2`2 i?2 Q+2�M K22ib i?2 B+2 b?2H7 � #QmM/�`v H�v2` 7Q`Kb r?B+? `2;mH�i2b ?2�i �M/ 

b�Hi 2t+?�M;2b #2ir22M i?2 7�`@}2H/ Q+2�M �M/ i?2 B+2- �M/ Bb +`m+B�H BM /2i2`KBMBM; 

i?2 `�i2 �i r?B+? i?2 B+2 b?2H7 K2HibX S`2/B+iBM; #�b�H K2Hi `�i2b i?2`27Q`2 `2[mB`2b 
FMQrH2/;2 MQi QMHv Q7 i?2 Q+2�M T`QT2`iB2b rBi?BM i?2 B+2 b?2H7 +�pBiv #mi �HbQ i?2 
T`Q+2bb2b +QMi`QHHBM; i`�MbTQ`i Q7 ?2�i �M/ b�Hi �+`Qbb i?2 B+2@Q+2�M #QmM/�`v H�v2` 
U.BMMBK�M 2i �HX- kyReVX "�b�H K2Hi T`QD2+iBQMb Q7 �Mi�`+iB+ B+2 b?2Hp2b `2Hv 2t+HmbBp2Hv 

QM MmK2`B+�H bim/B2b mbBM; H�`;2@b+�H2 _2vMQH/b@�p2`�;2/ L�pB2` aiQF2b U_�LaV KQ/2Hb 
U:rvi?2` 2i �HX- kyRec :�HiQM@62MxB 2i �HX- kyRkVX >Qr2p2`- i?2 /B{+mHiv BM �++2bbBM; 

i?2 bm#@B+2 b?2H7 2MpB`QMK2Mi iQ Q#b2`p2 }M2@b+�H2 #QmM/�`v H�v2` T`Q+2bb2b K2�Mb i?�i 
i?2`2 �`2 72r Q#b2`p�iBQM�H +QMbi`�BMib QM ?Qr #�b�H K2HiBM; b?QmH/ #2 `2T`2b2Mi2/ BM 

i?2b2 KQ/2HbX 

_�La KQ/2Hb Q7 B+2 b?2H7 +�pBiB2b `2bQHp2 ~Qr �i ?Q`BxQMi�H b+�H2b Q7 b2p2`�H ?mM/`2/ K2@ 
i2`b �M/ p2`iB+�H b+�H2b Q7 K2i2`b �i #2biX h?2b2 b+�H2b �`2 iQQ +Q�`b2 iQ +�Tim`2 B+2@Q+2�M 

#QmM/�`v H�v2` T`Q+2bb2b- r?B+? Kmbi BMbi2�/ #2 `2T`2b2Mi2/ mbBM; T�`�K2i2`Bb�iBQMbX 
h?2b2 T�`�K2i2`Bb�iBQMb ivTB+�HHv �bbmK2 i?�i K2Hi Bb +QMi`QHH2/ #v i?2 b?2�` Up2HQ+@ 
Biv ;`�/B2MiV BM/m+2/ #v H�`;2@b+�H2 +m``2Mib Q` #mQv�Mi THmK2b UJ+S?22 2i �HX- RN3dc 
C2MFBMb- RNNRc >QHH�M/ �M/ C2MFBMb- RNNNV �M/ b2i i?2 K2Hi `�i2 �b T`QTQ`iBQM�H iQ i?2 
THmK2 Q` +m``2Mi p2HQ+Biv UC2MFBMb 2i �HX- kyRy#VX h?Bb +QKKQM �TT`Q�+? ?�b MQi #22M 

p�HB/�i2/ #2M2�i? �M B+2 b?2H7- MQ` +�M Bi #2 m#B[mBiQmbHv �TTHB+�#H2c � +QmMi2` 2t�KTH2 
#2BM; � `mM rBi?Qmi �Mv K2�M ~Qr BM r?B+? K2HiBM; biBHH i�F2b TH�+2 U:rvi?2` 2i �HX-
kyRec E2BixH 2i �HX- kyRe#VX _2+2Mi H�#Q`�iQ`v UJ+*QMMQ+?B2 �M/ E2``- kyRe#V- im`#m@ 
H2M+2 `2bQHpBM; MmK2`B+�H U:�v2M 2i �HX- kyRec JQM/�H 2i �HX- kyRNV �M/ i?2Q`2iB+�H Uq2HHb 
�M/ qQ`bi2`- kyy3c E2`` �M/ J+*QMMQ+?B2- kyR8V bim/B2b ?�p2 7Q+mb2/ QM i?2 K2HiBM; Q7 
bHQTBM; Q` p2`iB+�H B+2- 7Q` r?B+? K2Hir�i2` /`Bp2b � #mQv�Mi THmK2 �HQM; i?2 B+2- }M/BM; 
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i?�i i?2 K2Hi `�i2 Bb +QMi`QHH2/ #v i?2 2H2p�iBQM Q7 �K#B2Mi i2KT2`�im`2 �#Qp2 i?2 BM 

bBim 7`22xBM; i2KT2`�im`2 �M/ Bb BM/2T2M/2Mi Q7 i?2 THmK2 p2HQ+Biv- T`QpB/BM; i?�i i?2 
p2HQ+Biv Bb bm{+B2MiHv HQr Uq2HHb �M/ qQ`bi2`- kyy3c J+*QMMQ+?B2 �M/ E2``- kyRd#VX 

lM/2` +2`i�BM Q+2�M +QM/BiBQMb- i?2 /Bz2`BM; /BzmbBpBiB2b Q7 ?2�i �M/ b�Hi ;Bp2 `Bb2 iQ � 

ivT2 Q7 +QMp2+iBQM FMQrM �b /Qm#H2@/BzmbBp2 +QMp2+iBQM U..*V Uhm`M2`- RNd9c _�/FQ-
kyRjVX J2HiBM; Q7 B+2 b?2Hp2b `2H2�b2b +QH/- 7`2b? r�i2` �#Qp2 r�`K- b�Hiv r�i2` r?B+? 

+�M /`Bp2 � ivT2 Q7 ..* FMQrM �b /BzmbBp2 +QMp2+iBQM U.*V- bQ@M�K2/ iQ /BbiBM;mBb? 

Bi 7`QK b�Hi }M;2`BM; Ua6V @ivT2 ..* BM r?B+? b�HBMBiv Bb i?2 /2bi�#BHBbBM; +QKTQM2Mi 
UE2HH2v 2i �HX- kyyjVX .* +�M 7Q`K ǳ/BzmbBp2 bi�B`+�b2bǴ +QKTQb2/ Q7 r2HH@KBt2/ H�v2`b 
b2T�`�i2/ #v b?�`T BMi2`7�+2bX .BzmbBp2 bi�B`+�b2b ?�p2 T`BK�`BHv #22M Q#b2`p2/ BM TQH�` 
`2;BQMb bm+? �b i?2 �`+iB+ P+2�M UhBKK2`K�Mb 2i �HX- kyy3V- i?2 q2//2HH a2� BM �Mi�`+@ 
iB+� U_Q#2`ibQM 2i �HX- RNN8V �M/ #2M2�i? :2Q`;2 oA A+2 a?2H7 BM �Mi�`+iB+� UEBKm`� 

2i �HX- kyR8VX _2+2Mi Q#b2`p�iBQMb 7`QK i?2 ;`QmM/BM; HBM2 Q7 i?2 _Qbb A+2 a?2H7 �`2 �HbQ 

+QMbBbi2Mi rBi? .* U"2;2K�M 2i �HX- kyR3V- r?2`2 r2HH@KBt2/ H�v2`b BM i2KT2`�im`2 �M/ 

b�HBMBiv r2`2 Q#b2`p2/ Qp2` i?2 Ry K i?B+F r�i2` +QHmKMX "Qi? B+2 b?2H7 bBi2b `2+Q`/2/ 

K2Hi `�i2b i?�i r2`2 Km+? HQr2` i?�M +QKKQM B+2@Q+2�M T�`�K2i2`Bb�iBQMběr?B+? �b@ 
bmK2 im`#mH2Mi- mMbi`�iB}2/ ~QrĜrQmH/ T`2/B+i ;Bp2M i?2 Q#b2`p2/ Q+2�M +QM/BiBQMbX 
.* ?�b #22M BMp2biB;�i2/ BM bK�HH@b+�H2 2tT2`BK2Mi�H UJ�`iBM �M/ E�mzK�M- RNddV �M/ 

KQ/2HHBM; UE2BixH 2i �HX- kyRe#V bim/B2b Q7 Q+2�M@/`Bp2M K2HiBM; Q7 ?Q`BxQMi�H B+2X >Qr@ 
2p2`- i?2 `QH2 Q7 .* `2K�BMb mM+H2�` BM i?2 T`2b2M+2 Q7 +QKT2iBM; T`Q+2bb2b bm+? �b 
im`#mH2M+2 �M/ KBtBM; /m2 iQ Q+2�M +m``2Mib #2M2�i? i?2 B+2X AKTQ`i�MiHv- _�La Q+2�M 

KQ/2Hb /Q MQi +�Tim`2 i?2 2z2+i Q7 .* QM #�b�H K2HiBM;- H2�/BM; iQ mM+2`i�BMiB2b BM #�b�H 
K2HiBM; T`QD2+iBQMbX *QMp2+iBQM@`2bQHpBM; MmK2`B+�H bBKmH�iBQMb �`2 m`;2MiHv M22/2/ iQ 

[m�MiB7v i?2 2z2+i Q7 .* BM B+2@Q+2�M BMi2`�+iBQMb �M/ /2p2HQT T�`�K2i2`Bb�iBQMb 7Q` mb2 
BM _�La KQ/2HbX 

>B;? `2bQHmiBQM KQ/2HHBM; i2+?MB[m2b bm+? �b /B`2+i MmK2`B+�H bBKmH�iBQM U.LaV �M/ 

H�`;2@2//v bBKmH�iBQM UG1aV �`2 #2BM; `2+Q;MBb2/ 7Q` i?2B` +�T�#BHBiB2b BM `2bQHpBM; �M/ 

[m�MiB7vBM; B+2@Q+2�M #QmM/�`v H�v2` T`Q+2bb2bX 6Q` 2t�KTH2- � `2+2Mi .La bim/v /2KQM@ 
bi`�i2/ i?�i .* +�M /`Bp2 im`#mH2Mi ~mt2b Q7 ?2�i �M/ b�Hi #2M2�i? i?2 B+2 UE2BixH 2i �HX-
kyRe#VX G1a ?�b #22M mb2/ iQ bim/v i?2 2z2+i Q7 +m``2Mi b?2�` �M/ Q+2�M i2KT2`�im`2 
QM #�b�H K2HiBM;- /2KQMbi`�iBM; i?�i bi`�iB}+�iBQM +�M BM?B#Bi i?2 i`�MbTQ`i Q7 ?2�i �M/ 

b�Hi �+`Qbb i?2 B+2 b?2H7@Q+2�M #QmM/�`v H�v2` mM/2` r�`K �M/fQ` HQr@b?2�` +QM/BiBQMb 
Uo`2m;/2M?BH �M/ h�vHQ`- kyRNVX >Qr2p2`- MQ bim/B2b iQ /�i2 ?�p2 BMp2biB;�i2/ i?2 722/@ 
#�+F #2ir22M KBt2/ H�v2` /vM�KB+b �M/ K2HiBM; 7Q` � bi`�iB}2/- ;2Qbi`QT?B+ #QmM/�`v 

8d 

mailto:U.*V-bQ@M�K2


jXkX J1h>P.a 

H�v2`- `2bQHpBM; #Qi? i?2 M2�`@B+2 �M/ KBt2/ H�v2` T`Q+2bb2bX 

>2`2 r2 BMp2biB;�i2 i?2 T`Q+2bb2b +QMi`QHHBM; B+2 b?2H7 #�b�H K2HiBM; #v KQ/2HHBM; i?2 
im`#mH2Mi ;2Qbi`QT?B+ #QmM/�`v H�v2` #2M2�i? �M B+2 b?2H7X lbBM; G1a- r2 T2`7Q`K 

2tT2`BK2Mib i?�i /2KQMbi`�i2 i?2 /QKBM�Mi `QH2 Q7 .* BM B+2 b?2H7@Q+2�M BMi2`�+iBQMb 
�i bQK2 Q#b2`p2/ �Mi�`+iB+ +QM/BiBQMbX h?2 K2HiBM; �M/ #QmM/�`v H�v2` bi`m+im`2 BM 

Qm` MmK2`B+�H KQ/2H �;`22b rBi? }2H/ Q#b2`p�iBQMb Q7 i?2 r�i2` +QHmKM �M/ K2HiBM; 

#2M2�i? i?2 _Qbb A+2 a?2H7 U"2;2K�M 2i �HX- kyR3V- �M/ �HHQr mb iQ 2tTH�BM i?2 K2+?�MBbK 

+QMM2+iBM; i?2 Q+2�M bi�i2 iQ i?2 #�b�H K2Hi `�i2X 

jXk J2i?Q/b 

hQ 2t�KBM2 i?2 `2H�iBp2 BKTQ`i�M+2 Q7 +m``2Mi b?2�` �M/ .* BM /2i2`KBMBM; ~Qr bi`m+@ 
im`2- im`#mH2Mi i`�MbTQ`i �M/ K2HiBM; #2M2�i? �M B+2 b?2H7- r2 T2`7Q`K � b2`B2b Q7 bBK@ 
mH�iBQMb Q7 i?2 B+2 b?2H7@Q+2�M #QmM/�`v H�v2`- p�`vBM; 7�`@}2H/ ~Qr bT22/ UU04yXyĜkXy 

+K b−1V �M/ i2KT2`�im`2 UT0 = −1.9, −2.1 ◦*VX h?2 KQ/2H /QK�BM +QMbBbib Q7 � TH�M�`-
?Q`BxQMi�H B+2@Q+2�M BMi2`7�+2- �i r?B+? � /vM�KB+ K2Hi +QM/BiBQM Bb BKTQb2/- Qp2` � TQ@ 
H�` Q+2�MX � b+?2K�iB+ Q7 i?2 KQ/2H /QK�BM Bb b?QrM BM 6B;X jXRX h?2 r�i2` +QHmKM Bb 
bi`�iB}2/ BM i2KT2`�im`2 UT V �M/ b�HBMBiv USV- rBi? +QH/- 7`2b? r�i2` Qp2`HvBM; r�`K2`-
b�HiB2` r�i2` �M/ � bi�#H2 /2MbBiv bi`�iB}+�iBQMX h?Bb +QM};m`�iBQM Bb +QMbBbi2Mi rBi? 

�p�BH�#H2 Q#b2`p�iBQMb 7`QK #2M2�i? B+2 b?2Hp2b- r?2`2 i?2 �//BiBQM Q7 K2Hir�i2` +QQHb 
�M/ 7`2b?2Mb i?2 Q+2�M M2�`2bi i?2 B+2X JQ/2H `mMb �`2 BMBiB�HBb2/ rBi? HBM2�` i2KT2`�im`2 
UTbg = T0 −9.5×10−4z ◦*V �M/ b�HBMBiv USbg = S0 −4.0×10−4z ; F;−1V T`Q}H2bX h?2 ~Qr 

p2HQ+BiB2b BM x- y �M/ z /B`2+iBQMb �`2 u- v �M/ w `2bT2+iBp2HvX h?2 *Q`BQHBb T�`�K2i2` 
f = −1.37 × 10−3 b−1 Bb +QMbi�Mi rBi?BM i?2 /QK�BMX AM i?2 BMi2`BQ` Q7 i?2 /QK�BM- i?2 
~Qr Bb BM ;2Qbi`QT?B+ #�H�M+2- �M/ �M 1FK�M #QmM/�`v H�v2` 7Q`Kb #2M2�i? i?2 B+2X 

jXkXR :Qp2`MBM; 2[m�iBQMb 

h?2 bBKmH�iBQMb bQHp2 i?2 BM+QKT`2bbB#H2- MQM@?v/`Qbi�iB+ L�pB2`@aiQF2b KQK2MimK 

2[m�iBQM mM/2` i?2 "QmbbBM2b[ �TT`QtBK�iBQM �HQM; rBi? i?2 +QMb2`p�iBQM Q7 K�bb- ?2�i 
�M/ b�Hi- �M/ � HBM2�` 2[m�iBQM Q7 bi�i2X AM /BK2MbBQM�H 7Q`K- i?2b2 2[m�iBQMb �`2, 

∇ · u = 0  UjXRV 
Du 1 2 ρ∗ = − ∇p∗ + fk × u + ν∇ u − gk −∇ ·  τ UjXkV
Dt ρ0 ρ0 
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mean velocity

U0 

z 

T(z) 
S(z) 

x-y period 

rotation 

gravity 

S0(z) 

perature 
and salinity profiles 

T0(z) 

l: 
>eriodic y 

ice 

x

yic

 profile 

6B;m`2 jXR, a+?2K�iB+ Q7 i?2 KQ/2H /QK�BM- r?B+? +QMbBbib Q7 � ?Q`BxQMi�H B+2@Q+2�M 
BMi2`7�+2 rBi? +QH/- b�Hiv Q+2�M #2HQrX AM i?2 BMi2`BQ` Q7 i?2 /QK�BM i?2 Q+2�M Bb BM 
;2Qbi`QT?B+ #�H�M+2 �M/ ?�b p2HQ+Biv Uu, vV 4UU0, 0VX L2�` i?2 B+2 �M 1FK�M #QmM/�`v 
H�v2` 7Q`KbX 

DT∗ dTbg= κT ∇2T∗ −∇ ·  λT − w UjXjV
Dt dz 
DS∗ dSbg= κS ∇2S∗ −∇ ·  λS − w UjX9V
Dt dz 

ρ∗ = ρ0(βS∗ − αT∗) UjX8V 

>2`2 u = (u, v, w) Bb i?2 ~Qr p2HQ+Biv- p∗ �M/ T∗ - S∗ �M/ ρ∗ �`2 i?2 /2pB�iBQMb 7`QK 

#�+F;`QmM/ ?v/`Qbi�iB+ T`2bbm`2 pbg - #�+F;`QmM/ i2KT2`�im`2 Tbg - b�HBMBiv Sbg �M/ /2M@ 
bBiv ρbg T`Q}H2b `2bT2+iBp2Hv U2X;X S∗ = S − SbgVX h?2 +QH/- b�HBM2 r�i2` ?�b KQH2+mH�` 

−6 −7pBb+QbBiv ν = 2 × 10 K2 b−1- i?2`K�H /BzmbBpBiv κT = 1.4 × 10 K2 b−1- b�Hi /Bzm@ 
−9 K2 b−1- −5 ◦*−1bBpBiv κS = 1.3 × 10 i?2`K�H 2tT�MbBQM +Q2{+B2Mi α = 3.8 × 10 �M/ 

?�HBM2 +QMi`�+iBQM +Q2{+B2Mi β = 7.8 × 10−4 F; ;−1- r?2`2 i?2b2 p�Hm2b �`2 +?Qb2M iQ 

#2 �TT`QT`B�i2 7Q` i?2 TQH�` Q+2�MX h?2 [m�MiBiB2b τ , λT �M/ λS �`2 i?2 bm#;`B/@b+�H2 
bi`2bb i2MbQ` �M/ i2KT2`�im`2 �M/ b�HBMBiv ~mt p2+iQ`b `2bT2+iBp2HvX h?2 bm#;`B/@b+�H2 
bi`2bb i2MbQ` Bb `2T`2b2Mi2/ rBi? � /vM�KB+ 2//v pBb+QbBiv KQ/2H �M/ i?2 bm#;`B/ b�HBM@ 
Bivfi2KT2`�im`2 ~mt2b rBi? � /vM�KB+ 2//v /BzmbBpBiv KQ/2HX h?2 2tT`2bbBQMb 7Q` i?2 
bm#;`B/@b+�H2 KQ/2Hb �`2 �b 7QHHQrb, 

2 
τij = −2νT Mij , νT = C∆ |M| UjXeV 
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∂T 2 
λT
j = −KT , KT = CT ∆ |M| UjXdV

∂xj 

λS
j = −KS 

∂

∂ 
x

S 

j 
, KS = CS ∆ 

2 |M| UjX3V 

r?2`2 Mij Bb i?2 bi`�BM i2MbQ` �M/ ∆ Bb i?2 }Hi2` rB/i?X aK�;Q`BMbFv +Q2{+B2Mib C-
CT �M/ CS �`2 2p�Hm�i2/ i?`Qm;? � /vM�KB+ T`Q+2/m`2 BMi`Q/m+2/ #v :2`K�MQ 2i �HX 
URNNRVX 

jXkXk LmK2`B+�H K2i?Q/ 

h?2 bBKmH�iBQMb mb2 � KBt2/ bT2+i`�Hf}MBi2 /Bz2`2M+2 �H;Q`Bi?K Ub22 "2r2Hv- kyy3- 7Q` 
/2i�BHbVX aT�MrBb2 /2`Bp�iBp2b �`2 i`2�i2/ rBi? � Tb2m/Q@bT2+i`�H K2i?Q/- �M/ i?2 r�HH 
MQ`K�H bT�iB�H /2`Bp�iBp2b �`2 +QKTmi2/ rBi? b2+QM/ Q`/2` }MBi2 /Bz2`2M+2bX � i?B`/@ 
Q`/2` _mM;2@Emii� K2i?Q/ Bb mb2/ 7Q` iBK2 bi2TTBM;- �M/ pBb+Qmb i2`Kb �`2 i`2�i2/ 

BKTHB+BiHv rBi? i?2 *`�MF@LB+?QHbQM K2i?Q/X o�`B�#H2 iBK2 bi2TTBM; rBi? � }t2/ *6G 

MmK#2` Q7 yXN Bb mb2/- rBi? ivTB+�H iBK2 bi2Tb QM i?2 Q`/2` Q7 R b 7Q` U0 = 0.014 K 
−1s `mMbX S2`BQ/B+Biv Bb BKTQb2/ BM i?2 ?Q`BxQMi�H x �M/ y /B`2+iBQMbX h?2 mTT2` UB+2@ 
r�i2`V �M/ HQr2` #QmM/�`B2b �`2 bm#D2+i iQ MQ@T2M2i`�iBQM +QM/BiBQMb- �M/ �`2 MQ@bHBT 

�M/ 7`22@bHBT `2bT2+iBp2HvX �i i?2 mTT2` #QmM/�`v- i2KT2`�im`2 �M/ b�HBMBiv �`2 ;Bp2M #v 

i?2 K2HiBM; #QmM/�`v +QM/BiBQM- r?BH2 �i i?2 HQr2` #QmM/�`v i?2v �`2 `2H�t2/ #�+F iQ 

BMBiB�H T`Q}H2b BM � bTQM;2 `2;BQM- K�BMi�BMBM; �M ǳQT2MǴ #QmM/�`vX qBi?BM i?2 bTQM;2 
H�v2`- �HH ~m+im�iBQMb Q7 p2HQ+Biv- b�HBMBiv �M/ i2KT2`�im`2 �`2 bmTT`2bb2/X .2i�BH2/ 

BKTH2K2Mi�iBQM Q7 i?2 bTQM;2 H�v2` +�M #2 7QmM/ BM :�v2M 2i �HX UkyRyVX 

h?2 K2Hi `�i2 m Bb +�H+mH�i2/ 7QHHQrBM; :�v2M 2i �HX UkyReVX P+2�MB+ ?2�i �M/ b�Hi ~mt2b 
iQ i?2 BMi2`7�+2 �`2 #�H�M+2/ #v i?2 H�i2Mi ?2�i �M/ #`BM2 ~mt2b /m2 iQ K2HiBM;- vB2H/BM; 

i?2 #�H�M+2b, 
∂T 

ρiLf m = −ρcpκT UjXNV
∂z b 

ρiSbm = −ρκS 
∂S

, UjXRyV
∂z b 

r?2`2 (∂T/∂z)b U◦* K−1V �M/ (∂S/∂z)b U; F;−1 K−1V �`2 i?2 i2KT2`�im`2 �M/ b�HBMBiv 

;`�/B2Mib �i i?2 BMi2`7�+2- cp = 4.18 × 103 UC F;−1 E−1V Bb i?2 ?2�i +�T�+Biv Q7 b2�r�i2`-
Lf = 3.35×105 UC F;−1V Bb i?2 H�i2Mi ?2�i Q7 K2HiBM;- �M/ ρ = 1030  F; K−3 �M/ ρi = 917  

F; K−3 �`2 i?2 /2MbBiv Q7 r�i2` �M/ B+2 `2bT2+iBp2HvX h?2 `2H�iBQMb?BT Tb = aSb + b Bb 
mb2/ iQ `2H�i2 i?2 7`22xBM; i2KT2`�im`2 Tb iQ i?2 BMi2`7�+2 b�HBMBiv Sb - r?2`2 a = −0.057 

ey 



jXkX J1h>P.a 

◦* F; ;−1 Bb i?2 HB[mB/mb bHQT2 �M/ b = −0.311 ◦* �++QmMib 7Q` 7`22xBM; TQBMi /2T`2bbBQM 

/m2 iQ � T`2bbm`2 Q7 8yy /#�`X h?2 B+2@Q+2�M BMi2`7�+2 Bb }t2/ BM bT�+2 �M/ `2K�BMb 
TH�M�`- �M/ i?2`2 Bb �M BM}MBi2 bmTTHv Q7 B+2 iQ #2 K2Hi2/X 

� ;2Qbi`QT?B+ #�H�M+2 Q7 1/ρ0(∂p/∂y) =  −fU0 ?QH/b BM i?2 BMi2`BQ` Q7 i?2 ~Qr- �M/ 

7Q`Kb �M 1FK�M #QmM/�`v H�v2` M2�` i?2 B+2X �b i?2 KQ/2H /QK�BM Bb T2`BQ/B+ BM #Qi? 

?Q`BxQMi�H /B`2+iBQMb- i?2 K2�M p2`iB+�H KQiBQM Bb +QMbi`�BM2/ iQ x2`QX h?2`27Q`2- i?2 
72�im`2b Q7 Q+2�MB+ #QmM/�`v H�v2`b QrBM; iQ 1FK�M TmKTBM;fbm+iBQM /`Bp2M #v H�`;2@ 
b+�H2 ?Q`BxQMi�H ;`�/B2Mib BM i?2 �K#B2Mi ~Qr �`2 MQi T`2b2Mi BM i?2b2 bBKmH�iBQMbX 

jXkXj .QK�BM �M/ BMBiB�HBb�iBQM 

∗h?2 /QK�BM bBx2 Bb #�b2/ mTQM i?2 TH�M2i�`v b+�H2 δf = u0/f r?2`2 f Ub−1V Bb i?2 *Q`BQHBb 
∗7`2[m2M+v �M/ u0 UK b−1V Bb i?2 7`B+iBQM p2HQ+Biv- 2biBK�i2/ � T`BQ`B mbBM; i?2 /`�; H�r 

∗`2H�iBQMb?BT u0 = Cd 
1/2U0 i�FBM; Cd = 0.0025X h?2 /QK�BM bBx2 LX × LY × LZ Bb 

LX, LY, LZ = 2δ, 2δ, 3δ �i � KBMBKmKX 6Q` 2t�KTH2- 7Q` U0 = 1.4 +K b−1 i?2 `Qi�iBQM�H 
#QmM/�`v H�v2` b+�H2 Bb δ = 5  K �M/ i?2 /QK�BM bBx2 Bb 10 × 10 × 25 KX .QK�BM bBx2b 7Q` 
�HH +�b2b �`2 QmiHBM2/ BM h�#H2 jXRX h?2 G1a Bb T2`7Q`K2/ mbBM; � ;`B/ i?�i Bb mMB7Q`K BM 

#Qi? i?2 x �M/ y /B`2+iBQMb �M/ bi`2i+?2/ BM i?2 z /B`2+iBQM iQ �+?B2p2 ?B;?2` `2bQHmiBQM 

M2�` i?2 #QmM/�`vX 

h�#H2 jXR, .QK�BM �M/ ;`B/ bBx2 7Q` i?2 bBKmH�iBQMb T2`7Q`K2/X .BK2MbBQMb Q7 /Q@ 
K�BM ULX, LY, LZVc MmK#2` Q7 ;`B/ TQBMib UNX,  NY,  NZVc ;`B/ bT�+BM; BM r�HH mMBib 
U∆X+ , ∆Y + , ∆Z+VX 

`mM LX, LY UKV LZ UKV NX,  NY  NZ  UKV ∆X+ , ∆Y + ∆Z+ 
min 

R 8 k8 e9 e9R ∼ ∼ 
k 
j-j∗ 

9 

8 
Ry 
R9 

k8 
k8 
k8 

e9 
Rk3 
k8e 

e9R 
e9R 
e9R 

R9 
kd 
kd 

yXRe 
yXjk 
yX8 

h?2 ;`B/ `2bQHmiBQM Bb 2tT`2bb2/ BM r�HH mMBib �b ∆X+ = ∆X/δν - rBi? ∆Y + �M/ ∆Z+ 

2[mBp�H2MiHv /2}M2/- r?2`2 δν Bb i?2 pBb+Qmb H2M;i?b+�H2 δν = ν/u∗ 
0X h?2 `2bQHmiBQM 7Q` 

2�+? bBKmH�iBQM- r?B+? Bb #�b2/ QM i?2 `2bmHib Q7 a�HQM 2i �HX UkyydV- Bb 7QmM/ BM h�#H2 
jXRX h?2 ?Q`BxQMi�H `2bQHmiBQM ∆X+ = ∆Y + = 27  r�b 7QmM/ iQ #2 bm{+B2Mi /m2 iQ 

+QMp2`;2M+2 Q7 i?2 7`B+iBQM p2HQ+Biv �M/ BMi2`7�+B�H ?2�i ~mt U�TT2M/Bt �XkVX *`m+B�HHv-
bi`2i+?BM; Q7 i?2 KQ/2H ;`B/ BM i?2 p2`iB+�H /B`2+iBQM ;Bp2b bm{+B2MiHv ?B;? UKK@b+�H2V 
`2bQHmiBQM iQ +�Tim`2 i?2 M2�`@B+2 /BzmbBp2 bm#H�v2`b- r?B+? �`2 i?BM /m2 iQ i?2 `2�HBbiB+ 

eR 



jXjX _1alGha 

κT �M/ κSX 6m`i?2`KQ`2- ?B;? `2bQHmiBQM Bb �HbQ M22/2/ Qp2` i?2 KBt2/ H�v2` BM Q`/2` 
iQ +�Tim`2 i?2 bi22T ;`�/B2Mib BM i2KT2`�im`2 �M/ b�HBMBiv �bbQ+B�i2/ rBi? .* H�v2`bX 
h?2 ;`B/ +2HH p2`iB+�H@iQ@?Q`BxQMi�H �bT2+i `�iBQ �i i?2 2/;2 Q7 i?2 pBb+Qmb bm#H�v2` r�b 
MQi 7QmM/ iQ BM~m2M+2 i?2 bQHmiBQM bB;MB}+�MiHv Qp2` i?2 `�M;2 RfjyĜRfd- �M/ Bb #2ir22M 

Rfky �M/ Rfke 7Q` �HH 2tT2`BK2Mib U�TT2M/Bt �XkVX 6BM�HHv- �i [m�bB@bi2�/v bi�i2 Ur?2M 

i?2 iBK2 `�i2 Q7 +?�M;2 Q7 hm`#mH2M+2 EBM2iB+ 1M2`;v ;Q2b iQ x2`QV- i?2 `2K�BMBM; i2`Kb 
BM i?2 hE1 #m/;2i �`2 BMi2;`�i2/ p2`iB+�HHv �M/ +QKT�`2/- iQ 2Mbm`2 +HQbm`2 U�TT2M/Bt 

�XRVX 

6`22 bi`2�K p2HQ+Biv UU0V �M/ BMBiB�H i2KT2`�im`2 UT0V �`2 p�`B2/ #2ir22M `mMb- r?2`2 
∗2�+? T0 ?�b � +Q``2bTQM/BM; BMBiB�H i?2`K�H /`BpBM; T0 = T0 − Tf (S0)- r?2`2 Tf (S0) 

Bb i?2 7`22xBM; i2KT2`�im`2 �i b�HBMBiv S0X q2 BMp2biB;�i2 i?2`K�H �M/ +m``2Mi 7Q`+BM; 
∗2M+QKT�bbBM; U0 = 0.0, 0.7, 1.4 �M/ 2.0 +K b−1 �M/ T = 0.175 �M/ 0.375 ◦*X 6Q` 

2�+? `mM- � M2mi`�H UmMbi`�iB}2/V bTBM@mT `mM Bb T2`7Q`K2/ iQ Q#i�BM i?2 p2HQ+Biv }2H/ 

Q7 � bi2�/v@bi�i2 im`#mH2Mi 1FK�M #QmM/�`v H�v2`X �i KQ/2H iBK2 t = 0  ?- i?2 BMBiB�H 
i2KT2`�im`2 �M/ b�HBMBiv T`Q}H2b �`2 �TTHB2/- �7i2` r?B+? iBK2 i?2 i2KT2`�im`2- b�HBMBiv 

�M/ p2HQ+Biv }2H/b +Q@2pQHp2X h?2 bBKmH�iBQMb �`2 `mM 7Q` � KBMBKmK Q7 Ryy ?X 

jXj _2bmHib 

"2M2�i? i?2 B+2- � #QmM/�`v H�v2` /2p2HQTb r?B+? +QMbBbib Q7 � +K@b+�H2 H�KBM�` bm#H�v2` 
#2M2�i? i?2 B+2 �M/ � im`#mH2Mi `2;BQM #2HQrX h?Bb im`#mH2M+2 ?QKQ;2MBx2b i?2 i2KT2`@ 
�im`2 �M/ b�HBMBiv iQ 7Q`K � KBt2/ H�v2`X h?2 KBt2/ H�v2` T`QT2`iB2b �`2 BKTQ`i�Mi BM 

/2i2`KBMBM; i?2 K2Hi `�i2- �b i?2 KBt2/ H�v2` K�v BbQH�i2 i?2 B+2 7`QK r�`K2` 7�`@}2H/ 

i2KT2`�im`2bX AM `mM j- rBi? 7�`@}2H/ +m``2Mi bT22/ U04RX9 +K b−1- � +QKTH2t #QmM/�`v 

H�v2` bi`m+im`2 �M/ KBt2/ H�v2` �`2 T`2b2Mi #2M2�i? i?2 B+2 U6B;X jXkVX h?2 2z2+i Q7 
`Qi�iBQM Bb pBbB#H2 BM i?2 ;2M2`�iBQM Q7 � +`Qbb bi`2�K UpV +QKTQM2Mi Q7 p2HQ+Biv M2�` 
i?2 bm`7�+2X h?2 i2KT2`�im`2 }2H/ b?Qrb � H�v2` Q7 `2H�iBp2Hv +QH/ �M/ �+iBp2Hv KBtBM; 

r�i2` Dmbi #2M2�i? i?2 B+2X � i?2`KQ+HBM2 Bb T`2b2Mi ∼kX8 K 7`QK i?2 B+2- b2T�`�iBM; i?Bb 
`2;BQM 7`QK i?2 r�`K2` �M/ i?2`K�HHv bi`�iB}2/ Q+2�M #2HQrX h?2 KBt2/ H�v2` Bb �HbQ 

pBbB#H2 BM i?2 p2`iB+�H p2HQ+Biv }2H/- r?2`2 Bi Bb �bbQ+B�i2/ rBi? i?`22@/BK2MbBQM�H bK�HH@ 
b+�H2 bi`m+im`2b Uǳ2//B2bǴVX h?2b2 bK�HH@b+�H2 im`#mH2Mi bi`m+im`2b BM~m2M+2 i?2 bT�iB�H 
T�ii2`M Q7 K2HiBM;- �b b?QrM BM i?2 bBKmH�i2/ K2Hi `�i2 �i i?2 B+2@Q+2�M BMi2`7�+2- �M/ 

i`�Mb72` 2M2`;v BMiQ i?2 bi`�iB}2/ BMi2`BQ` #v BMi2`M�H ;`�pBiv r�p2bX h?2 BKTBM;2K2Mi 
Q7 im`#mH2Mi 2//B2b QM i?2 bi`QM; /2MbBiv ;`�/B2Mi UTv+MQ+HBM2V #2M2�i? i?2 KBt2/ H�v2` 

ek 
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jXjX _1alGha 

6B;m`2 jXk, Pp2`pB2r Q7 i?2 KQ/2H /QK�BM rBi? ~Qr �M/ K2Hi `�i2 bQHmiBQMb 7Q` `mM jX 
h?2 mTT2` x−y bm`7�+2 b?Qrb i?2 BMbi�Mi�M2Qmb K2Hi `�i2 m- r?BH2 p2`iB+�H y−z �M/ x−z 
TH�M2b b?Qr i?2 p2`iB+�H p2HQ+Biv w �M/ i2KT2`�im`2 T }2H/b `2bT2+iBp2HvX Pp2`H�B/ �`2 
i?2 ?Q`BxQMi�H p2HQ+Biv T`Q}H2b Uu, v, ;`22M bQHB/ HBM2bV �M/ #mQv�M+v 7`2[m2M+v b[m�`2/ 
�i t = 0  ? UN0

2, TBMF /�b?2/ HBM2V �M/ t = 30  ? UN2, TBMF bQHB/ HBM2V r?2`2 N = 
(−g/ρ0(∂ρ/∂z))1/2 Bb i?2 #mQv�M+v 7`2[m2M+vX lMH2bb Qi?2`rBb2 bi�i2/- �HH TH�M2b �M/ 
T`Q}H2b �`2 7`QK t = 30 ?X 

ej 



jXjX _1alGha 

h�#H2 jXk, 6`22 bi`2�K p2HQ+Biv UU0V - `272`2M+2 i2KT2`�im`2 UT0V- 7`B+iBQM p2HQ+Biv 
∗Uu = (τw/ρ0)1/2- r?2`2 τw Bb i?2 b?2�` bi`2bb �i i?2 B+2@Q+2�M BMi2`7�+2V- i?2`K�H /`Bp@ 

BM; UT ∗ ≡ TML  − Tf (SML, pb)- i?2 i2KT2`�im`2 /Bz2`2M+2 #2ir22M i?2 KBt2/ H�v2` �M/ 
i?2 7`22xBM; i2KT2`�im`2 �i KBt2/ H�v2` b�HBMBiv �M/ BMi2`7�+2 T`2bbm`2V- i2KT2`�im`2 
/Bz2`2M+2 #2ir22M i?2 KBt2/ H�v2` �M/ BMi2`7�+2 U∆T = TML  − TbV �M/ K2Hi `�i2 UmVX 
Pp2`#�` /2MQi2b [m�MiBiB2b i?�i �`2 �p2`�;2/ Qp2` 8yĜRyy ?X #P#b2`p�iBQMb `2TQ`i2/ BM 
"2;2K�M 2i �HX UkyR3V- 7`QK i?2 T2`BQ/ y8 C�M kyR8Ĝky C�M kyR8X 

∗ T ∗`mM U0 T0 u ∆T m 
U+K b−1V U◦*V U+K b−1V U◦*V U◦*V UK v` −1V 

R yXy @kXR ∼ yXRej yXydk yXy9k 
k yXd @kXR yXyjj yXRej yXydy yXy99 
j RX9 @kXR yXy8y yXR8e yXyeR yXy98 
j∗ RX9 @RXN yXy9N yXj8k yXR9d yXRyj 
9 kXy @kXR yXyeR yXRjy yXy93 yXyjd 
P#b# RXjĜRX8 @kXj ∼ ∼ yXR yXy8j 

U±yXyRV U±yXyRV U±yXykjV 

2t+Bi2b i?2b2 BMi2`M�H ;`�pBiv r�p2b- pBbB#H2 �b i?2 BM+HBM2/- H�`;2 r�p2H2M;i?- T2`BQ/B+ 
~m+im�iBQMb BM i?2 p2`iB+�H p2HQ+Biv }2H/X h?2b2 BMi2`M�H r�p2b �`2 �M�HQ;Qmb iQ i?Qb2 
;2M2`�i2/ #v #2Mi?B+ #QmM/�`v H�v2`b BM bi`�iB}2/ 2MpB`QMK2Mib Uh�vHQ` �M/ a�`F�`-
kyydc :�v2M 2i �HX- kyRyVX 

jXjXR .BzmbBp2 +QMp2+iBQM #2M2�i? � K2HiBM; B+2 b?2H7 

h?2 T`QTQb2/ K2+?�MBbK 7Q` /BzmbBp2 +QMp2+iBQM #2M2�i? � K2HiBM; B+2 b?2H7 Bb /2b+`B#2/ 

?2`2 rBi? i?2 �B/ Q7 6B;X jX9X J2HiBM; +QQHb �M/ 7`2b?2Mb i?2 b2�r�i2` #2M2�i? �M B+2 
b?2H7X 6Q` � ?Q`BxQMi�H B+2 b?2H7 #�b2- +QQHBM; rBHH i2M/ iQ /2bi�#BHBb2 i?2 r�i2` +QHmKM 

#v T`Q/m+BM; iQT@?2�pv bi`�iB}+�iBQM- r?BH2 i?2 7`2b?2MBM; rBHH i2M/ iQ bi�#BHBb2 i?2 
r�i2` +QHmKMX *HQb2 iQ i?2 B+2@Q+2�M BMi2`7�+2- i?2 7`2b?2MBM; Qp2`r?2HKb i?2 +QQHBM; 

�M/ i?2 r�i2` Bb bi�#Hv bi`�iB}2/X >Qr2p2`- i?2 /Bz2`2MiB�H /BzmbBQM Q7 ?2�i �M/ b�Hi 
Ui?2 `�iBQ Q7 i?2B` /BzmbBpBiB2b Bb κT/κS = 110V �HHQrb i?2 i?2`K�H /BzmbBp2 #QmM/�`v 

H�v2` iQ ;`Qr KQ`2 [mB+FHv i?�M Bib b�HBM2 +QmMi2`T�`i- +`2�iBM; �M mMbi�#H2 /2MbBiv 

#QmM/�`v H�v2` i?�i `2bmHib BM +QMp2+iBp2 Qp2`im`MBM; UJ�`iBM �M/ E�mzK�M- RNddVX 
h?Bb K2+?�MBbK Bb 2[mBp�H2Mi iQ i?2 ǳ/BzmbBp2 BMi2`7�+2Ǵ #2ir22M irQ r2HH@KBt2/ H�v2`b 
BM � /BzmbBp2 bi�B`+�b2- r?B+? +QMbBbib Q7 � bi�#H2 /BzmbBp2 bm#H�v2` UbQK2iBK2b +�HH2/ � 

ǳ+Q`2ǴV rBi? +QMp2+iBp2 #QmM/�`v H�v2`b 2Bi?2` bB/2 UGBM/2M �M/ a?B`i+HBz2- RNd3c qQ`bi2`-
kyy9c *�`T2Mi2` 2i �HX- kyRkVX 

e9 
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6B;m`2 jXj, h2KTQ`�H 2pQHmiBQM Q7 i?2 r�i2` +QHmKM 7Q` `mM jX U�V SH�M2 �p2`�;2/ 
i2KT2`�im`2c U#V b�HBMBivc �M/ U+V MQ`K�HBb2/ #mQv�M+v 7`2[m2M+v N2/N0

2 Qp2` i?2 mT@ 
T2` r�i2` +QHmKM i?`Qm;? iBK2X h?2 KBt2/ H�v2`b i?�i 2K2`;2 Qp2` i?2 +Qm`b2 Q7 i?2 
2tT2`BK2Mi �`2 �MMQi�i2/ �b GR- Gk �M/ GjX 

AM i?Bb b2+iBQM r2 /2KQMbi`�i2 i?2 `QH2 Q7 .* BM #�b�H K2HiBM; �M/ KBtBM; #2M2�i? �M B+2 
b?2H7X q2 T`2b2Mi [m�HBi�iBp2 �M/ [m�MiBi�iBp2 2pB/2M+2 7Q` .* #�b2/ QM i?2 i?2`KQ?�HBM2 
bi`m+im`2 #2M2�i? i?2 B+2- /2MbBiv `�iBQ �M/ #mQv�M+v ~mtX 

h?2`KQ?�HBM2 bi`m+im`2 

� KBt2/ H�v2` 2bi�#HBb?2b `�TB/Hv �i i?2 #2;BMMBM; Q7 i?2 2tT2`BK2Mi U6B;X jXjVX h?2 
bi`�iB}+�iBQM Q7 i?2 r�i2` +QHmKM Bb +?�`�+i2`Bb2/ #v i?2 MQ`K�HBb2/ #mQv�M+v 7`2[m2M+v 

b[m�`2/ N 2/N0
2- r?2`2 N = (−g/ρ0(∂ρ/∂z))1/2 ∼ [g/ρ0(α(∂T/∂z) − β(∂S/∂z))]1/2 Ub−1V 

Bb i?2 #mQv�M+v 7`2[m2M+v- ρ0 UF; K−3V Bb i?2 `272`2M+2 /2MbBiv- g UK b−2V Bb i?2 ;`�pB@ 

e8 
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6B;m`2 jX9, a+?2K�iB+ Q7 i?2 T`QTQb2/ K2+?�MBbK 7Q` .* #2M2�i? � K2HiBM; B+2 b?2H7-
r?2`2 ρT �M/ ρS �`2 /2MbBiv +QMi`B#miBQMb 7`QK i2KT2`�im`2 �M/ b�HBMBiv `2bT2+iBp2HvX 
h?2 i?2`K�H /BzmbBp2 #QmM/�`v H�v2` Bb i?B+F2` i?�M Bib b�HBM2 +QmMi2`T�`i- `2bmHiBM; BM 
� `2;BQM rBi? � M2;�iBp2 /2MbBiv ;`�/B2Mi U;`2v b?�/BM;V r?B+? rBHH Qp2`im`MX 

i�iBQM�H �++2H2`�iBQM- �M/ N0 = 1.6 × 10−3 Ub−1V Bb i?2 7�`@}2H/ bi`�iB}+�iBQMX � bi`QM;Hv 

bi`�iB}2/ `2;BQM UN 2/N0
2 ≫ 1V Bb T`2b2Mi �/D�+2Mi iQ i?2 B+2 /m2 iQ 7`2b?2MBM; �bbQ+B�i2/ 

rBi? K2HiBM;X qBi?BM i?Bb `2;BQM bi`�iB}+�iBQM bmTT`2bb2b im`#mH2M+2- �M/ ?2�i �M/ b�Hi 
�`2 i`�MbTQ`i2/ #v KQH2+mH�` /BzmbBQM �HQM2X "2M2�i? i?2 /BzmbBp2 `2;BQM- i?2 KBt2/ 

H�v2` Bb B/2MiB}2/ #v N2/N0
2 p�Hm2b r?B+? ~m+im�i2 �`QmM/ x2`Q U�M/ �`2 7`2[m2MiHv M2;@ 

�iBp2V- BM/B+�iBM; BMbi�#BHBiv �M/ +QMp2+iBQMX h?2 KBt2/ H�v2` Bb b2T�`�i2/ 7`QK i?2 
bi`�iB}2/ 7�`@}2H/ #v � Tv+MQ+HBM2- r?B+? /22T2Mb `�TB/Hv /m`BM; i?2 }`bi ∼Ry ? Q7 i?2 
2tT2`BK2Mi- �7i2` r?B+? iBK2 i?2 /2Ti? `2K�BMb mM+?�M;2/X "2M2�i? i?2 T`BK�`v KBt2/ 

H�v2` UGRV- � b2+QM/ KBt2/ H�v2` UGkV Bb 2pB/2Mi BM i?2 i2KT2`�im`2- b�HBMBiv �M/ #mQv�M+v 

7`2[m2M+vX h?Bb H�v2` #2;BMb iQ 2K2`;2 �i t ∼ 15 ? �7i2` r?B+? iBK2 Bi ;`�/m�HHv /22T2Mb 
�M/ b?Qrb bB;Mb Q7 +QMp2+iBQM 7Q` t 50 ?X 6`QK t 60 ? bB;Mb Q7 � i?B`/ H�v2` UGjV 
�TT2�` U6B;X jXj+VX h?Bb ǳ/BzmbBp2 bi�B`+�b2Ǵ bi`m+im`2- rBi? r2HH@KBt2/ H�v2`b b2T�`�i2/ 

#v bi22T ;`�/B2Mib- Bb QM2 Q7 i?2 ?�HHK�`Fb Q7 .* U_�/FQ- kyRjVX h?2 H�v2`@#v@H�v2` r�v 

BM r?B+? i?2 /BzmbBp2 bi�B`+�b2 7Q`Kb Bb [m�HBi�iBp2Hv bBKBH�` iQ r?�i Bb Q#b2`p2/ r?2M � 

bi�#H2 b�HBMBiv ;`�/B2Mi Bb ?2�i2/ 7`QK #2HQr Uhm`M2`- RNe3c 62`M�M/Q- RN3dVX 

� bBKBH�` /BzmbBp2 bi�B`+�b2 bi`m+im`2 Bb Q#b2`p2/ 7Q` `mMb R- k- j∗ �M/ j- bmTTQ`iBM; 

i?2 B/2� i?�i .* Bb `2bTQMbB#H2 7Q` KBtBM; #2M2�i? i?2 B+2X *QKT�`BM; i?2 T �M/ S 

T`Q}H2b #2ir22M 2tT2`BK2Mib b?Qrb kĜj r2HH@KBt2/ H�v2`b b2T�`�i2/ #v bi22T ;`�/B2Mib 
BM i2KT2`�im`2 �M/ b�HBMBiv 7Q` `mMb R- k- j∗ �M/ j U6B;X jX8VX q?BH2 bi�B`+�b2b �`2 MQi 
2t+HmbBp2Hv 7Q`K2/ #v /Qm#H2@/BzmbBp2 2z2+iběH�v2`BM; 2z2+ib ?�p2 �HbQ #22M Q#b2`p2/ 

BM QM2@+QKTQM2Mi bi`�iB}2/ ~Qrb mM/2` r2�F KBtBM; U_m//B+F 2i �HX- RN3Nc >QH7Q`/ �M/ 

ee 



0 r--
t =0 h 

~2 t =5 h 

E t = 35 h 

l';J 
4 1 

t= 70 h 

U0 = 0.0 cm s-1 

To =-2.1 °C 
I I I I 

0 

~2 
I / E 

' l';J 
4 3 

U0 = 1.4 cm s-1 

To= -2.1 °C 
I I 

0 

~2 

\ E 
l';J 

3* 4 .... 
Uo = 1.4 cm s-
T0 = -1.9 ° C 

I I I I 

0 

~ 1 ~ 

~2 
E I I I I 
l';J 

4 I 
4 I 

U0 = 2 .0 cm s-1 I 

To= -2.1 °C 
I 

-0.050-0.025 0.000 -0.01 0.00 0 .000 5.000 0 1 2 
T- To ( ° C) S - So (g kg- 1 ) N2IN6 u, v (cm s-1 ) 

jXjX _1alGha 

6B;m`2 jX8, S`Q}H2b Q7 Q+2�M T`QT2`iB2b i?`Qm;? iBK2X *QHmKMb 7`QK GĜ_, i2KT2`�@ 
im`2 T c b�HBMBiv Sc bi`�iB}+�iBQM 2tT`2bb2/ �b MQ`K�HBb2/ #mQv�M+v 7`2[m2M+v b[m�`2/ 
N2/N0

2c ai`2�K@rBb2 u �M/ +`Qbb@bi`2�K v p2HQ+BivX _Qrb �`2 H�#2HH2/ #v 2tT2`BK2MiX 
h2KT2`�im`2- b�HBMBiv �M/ bi`�iB}+�iBQM 7Q` `mM k UMQi b?QrMV �`2 2ti`2K2Hv bBKBH�` iQ 
`mM RX 

ed 
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6B;m`2 jXe, .2MbBiv `�iBQ Rρ 
∗ �b � 7mM+iBQM Q7 /2Ti? 7Q` `mM j �i t = 1 ? U/�`F #Hm2V- t = 35  

? UK2/BmK #Hm2V �M/ t = 70 ? UHB;?i #Hm2VX .�b?2/ ;`2v HBM2 ;Bp2b i?2 HBM2�` bi�#BHBiv 
+`Bi2`BQM Rρ 

∗ = 1.07X h?2 BMBiB�H i2KT2`�im`2 �M/ b�HBMBiv +QM/BiBQMb ;Bp2 Rρ 
∗ = 8.6X 

GBM/2M- RNNNV Q` �b � ǳb2+QM/�`vǴ BMi2`7�+2 #2M2�i? � KBt2/ H�v2` 7Q`K2/ #v bm`7�+2 
b?2�` bi`2bb UJ�Mm+?�`v�M �M/ *�mH}2H/- kyR8Věi?2`2 Bb bi`QM; 2pB/2M+2 7Q` i?2 `QH2 
Q7 .* BM i?2 T`2b2Mi 2tT2`BK2MibX Pm` 2tT2`BK2Mib b?Qr i?2 b�K2 H�v2`2/ bi`m+im`2 BM 

#Qi? i?2 �#b2M+2 U`mM RV �M/ T`2b2M+2 U`mMb k- j �M/ j∗V Q7 p2`iB+�H b?2�` /m2 iQ �M 

�K#B2Mi +m``2Mi- BM/B+�iBM; i?�i b?2�` Bb MQi `2bTQMbB#H2 7Q` i?2 Q#b2`p2/ i?2`KQ?�HBM2 
bi`m+im`2X h?2 /2Ti? Q7 � KBt2/ H�v2` 7Q`K2/ #v � 7`B+iBQM�H #QmM/�`v H�v2` Bb 2tT2+i2/ 

iQ BM+`2�b2 KQMQiQMB+�HHv rBi? BM+`2�bBM; 7`22 bi2�K p2HQ+Biv UaA ȜjX8XRVX >Qr2p2`- r2 
Q#b2`p2 MQ bvbi2K�iB+ +?�M;2 iQ KBt2/ H�v2` /2Ti? rBi? BM+`2�bBM; b?2�` 7Q` 7`22 bi`2�K 

+m``2Mib mT iQ kXy +K b−1X AMbi2�/- i?2 /2Ti? Q7 i?2 T`BK�`v KBt2/ H�v2` /2T2M/b QM 

Q+2�M i2KT2`�im`2X 6Q` i?2 b�K2 7�`@}2H/ +m``2Mi bT22/- `mM j∗ rBi? r�`K2` Q+2�M 

i2KT2`�im`2b UT0 = −1.9 ◦*V ?�b � KBt2/ H�v2` i?�i Bb M2�`Hv irB+2 �b /22T �b `mM j 

UT0 = −2.1 ◦*VX 

6Q` Qm` ?B;?2bi p2HQ+Biv `mM U9V rBi? U0 = 2.0 +K b−1- r2 /Q MQi Q#b2`p2 � b2`B2b Q7 
r2HH@KBt2/ H�v2`bX AM i?2 7QHHQrBM; b2+iBQM r2 rBHH b?Qr i?�i b?2�`@;2M2`�i2/ im`#mH2M+2 
?�b � /QKBM�Mi `QH2 BM p2`iB+�H KBtBM; 7Q` i?Bb `mMX 

e3 
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jXjX _1alGha 

.2MbBiv `�iBQ �M/ #mQv�M+v ~mt 

∗h?2 /2MbBiv `�iBQ URρV- � T�`�K2i2` i?�i +?�`�+i2`Bb2b T �M/ S bi`�iB}+�iBQM �b bi�#H2-
mMbi�#H2 iQ /Qm#H2 /BzmbBQM Ua6 Q` .* K2+?�MBbKV Q` +QMp2+iBp2Hv mMbi�#H2- Bb ;Bp2M 

#v, 
β ∂S 

Rρ 
∗ = 

α∂
∂ 
T
z . UjXRRV 

∂z 

AM i?2 T`2b2Mi +QM};m`�iBQM rBi? +QH/- 7`2b? r�i2` Qp2`HvBM; r�`K- b�Hiv r�i2` i?2 /2MbBiv 
∗`�iBQ Bb TQbBiBp2- rBi? 0 < Rρ < 1 +Q``2bTQM/BM; iQ � ;`�pBi�iBQM�HHv mMbi�#H2 /2MbBiv 

∗;`�/B2Mi �M/ Rρ 1 +Q``2bTQM/BM; iQ T �M/ S ;`�/B2Mib i?�i K�v #2 .* mMbi�#H2X 
∗GBM2�` bi�#BHBiv �M�HvbBb ;Bp2b � +`BiB+�H /2MbBiv `�iBQ UR V #2HQr r?B+? .* b?QmH/ ρcrit 

∗bTQMi�M2QmbHv Q++m`- r?2`2 R /2T2M/b QM i?2 S`�M/iH MmK#2` UPrV �M/ i?2 `�iBQ Q7 ρcrit 
∗i?2`K�H iQ b�HBM2 /BzmbBpBiv �b R = (Pr  + 1)/(Pr  + κS /κT ) U_�/FQ- kyRjVX "�b2/ρcrit 

∗QM Qm` KQ/2H T�`�K2i2`b R = 1.07X h?2 BMBiB�H T �M/ S ;`�/B2Mib T`QpB/2 � Km+? ρcrit 
∗H�`;2` /2MbBiv `�iBQ URρ = 8.6V- /2KQMbi`�iBM; i?�i #QmM/�`v ~mt2b /m2 iQ K2HiBM; �`2 

∗M22/2/ 7Q` .* iQ Q++m` �i i?2b2 +QM/BiBQMbX 6B;X jXe b?Qrb Rρ 7Q` `mM j �i i?`22 iBK2 
BMi2`p�Hb Qp2` i?2 +Qm`b2 Q7 i?2 bBKmH�iBQMX AM �HH BMbi�M+2b i?2 /2MbBiv `�iBQ Bb 2ti`2K2Hv 

∗?B;? URρ ∼ 100V �i i?2 BMi2`7�+2- BM/B+�iBM; i?2 /QKBM�M+2 Q7 b�HBMBiv bi`�iB}+�iBQM BM 
∗i?2 M2�`@B+2 `2;BQMX "2M2�i? i?Bb bi�#H2 `2;BQM i?2 .* BMbi�#BHBiv +`Bi2`BQM URρ < 1.07V Bb 

∗K2iX 6m`i?2`KQ`2- Rρ 2Mi2`b i?2 +QMp2+iBp2Hv mMbi�#H2 T�`�K2i2` bT�+2- +QMbBbi2Mi rBi? 

i?2 K2+?�MBbK T`2b2Mi2/ BM 6B;X jX9 BM r?B+? � bi�#H2 `2;BQM Bb #QmM/2/ 7`QK #2HQr 
∗#v �M mMbi�#H2 /2MbBiv #QmM/�`v H�v2`X AMi2`2biBM;Hv- i?2 TQBMi �i r?B+? Rρ K22ib i?2 

HBM2�` .* bi�#BHBiv +`Bi2`BQM KQp2b /22T2` BM i?2 r�i2` +QHmKM Qp2` i?2 +Qm`b2 Q7 i?2 
bBKmH�iBQMX �i t = 70 ? i?2 BMbi�#BHBiv +`Bi2`BQM Bb MQ HQM;2` K2i BM i?2 mTT2` T�`i Q7 i?2 
KBt2/ H�v2`- ?Qr2p2`- Bi Bb K2i 2Bi?2` bB/2 Q7 i?2 Tv+MQ+HBM2 b2T�`�iBM; GR �M/ GkX q2 
rBHH b22 BM i?2 7QHHQrBM; b2+iBQM i?�i i?Bb Bb BM/B+�iBp2 i?�i .* Bb MQ HQM;2` �+iBp2 �i i?2 
B+2@Q+2�M BMi2`7�+2- #mi T2`bBbib �i i?2 BMi2`7�+2 #2ir22M GR �M/ GkX AM 2tT2`BK2Mi�H �M/ 

Q#b2`p�iBQM�H b2iiBM;b i?2 /2MbBiv `�iBQ Bb Q7i2M 2p�Hm�i2/ mbBM; i?2 /Bz2`2M+2 BM T − S 

T`QT2`iB2b #2ir22M irQ +QMb2+miBp2 H�v2`bX 1p�Hm�i2/ BM i?Bb K�MM2`- i?2 /2MbBiv `�iBQ 

#2ir22M GR �M/ Gk �i t = 70 ? Bb RXeX 

h?2 T`2b2M+2 �M/ bi`2M;i? Q7 ..* +�M #2 #2ii2` [m�MiB}2/ mbBM; i?2 TH�M2@�p2`�;2/ 

#mQv�M+v ~mt U#mQv�M+v T`Q/m+iBQMV B = gα⟨w ′ T ′ ⟩ − gβ⟨w ′ S ′ ⟩X h?2 #mQv�M+v ~mt 

�bbQ+B�i2/ rBi? ..* Bb TQbBiBp2- +Q``2bTQM/BM; iQ #mQv�M+v �b � bQm`+2 Q7 im`#mH2Mi 2/@ 
/B2bX L2;�iBp2 B +Q``2bTQM/b iQ #mQv�M+v �b � bBMF Q7 im`#mH2Mi FBM2iB+ 2M2`;v UhE1V-
ivTB+�H Q7 � bi`�iB}2/ ~Qr BM r?B+? K2�M b?2�` Bb i?2 T`BK�`v K2+?�MBbK 7Q` ;2M2`�i@ 

eN 



(a) 0 

E2 

"-I I I 
4 -le-10 oe+oo le-10 

8 Cm2 s-3) Run 3* 

(b) 0 

E 2 . ' .,, 111 " I • ~•l , , ... , 
"-I 
I 

-4e-11 0e+00 4e-ll 4 

B (m2 s-3) Run 3 

le-10 
(c) 2 

~ 

M 
I 4 Vl 

N 0 3 E 
co 3* 

1 
-2 

0 20 40 60 80 100 

t (h) 

jXjX _1alGha 

6B;m`2 jXd, SH�M2@�p2`�;2/ #mQv�M+v ~mt B �b � 7mM+iBQM Q7 /2Ti? �M/ iBK2 7Q` U�V `mM 
j∗ UU0 = 1.4 +K b−1- T0 

∗ = 0.375 ◦*V �M/ U#V `mM j UU0 = 1.4 +K b−1- T0 
∗ = 0.175 ◦*VX 

U+V iBK2@b2`B2b Q7 B �i � /2Ti? Q7 z4@yXk KX 

dy 



jXjX _1alGha 

BM; im`#mH2Mi 2//B2b U7Q` � 7mHH 2tTH�M�iBQM �M/ #`2�F/QrM Q7 i?2 hE1 #m/;2i b22 aA 
�TT2M/Bt *VX AM bim/B2b Q7 ~Qrb bm#D2+i iQ #Qi? ..* �M/ b?2�` BMbi�#BHBiv- i?2 bB;M Q7 
B /2i2`KBM2b r?B+? KBtBM; T`Q+2bb Bb /QKBM�Mi q2HHb �M/ :`B{i?b UkyyjVc aKvi? �M/ 

EBKm`� UkyRRVX "mQv�M+v ~mt Bb THQii2/ Qp2` /2Ti? �M/ iBK2 BM 6B;X jXd�X 6Q` `mM j -
B Bb TQbBiBp2- /2KQMbi`�iBM; i?�i .* Bb �+iBp2 #2M2�i? i?2 K2HiBM; B+2X AMBiB�HHv B Bb 
H�`;2- #mi /2+`2�b2b BM bi`2M;i? Qp2` i?2 +Qm`b2 Q7 i?2 bBKmH�iBQMX 6Q` `mM j- r?B+? Bb 
bm#D2+i iQ i?2 b�K2 +m``2Mi 7Q`+BM; UU0 = 1.4 +K b−1V #mi HQr2` i?2`K�H 7Q`+BM; i?�M 

`mM j - i?2 #mQv�M+v ~mt Bb BMBiB�HHv TQbBiBp2 #mi +?�M;2b bB;M /m`BM; i?2 bBKmH�iBQM 

U6B;X jXd#VX h?2 BMBiB�H ;`Qri? Q7 i?2 KBt2/ H�v2` +QBM+B/2b rBi? � T2`BQ/ Q7 TQbBiBp2 
#mQv�M+v ~mt- ?Qr2p2` B #2+QK2b T2`bBbi2MiHv M2;�iBp2 �7i2` t = 50  ?- BM/B+�iBM; � 

i`�MbBiBQM iQ b?2�`@/QKBM�i2/ KBtBM;X LQi�#Hv- BM `mM j i?2 Tv+MQ+HBM2 �i i?2 #�b2 Q7 
GR Bb biBHH �bbQ+B�i2/ rBi? � TQbBiBp2 #mQv�M+v ~mtX .2bTBi2 b?2�`@;2M2`�i2/ im`#mH2M+2 
/QKBM�iBM; KBtBM; M2�` i?2 B+2@Q+2�M BMi2`7�+2- .* Bb biBHH �+iBp2 BM i?2 H�v2`b #2HQrX 

h?2 2z2+i Q7 p�`vBM; U0 �M/ T0 QM i?2 2K2`;2M+2 �M/ T2`bBbi2M+2 Q7 .* Bb ?B;?HB;?i2/ BM 

6B;X jXd r?B+? +QKT�`2b B �i � /2Ti? Q7 z = −0.2 K- QmibB/2 i?2 /BzmbBp2 bm#H�v2`X 6Q` 
`mMb R- k �M/ j∗- B Bb TQbBiBp2 7Q` i?2 /m`�iBQM Q7 i?2 bBKmH�iBQMX 6Q` `mMb j �M/ 9- B 

+?�M;2b bB;M Qp2` i?2 Ryy ? bBKmH�iBQM T2`BQ/ BM/B+�iBM; � i`�MbBiBQM 7`QK .*@/QKBM�i2/ 

iQ b?2�`@/QKBM�i2/ KBtBM;X h?mb- �i }t2/ Q+2�M i2KT2`�im`2- BM+`2�bBM; i?2 7`22 bi`2�K 

p2HQ+Biv `2bmHib BM � KQ`2 `�TB/ i`�MbBiBQM 7`QK .*@ iQ b?2�`@/QKBM�i2/ KBtBM;X �i }t2/ 

7`22 bi`2�K p2HQ+Biv- BM+`2�bBM; Q+2�M i2KT2`�im`2 +�mb2b .* iQ /QKBM�i2 KBtBM; 7Q` � 

HQM;2` T2`BQ/X 

h?2 `2H�iBp2 +QMi`B#miBQMb Q7 T �M/ S iQ #mQv�M+v T`Q/m+iBQM B �`2 7m`i?2` #`QF2M 

/QrM �b � 7mM+iBQM Q7 /2Ti? 7Q` `mM j∗ BM 6B;X jX3X h?2 /BzmbBp2 +QMi`B#miBQM Bdiff = 

g(−ακT (∂T/∂z)+βκS (∂S/∂z)) Bb �HbQ b?QrMX 6B;X jX3 +H2�`Hv BHHmbi`�i2b i?2 T`2b2M+2 Q7 � 

/BzmbBp2 bm#H�v2`- rBi?BM r?B+? KQH2+mH�` /BzmbBQM /QKBM�i2b i`�MbTQ`i �M/ � im`#mH2Mi 
KBt2/ H�v2` #2HQrX .m2 iQ i?2 +QM};m`�iBQM Q7 i?2 T`Q#H2K U+QH/- 7`2b? r�i2` Qp2` r�`K-
b�Hiv r�i2`V- i?2 i2KT2`�im`2 +QMi`B#miBQM iQ #mQv�M+v Bb �Hr�vb /2bi�#BHBbBM;- r?BH2 i?2 
b�HBMBiv +QMi`B#miBQM Bb �Hr�vb bi�#BHBbBM;X AM i?2 /BzmbBp2 bm#H�v2`- i?2 2z2+i Q7 b�HBMBiv 

/QKBM�i2b �M/ i?2 #mQv�M+v ~mt Bb bi�#BHBbBM; Qp2`�HH UBdiff < 0V- r?BH2 BM i?2 KBt2/ 

H�v2` i?2 i?2`K�H +QMi`B#miBQM Bb H�`;2` �M/ i?2 #mQv�M+v ~mt Bb TQbBiBp2 UB > 0VX h?2 
/BzmbBp2 �M/ im`#mH2Mi #mQv�M+v ~mt +QMi`B#miBQMb 7`QK ?2�i �`2 +HQb2 BM K�;MBim/2-
BM/B+�iBM; i?�i i?2 KQH2+mH�` /BzmbBQM Q7 ?2�i �i i?2 BMi2`7�+2 Bb BM �TT`QtBK�i2 #�H�M+2 
rBi? im`#mH2Mi ?2�i i`�MbTQ`i BM i?2 KBt2/ H�v2`X >Qr2p2`- i?Bb Bb MQi i`m2 7Q` i?2 b�Hi 
~mt- r?B+? Bb Km+? ?B;?2` BM i?2 /BzmbBp2 bm#H�v2` i?�M i?2 KBt2/ H�v2`X h?Bb BK#�H�M+2 

dR 
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6B;m`2 jX3, h?2 +QMi`B#miBQMb Q7 ?2�i �M/ b�Hi iQ i?2 #mQv�M+v ~mt �i t = 50 ? 7Q` `mM 
j∗X "Qi? /BzmbBp2 �M/ im`#mH2Mi +QMi`B#miBQMb �`2 THQii2/X >Q`BxQMi�H /Qii2/ HBM2b b?Qr 
i?2 i?2`K�H �M/ b�HBM2 /BzmbBp2 bm#H�v2` b+�H2b ;Bp2M BM 1[X jXRkX 

BM/B+�i2b i?2 �++mKmH�iBQM Q7 b�Hi �i i?2 2/;2 Q7 i?2 /BzmbBp2 bm#H�v2`- �HHQrBM; Bi iQ ;`Qr 

BM iBK2 UqQ`bi2`- kyy9V- �b ?�b #22M Q#b2`p2/ BM .La Q7 K2HiBM; BM [mB2b+2Mi +QM/BiBQMb 
UE2BixH 2i �HX- kyRe#VX h?Bb `2bmHi ?�b BKTQ`i�Mi BKTHB+�iBQMb 7Q` Q#b2`p�iBQM�H bim/B2b Q7 
i?2 B+2@Q+2�M #QmM/�`v H�v2`- �b i?2 �bbmKTiBQM Q7 � #�H�M+2 #2ir22M im`#mH2Mi ~mt2b 
BM i?2 KBt2/ H�v2` �M/ /BzmbBp2 ~mt2b �i i?2 BMi2`7�+2 Bb +QKKQMHv K�/2 UaB`2p��;-
kyyNVX >2`2 r2 Q#b2`p2 i?�i i?2 /BzmbBp2 �M/ im`#mH2Mi b�Hi ~mt2b /Bz2` #v �M Q`/2` 
Q7 K�;MBim/2X *QMb2[m2MiHv i?2 im`#mH2Mi b�Hi ~mt +�MMQi #2 mb2/ �b � T`Qtv 7Q` i?2 
BMi2`7�+B�H b�Hi ~mt i?�i `2;mH�i2b K2HiBM;X 

jXjXk 6`B+iBQM p2HQ+Biv �M/ /`�; +Q2{+B2Mi 

∗S�`�K2i2`Bb�iBQMb Q7 B+2@Q+2�M BMi2`�+iBQMb ivTB+�HHv /2T2M/ QM i?2 7`B+iBQM p2HQ+Biv u 
∗UC2MFBMb- RNNRc >QHH�M/ �M/ C2MFBMb- RNNNc J+S?22- kyy3VX >Qr2p2`- u Bb MQi `2bQHp2/ 

BM _�La KQ/2Hb �M/ Bb BMbi2�/ 2biBK�i2/ �b � 7mM+iBQM Q7 i?2 7`22 bi`2�K p2HQ+Biv U0 

�M/ /`�; +Q2{+B2Mi CdX h?2`2 ?�p2 #22M 72r QTTQ`imMBiB2b iQ +QMbi`�BM Cd #2M2�i? �M 

B+2 b?2H7- �Hi?Qm;? Bi Bb 2tT2+i2/ iQ p�`v rBi? i?2 KQ`T?QHQ;v �M/ ǳ`Qm;?M2bbǴ Q7 i?2 B+2 
#�b2 U:rvi?2` 2i �HX- kyR8V �b r2HH �b i?2 bi`�iB}+�iBQM UJ2HHQ` 2i �HX- RN3eVX q2 }M/ i?�i 
i?2 M2�`@B+2 bi`�iB}+�iBQM +`2�i2/ #v K2Hir�i2` �+ib iQ /2+`2�b2 /`�; �i i?2 B+2@Q+2�M 

dk 
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BMi2`7�+2X AM Qm` 2tT2`BK2Mib- u ∗ BM+`2�b2b rBi? i?2 bi`2M;i? Q7 i?2 7�`@}2H/ +m``2Mi Uh�#H2 
RVX 1tT2`BK2Mib rBi? � 7�`@}2H/ +m``2Mi Uk- j- j∗- 9V �`2 BMBiB�HBb2/ rBi? � 7mHHv im`#mH2Mi-
M2mi`�H UmMbi`�iB}2/V 1FK�M #QmM/�`v H�v2`X h?2b2 bTBM@mT 2tT2`BK2Mib ?�p2 bi2�/v 
∗ u rBi? /`�; +Q2{+B2Mib BM i?2 `�M;2 Cd = 0.0022Ĝ0.0034- r?2`2 i?2 /`�; +Q2{+B2Mi Bb 

∗/2}M2/ #v u = Cd 
1/2U0X �i  t = 0  ?- i?2 7�`@}2H/ bi`�iB}+�iBQM �M/ K2HiBM; #QmM/�`v 

+QM/BiBQM �`2 �TTHB2/X AM `2bTQMb2- #Qi? i?2 7`B+iBQM p2HQ+Biv �M/ /`�; +Q2{+B2Mi /2+`2�b2-
�M 2z2+i i?�i Bb b22M �+`Qbb �HH 2tT2`BK2MibX �p2`�;2/ Qp2` i?2 T2`BQ/ 8yĜRyy ? i?2 M2r 

/`�; +Q2{+B2Mib �`2 BM i?2 `�M;2 Cd = 0.0009Ĝ0.0023X h?Bb #2?�pBQm` Bb +QMbBbi2Mi rBi? 

T`2pBQmb G1a KQ/2HHBM; `2bmHib- r?B+? b?Qr � K�`F2/ /2+`2�b2 BM i?2 /`�; +Q2{+B2Mi �b 
i?2`K�H /`BpBM; BM+`2�b2b- 7Q` }t2/ 7`B+iBQM p2HQ+Biv Uo`2m;/2M?BH �M/ h�vHQ`- kyRNVX h?Bb 
`2bmHi BM/B+�i2b i?�i �TTHvBM; � /`�; +Q2{+B2Mi �TT`QT`B�i2 7Q` � M2mi`�H UmMbi`�iB}2/V 
#QmM/�`v H�v2` rBHH i2M/ iQ Qp2`2biBK�i2 u ∗ BM �`2�b r?2`2 K2HiBM; +`2�i2b bi`QM; M2�`@B+2 
bi`�iB}+�iBQM- bm+? �b i?2 .* `2;BK2 /2b+`B#2/ ?2`2X 

jXjXj J2HiBM; 

>2`2 r2 BMp2biB;�i2 i?2 2z2+i Q7 Q+2�M i2KT2`�im`2 �M/ +m``2Mi b?2�` QM i?2 K2Hi `�i2 
UmV �M/ /Bb+mbb i?2 i2KTQ`�H 2pQHmiBQM Q7 K2HiBM;X hrQ F2v `2bmHib 2K2`;2 7`QK 6B;X 
jXN�- r?B+? b?Qrb i?2 K2Hi `�i2 �b � 7mM+iBQM Q7 iBK2X 6B`biHv- 2tT2`BK2Mib rBi? i?2 
b�K2 i?2`K�H /`BpBM; U2X;X R- k- j �M/ 9 rBi? T0 

∗ = 0.175 ◦*V ?�p2 2ti`2K2Hv bBKBH�` 
K2Hi `�i2bc i?2`2 Bb MQ +H2�` BM~m2M+2 7`QK BM+`2�bBM; 7`B+iBQM p2HQ+BivX a2+QM/Hv- m /Q2b 
MQi `2�+? � bi2�/v p�Hm2 Qp2` i?2 bBKmH�iBQM T2`BQ/X q2 rBHH b?Qr i?�i i?2 BM?2`2Mi 
iBK2@/2T2M/2M+2 Q7 m +�M #2 mM/2`biQQ/ �b � +QMb2[m2M+2 Q7 i?2 +QMiBMmQmbHv ;`QrBM; 

b�HBM2 /BzmbBp2 bm#H�v2`X 

*QMi`QHb QM K2HiBM; 

J2HiBM; Bb T`QTQ`iBQM�H iQ i?2 /BzmbBp2 ?2�i �M/ b�Hi ~mt2b �i i?2 B+2@Q+2�M BMi2`7�+2 m ∼ 

(∂T/∂z)b ∼ (∂S/∂z)b U1[bX jXN � jXRyVX 6Q` � ;Bp2M i2KT2`�im`2 Q` b�HBMBiv /Bz2`2M+2 
#2ir22M i?2 BMi2`7�+2 �M/ KBt2/ H�v2`- i?2 BMi2`7�+B�H ~mt2b rBHH #2 BMp2`b2Hv T`QTQ`iBQM�H 
iQ i?2 /BzmbBp2 bm#H�v2` i?B+FM2bb- �bbmKBM; HBM2�` T �M/ S T`Q}H2b �+`Qbb i?2 /BzmbBp2 
bm#H�v2`X J�FBM; i?Bb �bbmKTiBQM- r2 /2}M2 /BzmbBp2 bm#H�v2` b+�H2b- �M�HQ;Qmb iQ i?2 
ǳ;`�/B2Mi i?B+FM2bbǴ /2}M2/ BM :�/2 URNNjV- 7Q` i2KT2`�im`2 UδT V �M/ b�HBMBiv UδSV �b, 

TML  − TbδT ≡ ,∂T 

SML  − SbδS ≡ ∂S UjXRkV 
∂z b ∂z b 

dj 
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r?2`2 i?2 bm#b+`BTib b �M/ ML  /2MQi2 i?2 BMi2`7�+2 �M/ KBt2/ H�v2` p�Hm2b `2bT2+iBp2HvX 
6B;X jX3 b?Qrb i?�i δT �M/ δS �++m`�i2Hv `2T`2b2Mi i?2 i?B+FM2bb Q7 i?2 /BzmbBp2 bm#H�v2` 
7Q` ?2�i �M/ b�Hi `2bT2+iBp2Hv- �Hi?Qm;? i?2 �bbmKTiBQM Q7 � HBM2�` ;`�/B2Mi Bb H2bb `Q#mbi 
7Q` b�Hi i?�M ?2�iX L2p2`i?2H2bb- δT �M/ δS +�M #2 mb2/ iQ K2�bm`2 i?2 /BzmbBp2 bm#H�v2` 
i?B+FM2bb 7Q` 2�+? b+�H�`X 

6Q` �HH 2tT2`BK2Mib- δT �M/ δS �`2 Q#b2`p2/ iQ BM+`2�b2 rBi? iBK2 T`QTQ`iBQM�H iQ t1/2 

U6B;X jXN#VX h?2 b�HBMBiv /BzmbBp2 bm#H�v2` i?B+FM2bb- δS - Bb r2HH �TT`QtBK�i2/ #v b�HBMBiv 

/BzmbBQM H2M;i?b+�H2 hS = (4κS t)1/2 UJ�`iBM �M/ E�mzK�M- RNddVX >Qr2p2`- δT Bb Km+? 

bK�HH2` i?�M i?2 �M�HQ;Qmb b+�H2 BM i2KT2`�im`2 hT = (4κT t)1/2X h?Bb Bb #2+�mb2 δT Bb 
HBKBi2/ #v i?2 +QMp2+iBp2 Qp2`im`MBM; Q7 i?2 /2MbBiv #QmM/�`v H�v2` U6B;X jX9VX h?2 
Q#b2`p�iBQM i?�i δS ;`Qrb rBi? i?2 b�HBMBiv /BzmbBQM b+�H2 hS Bb bB;MB}+�Mi #2+�mb2 Bi 
BM/B+�i2b i?�i b�Hi Bb MQi #2BM; `2KQp2/ Q` ǳb+Qm`2/Ǵ #v i?2 +QMp2+iBp2 Qp2`im`Mb �bbQ+B@ 
�i2/ rBi? i?2 mMbi�#H2 /2MbBiv #QmM/�`v H�v2`X h?Bb #2?�pBQm` Bb �M�HQ;Qmb iQ i?2 ?B;? 

/2MbBiv `�iBQ URρ 
∗ > (κS /κT )−1/2 ∼ 10V `mM 7Q` i?2 /BzmbBp2 BMi2`7�+2 #2ir22M irQ .* 

H�v2`b UL2r2HH- RN39c qQ`bi2`- kyy9V- �+`Qbb r?B+? ?2�i �M/ b�Hi ~mt2b �`2 BM?2`2MiHv 

iBK2@/2T2M/2MiX 

q?BH2 i?2 /2T2M/2M+2 Bb r2�F- BM+`2�bBM; 7`B+iBQM p2HQ+Biv /Q2b �z2+i i?2 K2Hi `�i2 #v 

/2+`2�bBM; i?2 i?2`K�H /BzmbBp2 bm#H�v2` i?B+FM2bbX h?Bb K2+?�MBbK Bb /2KQMbi`�i2/ 

#v i?2 M2�`@B+2 i2KT2`�im`2 T`Q}H2b 7Q` `mMb R �M/ j U6B;X jXN+VX AM `mM R- rBi? MQ 

K2�M ~Qr- i?2 i?2`K�H /BzmbBp2 bm#H�v2` i?B+FM2bb Bb bQH2Hv b2i #v .*X AM `mM j- rBi? 

U0 = 1.4 +K b−1- i?2 �//BiBQM Q7 b?2�` ;2M2`�i2/ im`#mH2M+2 �+ib iQ i?BM i?2 i?2`K�H 
/BzmbBp2 bm#H�v2` `2H�iBp2 iQ `mM R U6B;X jXN+VX >Qr2p2`- i?2 2z2+i Q7 b?2�` QM δT - �M/ 

+Q``2bTQM/BM;Hv QM m- Bb `2H�iBp2Hv KBMQ` Qp2` i?2 `�M;2 Q7 +QM/BiBQMb bBKmH�i2/ ?2`2 
Uh�#H2 jXkVX 6B;X jXN/ b?Qrb i?2 /BzmbBp2 bm#H�v2` i?B+FM2bb `�iBQ δT /δS �b � 7mM+iBQM 

Q7 7`B+iBQM p2HQ+Biv 7Q` �HH 2tT2`BK2MibX �Hi?Qm;? i?2 /BzmbBp2 #QmM/�`v H�v2` i?B+FM2bb 
/Q2b MQi `2�+? bi2�/v bi�i2- i?2 `�iBQ δT /δS p�`B2b 2ti`2K2Hv bHQrHv Qp2` i?2 BMi2`p�H 
100 < t <  200 ? U`mM R QMHvVX �i t = 100  ?- δT /δS `�M;2b 7`QK kX8 U`mM 9V iQ jXk U`mM 

RV- �M/ /2+`2�b2b rBi? BM+`2�bBM; u ∗X h?2b2 p�Hm2b Q7 i?2 #QmM/�`v i?B+FM2bb `�iBQ �`2 
+QMbBbi2Mi rBi? T`2pBQmb 2tT2`BK2Mi�H- MmK2`B+�H �M/ }2H/ 2biBK�i2b Q7 kXj U:�/2- RNNjV-
RXN UE2BixH 2i �HX- kyRe#V �M/ jXj UaB`2p��;- kyyN- `2TQ`i2/ δT /δS ∼ Le/33- r?B+? Bb 2[m�H 
iQ δT /δS ∼ 3.3 �i i?2 G2rBb MmK#2` Le = 110  Q7 Qm` 2tT2`BK2MibVX 

d9 
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(a) 

(b) 

(c) (d) 

6B;m`2 jXN, J2HiBM; �M/ /BzmbBQM �i i?2 B+2@Q+2�M BMi2`7�+2X U�V h2KTQ`�H 2pQHmiBQM 
Q7 K2Hi `�i2 m �M/ U#V b+�H�` /BzmbBp2 bm#H�v2` i?B+FM2bb2b δT UbQHB/ HBM2bV �M/ δS 

U/�b?2/ HBM2bV 7Q` �HH 2tT2`BK2MibX �HbQ THQii2/ �`2 i2KT2`�im`2 /BzmbBQM H2M;i?b+�H2 
hT = (4κT t)1/2 UbQHB/ ;`2v HBM2V �M/ b�HBMBiv /BzmbBQM H2M;i?b+�H2 hS = (4κSt)1/2 U/�b?2/ 
;`2v HBM2VX U+V S`Q}H2b Q7 M2�`@B+2 i2KT2`�im`2 �M/ b�HBMBiv- b+�H2/ �b (T −Tb)/(TML  −Tb) 
�M/ (S −Sb)/(SML−Sb) 7Q` 2tT2`BK2Mib R �M/ j �i t = 100 ?X AM `mM R im`#mH2M+2 Bb ;2M@ 
2`�i2/ #v +QMp2+iBQM QMHv r?2`2�b BM `mM j- b?2�` ;2M2`�i2/ im`#mH2M+2 Bb �HbQ T`2b2Mi-
`2bmHiBM; BM � i?BMM2` i?2`K�H /BzmbBp2 bm#H�v2`X U/V .BzmbBp2 bm#H�v2` i?B+FM2bb `�iBQ 
�b � 7mM+iBQM Q7 7`B+iBQM p2HQ+Biv �i t = 50 ? UT�H2 +B`+H2bV- t = 100 ? U#QH/ +B`+H2bV �M/ 
t = 200 ? Ub[m�`2- `mM R QMHvVX GBM2b b?Qr T`2pBQmb 2biBK�i2b Q7 δT/δS 7`QK :�/2 URNNjV 
U/�b?2/V- E2BixH 2i �HX UkyRe#V U/Qi@/�b?2/V �M/ aB`2p��; UkyyNV U/Qii2/VX 

*QKT�`BbQM rBi? Q#b2`p�iBQMb 

Pm` bBKmH�i2/ K2Hi `�i2b �`2 +QMbBbi2Mi rBi? K2Hi `�i2b Q#b2`p2/ #2M2�i? i?2 _Qbb A+2 
a?2H7 �i bBKBH�` +QM/BiBQMbX 6B;X jXRy bBim�i2b Qm` `2bmHib BM i2`Kb Q7 7`B+iBQM p2HQ+Biv 

d8 
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∗ u �M/ i?2`K�H /`BpBM; T ∗ ≡ TML  − Tf (SML, pb)- r?2`2 Tf (SML, pb) Bb i?2 7`22xBM; 

i2KT2`�im`2 �i KBt2/ H�v2` b�HBMBiv �M/ BMi2`7�+2 T`2bbm`2 pbX LQi2 i?�i r?BH2 +�b2b R- k-
j �M/ 9 r2`2 �HH BMBiB�HBb2/ rBi? i?2 b�K2 i2KT2`�im`2 T`Q}H2- i?2v ?�p2 2pQHp2/ iQ ?�p2 
/Bz2`2Mi T ∗ Qp2` i?2 +Qm`b2 Q7 i?2 2tT2`BK2MiX �p2`�;2/ Qp2` 8yĜRyy ?- i?2 bBKmH�i2/ 

∗K2Hi `�i2b /2T2M/ bi`QM;Hv QM T ∗- #mi ?�p2 QMHv � r2�F /2T2M/2M+2 QM u U6B;X jXRyVX 
6B;X jXRy THQib bBKmH�i2/ K2Hi `�i2b �HQM;bB/2 /�i� 7`QK #2M2�i? i?2 _Qbb A+2 a?2H7-
b?QrBM; i?�i i?2 irQ �`2 +QMbBbi2Mi �i bBKBH�` +QM/BiBQMbX h?2 i?2`KQ?�HBM2 bi`m+im`2 
BM Qm` bBKmH�iBQMb Bb �HbQ +QMbBbi2Mi rBi? Q#b2`p�iBQMb #2M2�i? i?2 _Aa- r?B+? b?Qr � 

b2`B2b Q7 r2HH KBt2/ H�v2`b b2T�`�i2/ #v bi`QM; ;`�/B2Mib BM T �M/ S U"2;2K�M 2i �HX-
kyR3VX GBKBi�iBQMb Q7 i?2 _Aa /�i�- bm+? �b +QMi�KBM�iBQM Q7 i?2 mTT2` r�i2` +QHmKM 

T`QT2`iB2b #v i?2 #Q`2?QH2 QT2MBM; �M/ TQbbB#H2 BMbi`mK2Mi MQBb2- T`2+Hm/2/ i?2 �mi?Q`b 
7`QK +QMpBM+BM;Hv �ii`B#miBM; i?2 r�i2` +QHmKM bi`m+im`2 iQ .* U"2;2K�M 2i �HX- kyR3VX 
>Qr2p2`- r2 bm;;2bi i?�i i?2 .* KBtBM; Q#b2`p2/ BM Qm` bBKmH�iBQMb Ĝ�i +QM/BiBQMb 
i?�i +HQb2Hv KB``Q` i?Qb2 Q7 i?2 _AaĜ BM/B+�i2b i?�i .* Bb HBF2Hv +QMi`B#miBM; iQ KBtBM; 

#2M2�i? i?2 _Aa bQK2 Q7 i?2 iBK2X 

q?BH2 i?2 bBKmH�i2/ K2Hi `�i2b �`2 +QMbBbi2Mi rBi? i?2 Q#b2`p2/ K2Hi `�i2 #2M2�i? i?2 
_Aa- i?2v �`2 M2�`Hv �M Q`/2` Q7 K�;MBim/2 HQr2` i?�M K2Hi `�i2b T`2/B+i2/ #v i?2 
+QKKQMHv mb2/- +m``2Mi@p2HQ+Biv /2T2M/2Mi i?`22@2[m�iBQM T�`�K2i2`Bb�iBQM UC2MFBMb 
2i �HX- kyRy#V U6B;X jXRy- BMb2iVX 6Q` 2t�KTH2- 7Q` `mM j i?2 bBKmH�i2/ K2Hi `�i2 �p2`�;2/ 

Qp2` 8yĜRyy ? Bb yXy98 K v`−1- r?BH2 i?2 i?`22@2[m�iBQM T�`�K2i2`Bb�iBQM T`2/B+ib � K2Hi 
`�i2 Q7 yXj3 K v`−1 �i i?2 b�K2 +QM/BiBQMbX �M BKTQ`i�Mi HBKBi�iBQM Q7 i?2b2 +QKT�`BbQMb 
Bb i?�i iBK2@/2T2M/2Mi K2Hi `�i2b r2`2 Q#b2`p2/ BM Qm` bBKmH�iBQMb- �M/ +QMb2[m2MiHv 

i?2 �p2`�;2 K2Hi `�i2 p�Hm2b `2TQ`i2/ ?2`2 �`2 bm#D2+i iQ i?2 +?QB+2 Q7 �p2`�;BM; T2`BQ/X 
6Q` 2t�KTH2- r2`2 r2 iQ +QMbB/2` i?2 iBK2 BMi2`p�H 8ĜR8 ?- i?2 bBKmH�i2/ K2Hi `�i2 7Q` 
`mM j Bb yXRk K v`−1- r?BH2 i?2 i?`22 2[m�iBQM T�`�K2i2`Bb�iBQM T`2/B+ib yX9d K v`−1X 
q2 /Q MQi +QMbB/2` i?2 `�TB/ i`�MbBiBQM�H T2`BQ/ t 5 ?- �b i?2 /BzmbBp2 bm#H�v2` Bb biBHH 
#2BM; 2bi�#HBb?2/ �i i?Bb iBK2X 

jX9 .Bb+mbbBQM 

h?2 T`BK�`v Q#D2+iBp2 Q7 i?Bb rQ`F r�b iQ BMp2biB;�i2 i?2 `QH2 i?�i .* TH�vb BM i?2 #�b�H 
K2HiBM; Q7 B+2 b?2Hp2b #v T2`7Q`KBM; bBKmH�iBQMb Q7 i?2 B+2@b?2H7 Q+2�M #QmM/�`v H�v2` 
mbBM; ?B;? `2bQHmiBQM G1aX h?2b2 bBKmH�iBQMb r2`2 i�`;2i2/ �i `2H�iBp2Hv r�`K- [mB2b+2Mi 
2MpB`QMK2Mib r?2`2 2tBbiBM; T�`�K2i2`Bb�iBQMb �`2 FMQrM iQ T2`7Q`K TQQ`HvX q2 ?�p2 

de 



0.4 
0.4 

. 0.3 

[ 0.3 0.2 0.10 
000 

0.1 □ 
u 0.0 

0.08 '[ 
>, 

0.2 0.00 0.05 .s . 
ooo f-. 0 .06 E 

0.1 -=::.o----- 0.04 

0 .0 
0.00 0.05 0.10 0.15 

u * (cm s- 1 ) 

jX9X .Aa*laaAPL 

∗ ∗6B;m`2 jXRy, J2Hi `�i2 m �b � 7mM+iBQM Q7 i?2`K�H /`BpBM; T �M/ 7`B+iBQM p2HQ+Biv u 
7`QK i?Bb bim/v U+B`+H2bV- r?2`2 �HH [m�MiBiB2b �`2 �p2`�;2/ Qp2` 50 < t < 100 ?- �M/ 7`QK 
}2H/ /�i� +QHH2+i2/ #2M2�i? i?2 _Qbb A+2 a?2H7 U"2;2K�M 2i �HX- kyR3V Ub[m�`2VX AMb2i, �b 
7Q` K�BM };m`2 rBi? K2Hi `�i2 U+QHQm`V T`2/B+i2/ #v i?2 i?`22@2[m�iBQM T�`�K2i2`Bb�iBQM 
rBi? T�`�K2i2`b `2+QKK2M/2/ BM C2MFBMb 2i �HX UkyRy#V Ua22 aR ȜjX8Xk 7Q` /2i�BHbVX LQi2 

∗/Bz2`2Mi b+�H2X 6Q` i?2 }2H/ Q#b2`p�iBQM- u Bb +�H+mH�i2/ 7`QK i?2 7`22 bi`2�K p2HQ+Biv 
∗ ∗�b u = Cd 

1/2U0 7Q` Cd = 0.0025X 1``Q` #�`b b?Qr i?2 `�M;2 Q7 u p�Hm2b Q#i�BM2/ 7`QK 
+?QQbBM; Cd = 0.01Ĝ0.001X 

∗/2KQMbi`�i2/ i?�i- �i bm{+B2MiHv r�`K UT ≥ 0.15 ◦*V �M/ HQr p2HQ+Biv UU0 ≤kXy 

+K b−1V +QM/BiBQMb- i?2 ~mt2b �bbQ+B�i2/ rBi? K2HiBM; B+2 +�M /`Bp2 .* #2M2�i? �M 

B+2 b?2H7X AM �HH bBKmH�iBQMb- TQbBiBp2 im`#mH2Mi #mQv�M+v ~mt2b UBM/B+�iBp2 Q7 .*V r2`2 
Q#b2`p2/ 7`QK i?2 QMb2i Q7 i?2 bBKmH�iBQMX AM bQK2 +�b2b- ?Qr2p2`- � i`�MbBiBQM 7`QK .*@ 
/QKBM�i2/ iQ b?2�`@/QKBM�i2/ KBtBM; r�b Q#b2`p2/ Qp2` iBK2X q?2`2 .* T2`bBbi2/ 7Q` � 

bm{+B2MiHv HQM; T2`BQ/- � /BzmbBp2 bi�B`+�b2 7Q`K2/ #2M2�i? i?2 B+2X .2bTBi2 i?Bb Q#b2`p2/ 

i`�MbBiBQM 7`QK .*@/QKBM�i2/ iQ b?2�`@/QKBM�i2/ KBtBM;- K2Hi `�i2b r2`2 bBKBH�` �+`Qbb 
∗i?2 2tT2`BK2MibX 6Q` T ≥ 0.15 ◦* �M/ U0 ≤ 2.0 +K b−1 r2 7QmM/ i?�i K2HiBM; r�b 

T`BK�`BHv +QMi`QHH2/ #v Q+2�M i2KT2`�im`2 �M/ /2T2M/b QMHv r2�FHv QM p2`iB+�H b?2�` /m2 
iQ � 7�`@}2H/ +m``2MiX �i bBKmH�i2/ +QM/BiBQMb i?2 i?2`K�H �M/ b�HBM2 /BzmbBp2 bm#H�v2`b 
�/D�+2Mi iQ i?2 B+2 r2`2 MQi +QMi`QHH2/ #v +m``2Mi b?2�`- �M/ BMbi2�/ ;`2r BM iBK2X h?2 
;`Qri? Q7 i?2b2 bm#H�v2`b r�b b?QrM iQ #2 i?2 `�i2@HBKBiBM; T`Q+2bb +QMi`QHHBM; i?2 K2Hi 
`�i2- /`BpBM; iBK2@/2T2M/2Mi ?2�i �M/ b�Hi ~mt2b iQ i?2 B+2- �M/ +QMb2[m2MiHv � iBK2@ 
/2T2M/2Mi K2Hi `�i2X h?Bb `2bmHi Bb +QmMi2` iQ i?2 �bbmKTiBQM Q7 bi2�/v@bi�i2 K2HiBM; 

dd 
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+QKKQM iQ ivTB+�H B+2@Q+2�M T�`�K2i2`Bb�iBQMb C2MFBMb 2i �HX UkyRy#Vc J+S?22 2i �HX 
URN3dVc C2MFBMb URNNRVc >QHH�M/ �M/ C2MFBMb URNNNVX AKTQ`i�MiHv- i?2 i`�MbBiBQM 7`QK 

.* iQ b?2�`@/QKBM�i2/ KBtBM; /B/ MQi +Q``2bTQM/ iQ � i`�MbBiBQM iQ b?2�`@+QMi`QHH2/ 

K2HiBM;X .2bTBi2 /QKBM�iBM; im`#mH2Mi ~mt2b rBi?BM i?2 KBt2/ H�v2`- +m``2Mi b?2�` r�b 
MQi bm{+B2MiHv bi`QM; +QMi`QH i?2 i?B+FM2bb Q7 i?2 /BzmbBp2 bm#H�v2` �M/ /`Bp2 bi2�/v-
7`B+iBQM p2HQ+Biv@/2T2M/2Mi K2HiBM;X 

h?2 i2M/2M+v 7Q` i?2 bvbi2K iQ i`�MbBiBQM 7`QK .*@/QKBM�i2/ iQ b?2�`@/QKBM�i2/ KBt@ 
BM; +�M #2 mM/2`biQQ/ BM i2`Kb Q7 +QKT2iBM; b?2�` �M/ .* T`Q+2bb2bX lM/2` HQr Q` 
r2�F bi`�iB}+�iBQM- b?2�`@;2M2`�i2/ im`#mH2M+2 Bb 2tT2+i2/ iQ KBt ?2�i �M/ b�Hi 2[m�HHv 

UBX2X i?2 2//v /BzmbBpBiB2b Q7 ?2�i �M/ b�Hi �`2 2[m�HVX h?Bb i2M/2M+v Bb �i Q//b rBi? .*-
r?B+? `2HB2b QM mM2[m�H /BzmbBQM Q7 ?2�i �M/ b�HiX 6Q` i?Bb `2�bQM- .* Bb MQi 2tT2+i2/ 

iQ +Q2tBbi rBi? bi`QM; im`#mH2M+2 U_�/FQ- kyRjVX 6Q` 2t�KTH2- BM i?2 �`+iB+- /BzmbBp2 
bi�B`+�b2b �`2 Km+? H2bb +QKKQM M2�` #QmM/�`B2b r?2`2 im`#mH2M+2 /BbbBT�iBQM Bb ?B;?2` 
Ua?B#H2v 2i �HX- kyRdVX h?2 bi`2M;i? Q7 i?2 BMi2`7�+B�H ?2�i ~mt i?�i /`Bp2b +QMp2+iBQM 

#2M2�i? i?2 B+2 BM Qm` bBKmH�iBQMb /2+`2�b2b Qp2` iBK2X *QMb2[m2MiHv- +QMp2+iBQM r2�F@ 
2Mb Qp2` iBK2- r?BH2 im`#mH2M+2 T`Q/m+iBQM 7`QK +m``2Mi b?2�` `2K�BMb bi2�/vX h?mb-
BM i?2 T`2b2M+2 Q7 � K2�M ~Qr Q` 2H2p�i2/ im`#mH2M+2 7`QK Qi?2` bQm`+2b- Bi Bb 2tT2+i2/ 

i?�i b?2�` rBHH 2p2Mim�HHv Qp2`i�F2 .* �M/ #2+QK2 i?2 /QKBM�Mi KBtBM; T`Q+2bbX h?2 
/m`�iBQM Q7 iBK2 7Q` r?B+? .* T2`bBbib rBHH /2T2M/ QM i?2 `2H�iBp2 bi`2M;i? Q7 i?2 i?2`K�H 
/`BpBM; �M/ +m``2Mi b?2�`X 

Pm` }M/BM;b ?�p2 BKTQ`i�Mi BKTHB+�iBQMb 7Q` ?Qr #�b�H K2HiBM; Q7 B+2 b?2Hp2b Bb KQ/2HH2/ 

�i +QM/BiBQMb 7�pQ`�#H2 iQ .*X hrQ Q7 Qm` F2v `2bmHib- RV i?�i i?2 K2Hi `�i2 Bb mMbi2�/v 

BM iBK2 �M/ kV i?2 K2Hi `�i2 Bb H�`;2Hv BM/2T2M/2Mi Q7 +m``2Mi bT22/- +QMi`�/B+i �bbmKT@ 
iBQMb BM +QKKQMHv mb2/ B+2@Q+2�M T�`�K2i2`Bb�iBQMb- r?B+? b2i K2Hi `�i2 �b � 7mM+iBQM 

Q7 +m``2Mi bT22/ �M/ �bbmK2 � #�H�M+2 #2ir22M KBt2/ H�v2` �M/ BMi2`7�+B�H ~mt2bX 6m`@ 
i?2`KQ`2- r2 ?�p2 /2KQMbi`�i2/ i?�i .* ?�b � mMB[m2 BM~m2M+2 QM i?2 r�i2` +QHmKM 

bi`m+im`2- b2iiBM; i?2 KBt2/ H�v2` /2Ti? �M/ T`QT2`iB2b �M/ /`BpBM; p2`iB+�H ~mt2b Q7 ?2�i 
�M/ b�Hi BM � /Bz2`2Mi K�MM2` iQ b?2�`@/`Bp2M KBtBM;X *QMb2[m2MiHv- .* K�v BM~m2M+2 
i?2 T`QT2`iB2b �M/ 2pQHmiBQM Q7 r�i2`K�bb2b #2M2�i? B+2 b?2Hp2b �M/ ?�p2 � MQM@HQ+�H 
BM~m2M+2 QM +�pBiv +B`+mH�iBQM �M/ K2HiBM;X Pm` `2bmHib bm;;2bi i?�i � M2r T�`�K2i2`B@ 
b�iBQM Bb `2[mB`2/ 7Q` i?2 .* `2;BK2 B7 r2 rBb? iQ �++m`�i2Hv KQ/2H K2Hi `�i2b BM r�`K 

�M/ `2H�iBp2Hv [mB2b+2Mi 2MpB`QMK2MibX 

� +QMbi`�BMi QM i?2 +QM+HmbBQMb /`�rM BM i?Bb bim/v Bb i?�i � bi2�/v K2Hi `�i2 Bb MQi 
�+?B2p2/ Qp2` i?2 KmHiB@/�v bBKmH�iBQMbX h?2 iBK2@/2T2M/2Mi K2Hi `�i2 Bb r2HH 2tTH�BM2/ 

d3 
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#v i?2 +QMiBMmQmbHv ;`QrBM; /BzmbBp2 bm#H�v2` �/D�+2Mi iQ i?2 B+2- Bib2H7 ;Qp2`M2/ #v b�Hi 
/BzmbBQM iQ i?2 B+2@Q+2�M BMi2`7�+2X >Qr2p2`- BM � `2�H bvbi2K- T`Q+2bb2b bm+? �b p�`B�#H2 
+m``2Mi bT22/b- 2M?�M+2/ KBtBM; /m2 iQ BMi2`7�+B�H `Qm;?M2bb �M/ MQM@HQ+�H bQm`+2b Q7 
im`#mH2M+2 bm+? �b � #`2�FBM; BMi2`M�H r�p2b K�v �+i iQ HBKBi i?2 ;`Qri? Q7- Q` BMi2`KBi@ 
i2MiHv /2bi`Qv- i?2 ?B;?Hv bi�#H2 /BzmbBp2 bm#H�v2`X AM i?2 +�b2 Q7 BMi2`KBii2Mi im`#mH2Mi 
2p2Mib- i?2 7`2[m2M+v rBi? r?B+? i?2 /BzmbBp2 bm#H�v2` �M/ i?2`KQ?�HBM2 bi�B`+�b2 �`2 
/Bbim`#2/ rBHH BM~m2M+2 i?2 K2Hi `�i2- r?B+? rBHH /Bz2` 7`QK i?2 p�Hm2b T`2b2Mi2/ BM h�#H2 
jXkX Ai Bb i?2`27Q`2 BKTQ`i�Mi i?�i 7mim`2 bim/B2b Q7 i?2 AaP"G BM i?2 .* `2;BK2 +QMbB/2` 
� rB/2 `�M;2 Q7 Q+2�M T`Q+2bb2b �M/ ?Qr i?2v BMi2`�+i rBi? i?2 ?B;?Hv bi�#H2 /BzmbBp2 
bm#H�v2` Q#b2`p2/ BM i?2 T`2b2Mi bBKmH�iBQMbX 

Pm` 2tT2`BK2Mib T`QpB/2 bi`QM; 2pB/2M+2 i?�i .* Bb +�T�#H2 Q7 /QKBM�iBM; b?2�`@+QMi`QHH2/ 

im`#mH2Mi K2HiBM; �M/ +`2�iBM; � i?2`KQ?�HBM2 bi�B`+�b2 bi`m+im`2 #2M2�i? �M B+2 b?2H7-
+QMbBbi2Mi rBi? r?�i Bb Q#b2`p2/ �i i?2 ;`QmM/BM; HBM2 Q7 i?2 _Qbb A+2 a?2H7X h?2 KQ/2`@ 
�i2Hv r�`K �M/ HQr +m``2Mi bT22/ +QM/BiBQMb BMp2biB;�i2/ BM i?Bb bim/v +QKT`Bb2 QM2 Q7 
QMHv 7Qm` ǳbm#b2ibǴ Q7 +QM/BiBQMb i?�i ?�p2 #22M Q#b2`p2/ #2M2�i? �Mi�`+iB+ B+2 b?2Hp2b, 
BV r�`K �M/ HQr p2HQ+Bivc BBV r�`K �M/ ?B;? p2HQ+Bivc BBBV +QH/ �M/ HQr p2HQ+Bivc BpV +QH/ 

�M/ ?B;? p2HQ+BivX J2HiBM; Bb 2tT2+i2/ iQ #2?�p2 /Bz2`2MiHv �i /Bz2`2Mi +QM/BiBQMbX 6Q` 
2t�KTH2- #2M2�i? i?2 6BH+?M2` _QMM2 �M/ G�`b2M * B+2 b?2Hp2b- i?2`K�H /`BpBM; Bb HQr2` 
U∼yXy8 ◦*V �M/ 7�bi iB/�H +m``2Mib U0Ĝ20 +K b−1V �`2 T`2b2MiX �i i?2b2 +QH/- ?B;? p2@ 
HQ+Biv +QM/BiBQMb i?2 7`2b?r�i2` `2H2�b2/ #v K2HiBM; /Q2b MQi bB;MB}+�MiHv BM~m2M+2 i?2 
im`#mH2Mi 2MpB`QMK2Mi �M/ 2tBbiBM; K2Hi `�i2 T�`�K2i2`Bx�iBQMb T2`7Q`K r2HH UC2MFBMb 
2i �HX- kyRy#c .�pBb �M/ LB+?QHHb- kyRNV- T`QpB/2/ i?2 /`�; +Q2{+B2Mi Bb FMQrMX >Qr@ 
2p2`- �i r�`K2` Q` KQ`2 [mB2b+2Mi +QM/BiBQMb- 2tBbiBM; T�`�K2i2`Bx�iBQMb T2`7Q`K TQQ`Hv 

UEBKm`� 2i �HX- kyR8c "2;2K�M 2i �HX- kyR3c o`2m;/2M?BH �M/ h�vHQ`- kyRNVX 

Pm` bBKmH�iBQMb i�`;2i KQ/2`�i2Hv r�`K- HQr +m``2Mi +QM/BiBQMb BM Q`/2` iQ 2t�KBM2 
K2HiBM; BM .* QMHv �M/ ǳKBt2/Ǵ `2;BK2b- r?2`2 #Qi? b?2�` �M/ .* BM~m2M+2 i?2 im`@ 
#mH2Mi i`�MbTQ`i- K2HiBM; �M/ #QmM/�`v H�v2` bi`m+im`2bX q2 bm;;2bi i?�i �i r�`K2` 
i2KT2`�im`2b U2X;X `�TB/Hv K2HiBM; ǳr�`K r�i2`Ǵ B+2 b?2Hp2b- r?B+? �`2 ivTB+�HHv +?�`@ 
�+i2`Bb2/ #v i2KT2`�im`2b PU1V ◦* �#Qp2 i?2 HQ+�H 7`22xBM; i2KT2`�im`2c ai�MiQM 2i �HX-
kyRjV .* rBHH #2+QK2 2p2M KQ`2 BKTQ`i�MiX � 7mHHv b?2�`@+QMi`QHH2/ K2HiBM; `2;BK2 
r�b MQi �+?B2p2/ BM Qm` MmK2`B+�H 2tT2`BK2Mib- r?B+? r2`2 +QM/m+i2/ �i i?2 ?B;?2bi 
+m``2Mi bT22/b TQbbB#H2- r?BHbi biBHH `2bQHpBM; #Qi? i?2 /BzmbBp2 bm#H�v2` �M/ KBt2/ H�v2` 
/vM�KB+bX 6m`i?2` rQ`F �i ?B;?2` +m``2Mi bT22/b Bb `2[mB`2/ iQ BMp2biB;�i2 i?2 i`�MbBiBQM 

iQ b?2�` +QMi`QHH2/ K2HiBM;X Pi?2` 72�im`2b bm+? �b � `Qm;? B+2 bm`7�+2 �M/ mMbi2�/v 

dN 
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7Q`+BM; U2X;X iBK2@p�`vBM; ~Qrb �M/ BMi2`M�H r�p2 �+iBpBivV �HbQ r�``�Mi BMp2biB;�iBQM 

mbBM; im`#mH2M+2 `2bQHpBM; bBKmH�iBQMb- r?2`2 i?2v K�v b?2/ bQK2 HB;?i QM i?2 HQM;@i2`K 

#2?�pBQm` Q7 i?2 i`�MbB2Mi K2HiBM; /vM�KB+b /2KQMbi`�i2/ BM Qm` bBKmH�iBQMb- �M/ Qz2` 
�M �p2Mm2 iQ T�`�K2i2`Bb2 K2HiBM; BM i?2 .* `2;BK2X 
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jX8 amTTH2K2Mi�`v BM7Q`K�iBQM 7Q` +?�Ti2` j 

jX8XR a?2�` KBt2/ H�v2` /2Ti? b+�HBM; 

AM i?2 T`2b2M+2 Q7 � 7�`@}2H/ +m``2Mi- #QmM/�`v H�v2` im`#mH2M+2 Bb T`Q/m+2/ #v #Qi? 

b?2�` �M/ +QMp2+iBp2 BMbi�#BHBiv- ?Qr2p2` b?2�` /`Bp2M im`#mH2M+2 Bb KQ`2 T`QMQmM+2/ 

M2�` i?2 BMi2`7�+2 U6B;X jXRRVX �i HQr p2HQ+Biv U`mMb k- j �M/ j∗V i?2 2pQHmiBQM Q7 i?2 
KBt2/ H�v2` Bb p2`v bBKBH�` #2ir22M `mMbX 6Q` i?2b2 `mMb- i?2 KBt2/ H�v2` /2Ti? BM+`2�b2b 
rBi? i?2 bi`2M;i? Q7 i?2 i?2`K�H /`BpBM;- BM/B+�iBM; .* Bb 2M?�M+2/ #v BM+`2�b2/ Q+2�M 

i2KT2`�im`2bX _mM 9 2pQHp2b BM � bBKBH�` K�MM2` iQ `mMb RĜj∗ 7Q` i?2 }`bi ∼Ry ? Q7 
i?2 2tT2`BK2Mi- rBi? � kX8 K /22T KBt2/ H�v2` 7Q`KBM; #2M2�i? i?2 B+2X >Qr2p2`-
H�i2` BM iBK2 � b2+QM/ Tv+MQ+HBM2 2K2`;2b �i � /2Ti? Q7 ∼ 0.8 rBi? � KBt2/ H�v2` �#Qp2 
BiX h?Bb �//BiBQM�H KBt2/ H�v2` Bb 7Q`K2/ #v b?2�`@;2M2`�i2/ im`#mH2M+2X .* Bb MQ 

HQM;2` +QMi`B#miBM; iQ M2�`@r�HH im`#mH2Mi KBtBM; Q7 i?2 r�i2` +QHmKMX "QmM/�`v H�v2` 
b?2�` Bb +?�`�+i2`Bb2/ #v 7`B+iBQM p2HQ+Biv u ∗ = (τw/ρ0)1/2- � 7mM+iBQM Q7 i?2 b?2�` bi`2bb 
�i i?2 r�HH τwX h?2 /2Ti? Q7 � bi�#H2 TH�M2i�`v #QmM/�`v H�v2` +�M #2 2biBK�i2/ �b 
δSBL = 0.5(ηu ∗/fV- r?2`2 bi�#BHBiv T�`�K2i2` η ≤ 1 i�F2b BMiQ �++QmMi i?2 2z2+i Q7 � 

bi�#BHBbBM; #mQv�M+v ~mt UBM i?Bb `mM /m2 iQ i?2 7`2b?2MBM; 2z2+i 7`QK K2HiBM;V- r?B+? 

`2/m+2b i?2 #QmM/�`v H�v2` /2Ti? UJ+S?22- RN3RVX "�b2/ QM i?Bb b+�HBM;- r2 rQmH/ 

2tT2+i i?2 KBt2/ H�v2` /2Ti?b iQ BM+`2�b2 rBi? u ∗ �M/ /2+`2�b2 rBi? ?B;?2` K2Hi `�i2bX 6Q` 
`mM 9 i?2 bi�#BHBiv T�`�K2i2` η = 0.7- vB2H/BM; � bi�#H2 #QmM/�`v H�v2` /2Ti? δSBL = 1.5 

K- r?B+? Bb BM `Qm;? �;`22K2Mi rBi? i?2 Tv+MQ+HBM2 /2Ti? Q7 ∼yX3 KX h?2 T`2b2M+2 Q7 
i?Bb H�v2` /2KQMbi`�i2b i?2 BM+`2�b2/ BKTQ`i�M+2 Q7 b?2�` ;2M2`�i2/ im`#mH2M+2 BM KBtBM; 

�b i?2 p2HQ+Biv Bb BM+`2�b2/ iQ U04kXy +K b−1X 

jX8Xk *QKT�`BbQM #2ir22M bBKmH�i2/ K2Hi `�i2b �M/ � +QKKQM 
B+2@Q+2�M T�`�K2i2`Bb�iBQM 

>2`2- bBKmH�i2/ K2Hi `�i2b �`2 [m�MiBi�iBp2Hv +QKT�`2/ rBi? i?2 i?`22@2[m�iBQM T�`�K@ 
2i2`Bb�iBQM 7`QK UC2MFBMb 2i �HX- kyRy#VX AM i?Bb T�`�K2i2`Bb�iBQM- Q+2�MB+ ?2�i �M/ b�Hi 
~mt2b �`2 `2T`2b2Mi2/ BM i2`Kb Q7 i?2 i2KT2`�im`2 �M/ b�HBMBiv /Bz2`2M+2 #2ir22M i?2 
KBt2/ H�v2` �M/ i?2 BMi2`7�+2X h?2 bm`7�+2 �M/ bm#H�v2` /vM�KB+b �`2 2M+�TbmH�i2/ #v 

∗i?2 T`Q/m+i Q7 7`B+iBQM p2HQ+Biv u �M/ ?2�i �M/ b�Hi i`�Mb72` +Q2{+B2Mib ΓT �M/ ΓS -
`2bmHiBM; BM, 

ρiLf mpred = −ρcpΓT u ∗ (TML  − Tb) UjXRjV 
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h�#H2 jXj, *QKT�`BbQM #2ir22M bBKmH�i2/ K2Hi `�i2 UmV �M/ K2Hi `�i2 �b T`2/B+i2/ #v 
i?2 i?`22@2[m�iBQM T�`�K2i2`Bb�iBQM UmpredVX 

`mM TML  U◦*V ∗ u U+K b−1) m UK v`−1V mpred UK v`−1V m/mpred 

R @kXRR8 yXy yXy9k yXy ∞ 
k @kXRR9 yXyjjN yXy99 yXkd eXR 
j @kXRkR yXy9N8 yXy98 yXj3 3X9 
j∗ @RXNke yXy93N yXRyj yX39 3Xk 
9 @kXR9d yXyey8 yXyjd yXj3 RyXj 

ρiSbmpred = −ρΓS u ∗ (SML  − Sb) UjXR9V 

r?2`2 cp = 4.18 × 103 UC F;−1 E−1V Bb i?2 ?2�i +�T�+Biv Q7 b2�r�i2`- Lf = 3.35 × 105 

UC F;−1V Bb i?2 H�i2Mi ?2�i Q7 K2HiBM;- κT = 1.4 × 107 UK2 b−1V �M/ κS = 1.3 × 109 UK2 

b−1V �`2 i?2 KQH2+mH�` /BzmbBpBiv Q7 ?2�i �M/ b�Hi `2bT2+iBp2Hv �M/ ρ = 1030  UF; K−3V 
�M/ ρi = 917  UF; K−3V �`2 i?2 /2MbBiv Q7 r�i2` �M/ B+2 `2bT2+iBp2HvX h?2b2 T�`�K2i2`b 
�`2 +QMbBbi2Mi rBi? i?Qb2 mb2/ BM i?2 MmK2`B+�H KQ/2HX 6Q` i?2 i`�Mb72` +Q2{+B2Mib r2 
mb2 i?2 +QMbi�Mi- 2KTB`B+�HHv /2i2`KBM2/ p�Hm2b Q7 ΓT = 0.011 �M/ ΓS = 3.1 × 10−4 7`QK 

#2M2�i? i?2 6BH+?M2` _QMM2 A+2 a?2H7 UC2MFBMb 2i �HX- kyRy#VX 

q2 bQHp2 1[MbX jXRj- jXR9 �M/ i?2 HB[mB/mb `2H�iBQMb?BT UTb = aSb + b r?2`2 a = −0.057 
◦* F; ;−1 �M/ b = −0.311 ◦*V 7Q` mpred �b � 7mM+iBQM Q7 i?2 bBKmH�iBQM@/2`Bp2/ TML  -

∗SML  �M/ u BM Q`/2` iQ +QKT�`2 rBi? Qm` bBKmH�i2/ K2Hi `�i2bX "Qi? i?2 BMTmib �M/ 

T`2/B+i2/ p�Hm2b �`2 7QmM/ BM h�#H2 jXjX 6Q` 6B;X jXRy UBMb2iV r2 bQHp2 i?2 b�K2 b2i Q7 
2[m�iBQMb Qp2` � `�M;2 Q7 TML  �M/ u ∗- b2iiBM; SML  = 34.5 ; F;−1X 

jX8Xj hm`#mH2Mi FBM2iB+ 2M2`;v 

hQ #2ii2` mM/2`bi�M/ i?2 T`Q+2bb2b QT2`�iBM; BM i?2 #QmM/�`v H�v2` r2 +QMbB/2` i?2 
hm`#mH2M+2 EBM2iB+ 1M2`;v UhE1V #m/;2i �b 7QHHQrb, 

∂k 
= P − ϵ + B − transport of TKE UjXR8V

∂t 

r?2`2 ∂k/∂t Bb i?2 iBK2 `�i2 Q7 +?�M;2 Q7 hE1 UK2 b−3 Q` 2[mBp�H2MiHv q F;−1V- P Bb i?2 
b?2�` T`Q/m+iBQM- ϵ Bb i?2 /BbbBT�iBQM `�i2 �M/ B Bb i?2 #mQv�M+v ~mtX .BbbBT�iBQM `�i2 
ϵ Bb TQbBiBp2 /2}MBi2 �M/ i?2`27Q`2 � bBMF Q7 hE1- r?BH2 b?2�` T`Q/m+iBQM P Bb ivTB+�HHv 

TQbBiBp2 �M/ #mQv�M+v ~mt B K�v i�F2 2Bi?2` bB;M- r?2`2 TQbBiBp2 B +Q``2bTQM/b iQ � 

i`�Mb7Q`K�iBQM Q7 TQi2MiB�H iQ FBM2iB+ 2M2`;vX h?2b2 i2`Kb �`2 7m`i?2` /2b+`B#2/ BM :�v2M 

3k 
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jX8X alSSG1J1Lh�_u AL6P_J�hAPL 6P_ *>�Sh1_ j 

6B;m`2 jXRR, SH�M2@BMi2;`�i2/ #mQv�M+v T`Q/m+iBQM B- b?2�` T`Q/m+iBQM P - �M/ /BbbBT�@ 
iBQM ϵ �i t = 50  ?X SQbBiBp2 UM2;�iBp2V p�Hm2b 7Q` 2�+? i2`K �`2 b?QrM BM #H�+F UQ`�M;2VX 
S�M2Hb �`2 H�#2HH2/ #v `mM- b22 h�#H2 R 7Q` /2i�BHbX 

2i �HX UkyRyVX 6B;X jXRR b?Qrb i?2 iQi�H Ubm#;`B/@b+�H2 Y `2bQHp2/V b?2�` T`Q/m+iBQM-
#mQv�M+v ~mt �M/ /BbbBT�iBQMX qBi? MQ 7�`@}2H/ +m``2Mi- #mQv�M+v ~mt Bb i?2 H2�/BM; 

bQm`+2 Q7 im`#mH2M+2- �M/ /BbbBT�iBQM M2�` i?2 BMi2`7�+2 Bb HQr UR- 6B;X jXRRVX >Qr2p2`-
BM i?2 T`2b2M+2 Q7 K2�M b?2�` Uj-j∗ �M/ 9- 6B;X jXRRV /BbbBT�iBQM M2�` i?2 #QmM/�`v 

BM+`2�b2b /`�K�iB+�HHv �M/ b?2�` T`Q/m+iBQM #2+QK2b i?2 T`BK�`v bQm`+2 Q7 hE1 Qp2` 
i?2 mTT2` ∼ 1 K Q7 i?2 r�i2` +QHmKMX "2M2�i? i?Bb- #mQv�M+v ~mt #2+QK2b TQbBiBp2 
Uj �M/ j∗- 6B;X jXRRV- BM+`2�b2b BM K�;MBim/2 �M/ 2p2Mim�HHv /QKBM�i2b b?2�` �b i?2 
H2�/BM; bQm`+2 Q7 hE1- 2bT2+B�HHv BM i?2 ?B;?2bi i?2`K�H /`BpBM; `mMX h?2 K�tBKmK 

�p2`�;2 /BbbBT�iBQM `�i2 Bb 9×10−9 UR×10−8V K2 b−3 7Q` `mM j U9V U6B;X jXRRVX h?Bb `2bmHi 
Bb +QMbBbi2Mi rBi? i?2 HQr2` 2M/ Q7 /BbbBT�iBQM `�i2 p�Hm2b Q#b2`p2/ #2M2�i? i?2 G�`b2M 

* A+2 a?2H7 URy−9Ĝ10−6 K2 b−3V- r?2`2 i?2 ?B;? p�Hm2b r2`2 Q#b2`p2/ 7Q` ~Qr bT22/b Q7 
yXR8 K b−1 �M/ ;`2�i2` U.�pBb �M/ LB+?QHHb- kyRNVX h?Bb `2bmHi Bb �HbQ +QMbBbi2Mi rBi? 

M2�`@#QmM/�`v /BbbBT�iBQM /�i� #2M2�i? H�M/7�bi b2� B+2 BM J+Jm`/Q aQmM/- �Mi�`+iB+� 

U�p2`�;2, 3 × 10−8 K2 b−3- M2�` bm`7�+2, R×10−7 K2 b−3V Uai2p2Mb 2i �HX- kyyNVX 

3j 



�
� � �

�

*?�Ti2` 9 

"�b�H K2HiBM; Q7 � ?Q`BxQMi�H B+2 b?2H7 /`Bp2M 
#v � bi2�/v- ;2Qbi`QT?B+ +m``2Mi 

�#bi`�+i 

P+2�M@/`Bp2M #�b�H K2HiBM; Bb +�mbBM; i?BMMBM; Q7 i?2 �Mi�`+iB+ A+2 a?22i- +QMi`B#mi@ 
BM; iQ ;HQ#�H b2� H2p2H `Bb2X 1zQ`ib iQ `2T`2b2Mi #�b�H K2HiBM; BM b2� H2p2H T`QD2+iBQMb 
�`2 mM/2`KBM2/ #v TQQ` mM/2`bi�M/BM; Q7 i?2 B+2 b?2H7@Q+2�M #QmM/�`v H�v2` UAaP"GVX 
h?Bb FMQrH2/;2 ;�T Bb �//`2bb2/ ?2`2 mbBM; ?B;? `2bQHmiBQM H�`;2@2//v bBKmH�iBQMb Q7 i?2 
AaP"G 7Q`+2/ #v � bi2�/v- ;2Qbi`QT?B+ ~Qr �i K2HiBM; +QM/BiBQMbX h?Bb +?�Ti2` T`2b2Mib 
`2bmHib 7Q` � `�M;2 Q7 7`22 bi`2�K p2HQ+BiB2b UyXdĜkX3 +K b−1V �M/ Q+2�M i2KT2`�im`2b 
U0.0025Ĝ0.05◦* �#Qp2 i?2 HQ+�H 7`22xBM; i2KT2`�im`2VX h?2b2 +QM/BiBQMb 2M+QKT�bb � 

bi`�iB}2/ `2;BK2 @r?B+? Q++m`b r?2M #QmM/�`v H�v2` im`#mH2M+2 Bb �z2+i2/ #v i?2 #mQv@ 
�M+v ~mt /m2 iQ K2HiBM;@ �M/ � r2HH@KBt2/ `2;BK2X AM i?2 r2HH@KBt2/ `2;BK2- i?2 /2Ti? 

Q7 i?2 KBt2/ H�v2` +�M #2 T`2/B+i2/ mbBM; � bBKTH2 b+�HBM; H�r #�b2/ QM 7`B+iBQM p2HQ+Biv-
*Q`BQHBb 7`2[m2M+v- �M/ 7�`@}2H/ bi`�iB}+�iBQMX AM i?2 bi`�iB}2/ `2;BK2- r?B+? Q++m`b r?2M 

i?2 P#mF?Qp H2M;i? b+�H2 ULV Bb i?2 b�K2 Q` H2bb i?�M i?2 TH�M2i�`v b+�H2 Uu ∗/|f |V- i?2 
#QmM/�`v H�v2` /2Ti? �M/ BMi2`7�+B�H /`�; /2+`2�b2 �b bi�#BHBiv T�`�K2i2` µ = u ∗/(fL) 

BM+`2�b2bX ai`�iB}+�iBQM i2M/b iQ b?Q�H i?2 AaP"G- BMbmH�iBM; i?2 B+2 7`QK r�`K2` r�i2` 
#2HQr �M/ BM+`2�bBM; i?2 +?�HH2M;2 Q7 b�KTHBM; �M/ `2bQHpBM; i?2 AaP"G T`QT2`iB2b BM Q#@ 
b2`p�iBQM�H �M/ KQ/2HHBM; bim/B2bX h?Bb +?�Ti2` /2KQMbi`�i2b i?�i i?2 pBb+Qmb P#mF?Qp 

H2M;i?b+�H2 L+ = Lu∗/ν /2i2`KBM2b i?2 2{+B2M+v Q7 ?2�i �M/ b�Hi i`�Mb72` iQ i?2 B+2@ 
Q+2�M BMi2`7�+2- BM �;`22K2Mi rBi? i?2 `2bmHib Q7 o`2m;/2M?BH �M/ h�vHQ` UkyRNV- r?2`2 
b2p2`�H BKTQ`i�Mi i?`2b?QH/b 2tBbiX 6Q` L+ 2500 K2HiBM; Bb iBK2@/2T2M/2Mi- r?BH2 7Q` 
L+ 2500 bi2�/v K2Hi `�i2b �`2 Q#b2`p2/X AM i?2 `�M;2 2500 L+ 25000 ?2�i �M/ 

b�Hi i`�Mb72` +Q2{+B2Mib BM+`2�b2 �b � 7mM+iBQM Q7 L+- i2M/BM; iQ � +QMbi�Mi p�Hm2 7Q` 
L+ 25000X h?Bb +?�Ti2` /2KQMbi`�i2b i?�i 2tBbiBM; T�`�K2i2`Bb�iBQMb Q7 B+2 K2Hi �`2 
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MQi �TT`QT`B�i2 Qp2` � H�`;2 `�M;2 Q7 Q+2�M +QM/BiBQMb `2H2p�Mi iQ �Mi�`+iB+ B+2 b?2Hp2b-
�M/ b?Qr i?2 M22/ iQ �++QmMi 7Q` i?2 2z2+ib Q7 bi`�iB}+�iBQM QM i?2 KBt2/ H�v2` �M/ 

BMi2`7�+B�H /`�;X 

9XR AMi`Q/m+iBQM 

lM/2`bi�M/BM; ?Qr i?2 Q+2�M /`Bp2b #�b�H K2HiBM; Q7 �Mi�`+iB+ B+2 b?2Hp2b Bb +`BiB+�H 7Q` 
[m�MiB7vBM; i?2 `�i2b Q7 T`2b2Mi B+2 K�bb HQbb �M/ /2p2HQTBM; i?2 +�T�#BHBiv iQ T`QD2+i 
7mim`2 +?�M;2X .2bTBi2 2ti`2K2Hv TQQ` bT�iB�H �M/ i2KTQ`�H +Qp2`�;2- Q#b2`p�iBQMb 7`QK 

rBi?BM B+2 b?2H7 +�pBiB2b ?�p2 `2p2�H2/ � `�M;2 Q7 /Bz2`2Mi +�pBiv 2MpB`QMK2Mib �M/ K2HiBM; 

#2?�pBQ`bX AM +QH/- 2M2`;2iB+ +QM/BiBQMb bm+? �b i?Qb2 Q#b2`p2/ #2HQr i?2 6BH+?M2`@ 
_QMM2 UC2MFBMb 2i �HX- kyRy#V �M/ G�`b2M * U.�pBb �M/ LB+?QHHb- kyRNV B+2 b?2Hp2b-
K2HiBM; Bb bi`QM;Hv +QMi`QHH2/ #v +m``2Mi bT22/X �i i?2b2 +QM/BiBQMb- .�pBb �M/ LB+?QHHb 
UkyRNV b?Qr2/ i?�i i?2 bm`7�+2 #mQv�M+v ~mt /m2 iQ K2Hi r�i2` ?�b HBiiH2 2z2+i QM i?2 
im`#mH2Mi #QmM/�`v H�v2` #2M2�i? i?2 B+2X P#b2`p�iBQMb 7`QK r�`K2` B+2 b?2H7 +�pBiB2b 
bm;;2bi i?�i #mQv�M+v TH�vb � H�`;2` `QH2 �i BM+`2�b2/ Q+2�M i2KT2`�im`2b i?`Qm;? /`BpBM; 

bi`QM; +B`+mH�iBQM Uai�MiQM 2i �HX- kyRjV- BM+`2�bBM; r�i2` +QHmKM bi`�iB}+�iBQM Uai2r�`i-
kyR3V �M/- BM bQK2 +�b2b- `2bmHiBM; BM /BzmbBp2 +QMp2+iBQM U.*V �M/ i?2 7Q`K�iBQM Q7 
i?2`KQ?�HBM2 bi�B`+�b2b U"2;2K�M 2i �HX- kyR3c EBKm`� 2i �HX- kyR8VX 

_2+2Mi KQ/2HHBM; bim/B2b mbBM; H�`;2@2//v bBKmH�iBQM UG1aV �M/ /B`2+i MmK2`B+�H bBKmH�@ 
iBQM U.LaV ?�p2 7Q+mb2/ QM mM/2`bi�M/BM; i?2 BKTQ`i�M+2 Q7 bi`�iB}+�iBQM Uo`2m;/2M?BH 
�M/ h�vHQ`- kyRNV �M/ /BzmbBp2 +QMp2+iBQM U2X;X E2BixH 2i �HX- kyRe#V #2M2�i? K2HiBM; B+2X 
o`2m;/2M?BH �M/ h�vHQ` UkyRNV b?Qr2/ i?�i bi`�iB}+�iBQM BM?B#Bib i?2 im`#mH2Mi i`�Mb@ 
72` Q7 ?2�i �M/ b�Hi �M/ bmTT`2bb2b K2Hi `�i2bX E2BixH 2i �HX UkyRe#V �M/ *?�Ti2` j Q7 
i?Bb i?2bBb b?Qr2/ i?�i K2Hi `�i2b BM i?2 .* `2;BK2 �`2 BM?2`2MiHv i`�MbB2Mi /m2 iQ i?2 
mM+?2+F2/ ;`Qri? Q7 i?2 ?B;?Hv bi`�iB}2/ /BzmbBp2 bm#H�v2` �/D�+2Mi iQ i?2 B+2X AM i?2 .* 

`2;BK2- K2HiBM; r�b b?QrM iQ #2 `2H�iBp2Hv BMb2MbBiBp2 iQ +?�M;2b BM i?2 7�`@}2H/ p2HQ+Biv-
+QMi`�`v iQ 2tBbiBM; T�`�K2i2`Bb�iBQMb Q7 B+2@Q+2�M BMi2`�+iBQM U2X;X J+S?22 2i �HX- RN3dc 
C2MFBMb- RNNRc C2MFBMb 2i �HX- kyRy#VX 

A+2@Q+2�M T�`�K2i2`Bb�iBQMb b?QmH/ `2T`2b2Mi i?2 bi�i2 Q7 Qm` +m``2Mi mM/2`bi�M/BM; Q7 
i?2 B+2 b?2H7@Q+2�M #QmM/�`v H�v2` UAaP"GVX AMbi2�/- 2tBbiBM; T�`�K2i2`Bb�iBQMb K�i+? 

Q#b2`p�iBQMb QMHv mM/2` i?2 +QH/2bi- KQbi 2M2`;2iB+ +QM/BiBQMb U.�pBb �M/ LB+?QHHb- kyRNc 
C2MFBMb 2i �HX- kyRy#c o`2m;/2M?BH �M/ h�vHQ`- kyRNVX h?2v �`2 �HbQ bm#D2+i iQ Bbbm2b Q7 
BKTH2K2Mi�iBQM /m2 iQ i?2 �bbmKTiBQM Q7 � r�i2` +QHmKM bi`m+im`2 rBi? � r2HH@KBt2/ 
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H�v2` Q` THmK2 �/D�+2Mi iQ i?2 B+2X h?2 KBt2/ H�v2` i2KT2`�im`2 UT V- b�HBMBiv USV �M/ 

7`B+iBQM p2HQ+Biv Uu ∗V +QMbiBimi2 i?2 /`BpBM; T�`�K2i2`b 7Q` i?2 K2HiBM; KQ/2H �M/ Kmbi 
#2 b�KTH2/ rBi?BM i?2 KBt2/ H�v2`X AM T`�+iB+2- i?2 /2Ti? �i r?B+? i?2b2 T`QT2`iB2b �`2 
b�KTH2/ /2T2M/b QM i?2 p2`iB+�H `2bQHmiBQM Q7 i?2 KQ/2H Q` �M �`#Bi`�`v U�M/ +QMbi�MiV 
+?QB+2 Q7 b�KTHBM; /2Ti?- `2bmHiBM; BM �M mM@T?vbB+�H /2T2M/2M+2 Q7 T`2/B+i2/ K2Hi `�i2b 
QM Q+2�M KQ/2H `2bQHmiBQM Q` i?2 +?Qb2M b�KTHBM; /2Ti? U:rvi?2` 2i �HX- kyky�VX aBKBH�` 
Bbbm2b �`Bb2 r?2M i?2 p2HQ+Biv u- r?B+? Bb `2[mB`2/ iQ 2biBK�i2 7`B+iBQM p2HQ+Biv u ∗- Bb i�F2M 

QmibB/2 Q7 i?2 `2H2p�Mi `2;BQM Q7 i?2 #QmM/�`v H�v2` U.�pBb �M/ LB+?QHHb- kyRNVX 

h?2b2 Bbbm2b ?B;?HB;?i i?2 M22/ 7Q` �M �/2[m�i2 `2T`2b2Mi�iBQM Q7 i?2 B+2@Q+2�M #QmM/�`v 

H�v2` r?B+? BM+Hm/2b K2HiBM;- AaP"G bi`m+im`2 �M/ KBt2/ H�v2` T`QT2`iB2b- 2bT2+B�HHv 

mM/2` r�`K +QM/BiBQMb r?2`2 bi`�iB}+�iBQM #2+QK2b BKTQ`i�MiX h?Bb +?�Ti2` �//`2bb2b 
i?Bb M22/ mbBM; ?B;? `2bQHmiBQM G1a Q7 i?2 AaP"G- 7Q`+2/ rBi? � bi2�/v- ;2Qbi`QT?B+ 
+m``2Mi �M/ Q+2�M i2KT2`�im`2b �#Qp2 i?2 HQ+�H 7`22xBM; TQBMiX "v p�`vBM; i?2 bi`2M;i? 

Q7 Q+2�M +m``2Mi �M/ i2KT2`�im`2 7Q`+BM;- i?2 T`BM+BT�H p�`B�#H2b �z2+iBM; i?2 K2Hi `�i2 
�M/ KBtBM; #2M2�i? i?2 B+2 �`2 B/2MiB}2/X h?Bb +?�Ti2` i?2M +H�bbB}2b i?2 `2bmHib #�b2/ 

QM i?2 /QKBM�Mi T?vbB+b Q#b2`p2/ �M/ /2p2HQTb +`Bi2`B� 7Q` i?2 i`�MbBiBQM #2ir22M i?2b2 
`2;BK2b �b � 7mM+iBQM Q7 +QKKQMHv Q#b2`p2/f`2bQHp2/ Q+2�M p�`B�#H2bX 

h?Bb +?�Ti2` Bb bi`m+im`2/ �b 7QHHQrbX Ȝ9Xk T`QpB/2b /2i�BH2/ #�+F;`QmM/ QM Q+2�MB+ 
#QmM/�`v H�v2`b- BM+Hm/BM; i?Qb2 rBi? � bi�#BHBbBM; bm`7�+2 #mQv�M+v ~mt- �b r2HH �b 
+m``2MiHv mb2/ T�`�K2i2`Bb�iBQMb Q7 B+2 Q+2�M BMi2`�+iBQMbX h?2 ;Qp2`MBM; 2[m�iBQMb-
MmK2`B+�H BKTH2K2Mi�iBQM �M/ 7Q`+BM; 7Q` i?2 MmK2`B+�H KQ/2H �`2 /2i�BH2/ BM Ȝ9XjX aBK@ 
mH�iBQM `2bmHib �`2 i?2M T`2b2Mi2/ BM Ȝ9X9- 7Q+mbBM; }`bi QM i?2 #QmM/�`v H�v2` �M/ KBt2/ 

H�v2` +?�`�+i2`BbiB+b- BM+Hm/BM; i?2 +H�bbB}+�iBQM Q7 #QmM/�`v H�v2` ivT2b #�b2/ QM i?2 
/QKBM�Mi Q#b2`p2/ T`Q+2bb2b- 7QHHQr2/ #v �M�HvbBb Q7 i?2 K2Hi `�i2bX AM Ȝ9X8 i?2 BKTHB+�@ 
iBQMb Q7 i?2 /Bz2`2Mi #QmM/�`v H�v2` �M/ K2HiBM; `2;BK2b �`2 /Bb+mbb2/ rBi? `2bT2+i iQ 

Q#b2`pBM; �M/ KQ/2HHBM; #�b�H K2HiBM;X *QM+HmbBQMb �M/ 7mim`2 /B`2+iBQMb �`2 T`2b2Mi2/ 

BM Ȝ9XeX 

9Xk "�+F;`QmM/ 

9XkXR h?2 B+2 b?2H7@Q+2�M #QmM/�`v H�v2` 

h?2 AaP"G ivTB+�HHv `272`b iQ i?2 7`B+iBQM�H #QmM/�`v H�v2` i?�i 7Q`Kb �/D�+2Mi iQ i?2 
B+2 /m2 iQ i?2 T`2b2M+2 Q7 � K2�M ~Qr Q` +m``2Mi BM i?2 Q+2�M M2ti iQ i?2 Ubi�iBQM�`vV B+2X 
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6`B+iBQM �+ib iQ `2/m+2 p2HQ+Biv BM i?2 pB+BMBiv Q7 i?2 B+2- +`2�iBM; p2`iB+�H b?2�` Up2HQ+Biv 

;`�/B2MiVX .m2 iQ *Q`BQHBb- i?2 pBb+Qmb bi`2bb2b �bbQ+B�i2/ rBi? p2`iB+�H b?2�` `2bmHi BM 

�M �;2Qbi`QT?B+ U+`Qbb@bi`2�KV +QKTQM2Mi Q7 i?2 ~Qr �M/ � im`MBM; Q7 i?2 K2�M ~Qr 

rBi? /2Ti?- FMQrM �b �M 1FK�M bTB`�HX _Qi�iBQM ;Bp2b i?2 1FK�M H�v2` � M�im`�H /2Ti? 

b+�H2 Uδf V r?B+? /2T2M/b QM i?2 *Q`BQHBb 7`2[m2M+v UfVX AM �M mMbi`�iB}2/ 2MpB`QMK2Mi 
i?Bb b+�H2- Q7i2M +�HH2/ i?2 TH�M2i�`v b+�H2- Bb ;Bp2M #v δf ∼ u ∗/|f |X ai`�iB}+�iBQM i2M/b 
iQ HBKBi i?2 TH�M2i�`v b+�H2X 

h?2 AaP"G +�M #2 /BpB/2/ BMiQ b2p2`�H bm#@`2;BQMb #�b2/ QM i?2 /QKBM�Mi T?vbB+�H 
T`Q+2bb2bX h?2 pBb+Qmb bm#H�v2` Bb i?2 `2;BQM Q7 H�KBM�` ~Qr �/D�+2Mi iQ i?2 B+2 r?B+? Bb 
PU10−2 KV i?B+FX qBi?BM i?2 pBb+Qmb bm#H�v2`- ?Q`BxQMi�H p2HQ+Biv b+�H2b rBi? /Bbi�M+2 
7`QK i?2 B+2 �b, 

+U+ ∼ z U9XRV 

r?2`2 i?2 /Bbi�M+2 z �M/ p2HQ+Biv U �`2 2tT`2bb2/ BM r�HH mMBib- r?B+? �`2 /2MQi2/ #v 

i?2 THmb bmT2`b+`BTi, 
U + zu ∗ 

U+ = , z = . U9XkV 
u ∗ ν 

∗>2`2- ν Bb KQH2+mH�` pBb+QbBiv �M/ u Bb i?2 7`B+iBQM p2HQ+Biv- � 7mM+iBQM Q7 b?2�` bi`2bb �i 
∗i?2 BMi2`7�+2 Uu = τW /ρ0VX �/D�+2Mi iQ i?2 pBb+Qmb bm#H�v2` Bb i?2 bm`7�+2 Q` ǳHQ;Ǵ 

H�v2`- r?B+? Q++mTB2b �TT`QtBK�i2Hv kyW Q7 i?2 iQi�H #QmM/�`v H�v2` /2Ti?X qBi?BM i?2 
bm`7�+2 H�v2`- im`#mH2M+2 Bb �z2+i2/ #v i?2 T`2b2M+2 Q7 � bQHB/ #QmM/�`v UBM i?Bb +�b2-
i?2 B+2@Q+2�M BMi2`7�+2VX o2`iB+�H b?2�` Bb BMp2`b2Hv T`QTQ`iBQM�H iQ i?2 /Bbi�M+2 7`QK 

i?2 bm`7�+2 UzV �M/ T`QTQ`iBQM�H iQ i?2 bi`2M;i? Q7 i?2 im`#mH2M+2X AM � M2mi`�H b2iiBM; 

Ur?2M bi`�iB}+�iBQM Bb MQi BKTQ`i�MiV i?2 /BK2MbBQMH2bb +m``2Mi b?2�` UφV Bb ;Bp2M #v, 

kz ∂U 
φ = = 1  U9XjV

u ∗ ∂z 

r?2`2 k = 0.41 Bb pQM@E�`K�MǶb +QMbi�MiX AMi2;`�iBM; φ ;Bp2b � HQ;�`Bi?KB+ +m``2Mi 
T`Q}H2 BM ?2B;?i, 

U+ = 
1 
ln(z +) +  C U9X9V 

k 
�TTHvBM; i?2 B/2MiBiB2b BM 9XkX h?Bb HQ;�`Bi?KB+ b+�HBM; Q7 p2HQ+Biv rBi? /2Ti? Bb Q7i2M 

+�HH2/ i?2 G�r Q7 i?2 q�HH UGPqVX 6Q` ~Qr i?�i Bb �z2+i2/ #v bi`�iB}+�iBQM i?2 T`Q}H2 
Bb 2tT2+i2/ iQ /2T�`i 7`QK i?2 GPqX *QKKQMHv- i?Bb /2T�`im`2 Bb i�F2M iQ #2 � HBM2�` 
7mM+iBQM φ(ξ) = 1 +  βmξ Q7 i?2 MQ`K�HBb2/ /Bbi�M+2 7`QK i?2 B+2 ξ = z/L r?2`2 L Bb i?2 
P#mF?Qp H2M;i?, 

∗3u 
L = , U9X8V 

kB 
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�M/ B UK2 b−3V Bb i?2 bm`7�+2 #mQv�M+v ~mtX AMi2;`�iBM; 9X8 vB2H/b i?2 HQ;@HBM2�` p2HQ+Biv 

T`Q}H2, 
U+ = 

1 
ln(z +) +  

βm ξ + C U9XeV 
k k 

r?2`2 +QMbi�Mi C ≃ 5.0 U"`�/b?�r �M/ >m�M;- RNN8V �M/ βm ≃ 4.7 U"mbBM;2` 2i �HX-
RNdRVX h?Bb 2tT`2bbBQM BKTHB2b i?�i bi`�iB}+�iBQM Bb �z2+iBM; i?2 KBtBM; H2M;i?- Q` i?2 
K�tBKmK p2`iB+�H /Bbi�M+2 Qp2` r?B+? 2//B2b +�M /Bzmb2 KQK2MimK UJ+S?22- RNN9VX 
6Q` � TQbBiBp2 Ubi�#BHBbBM;V #mQv�M+v ~mt- i?2 P#mF?Qp H2M;i?b+�H2 Bb �M 2biBK�i2 Q7 i?2 
/Bbi�M+2 7`QK i?2 B+2 r?2`2 bi`�iB}+�iBQM 2z2+ib �`2 72Hi #v AaP"G im`#mH2M+2X h?Bb 
2tT`2bbBQM �TTHB2b iQ r2�F bi`�iB}+�iBQM QMHvX 6Q` bi`QM; bi`�iB}+�iBQM- Bi Bb 2tT2+i2/ 

i?�i i?2 /Bbi�M+2 iQ i?2 B+2 rBHH MQi �z2+i i?2 b?2�`- �M/ i?2 p2HQ+Biv ;`�/B2Mi rBHH #2 
HBM2�` Uhm`M2`- RNdNVX 

ai`�iB}+�iBQM �HbQ BM~m2M+2b i?2 Qp2`�HH #QmM/�`v H�v2` /2Ti?- r?2`2 i?2 bi`�iB}+�iBQM 

K�v i�F2 i?2 7Q`K Q7 � bi`�iB}2/ 7�`@}2H/ 2MpB`QMK2Mi Q` i?`Qm;? � bi�#BHBbBM; #mQv�M+v 

~mt �i i?2 #QmM/�`v- r?2`2 #Qi? �`2 `2H2p�Mi iQ i?2 AaP"GX 1ti2`M�H bi`�iB}+�iBQM 

/2+`2�b2b i?2 1FK�M H�v2` /2Ti? `2H�iBp2 iQ i?2 r2HH@KBt2/ +�b2 Uq2�i?2`Hv �M/ J�`iBM-
RNd3c h�vHQ` �M/ a�`F�`- kyy3�c J+qBHHB�Kb 2i �HX- kyyNVX J+qBHHB�Kb 2i �HX UkyyNV 
b?Qr2/ i?�i i?2 bi`�iB}2/ 1FK�M H�v2` /2Ti? p�`B2b �b � 7mM+iBQM Q7 i?2 bi`�iB}+�iBQM 

T�`�K2i2` γ = N∞ 
2 /f 2X hvTB+�HHv BM i?2 Q+2�M N >  |f | �M/ i?2`27Q`2 γ ≫ 1 X h?2 

2ti2`M�HHv bi`�iB}2/ 1FK�M #QmM/�`v H�v2` /2Ti? Uhγ V Bb ;Bp2M #v, 

u 
γ−1/4hγ = A 

∗ 

U9XdV |f | 

h?Bb 2tT`2bbBQM Bb +QMbBbi2Mi rBi? i?2 b+�HBM; Q7 q2�i?2`Hv �M/ J�`iBM URNd3V 7Q` γ ≫ 1X 
"�b2/ QM i?2 ?2B;?i �i r?B+? i?2 hm`#mH2Mi EBM2iB+ 1M2`;v UhE1V Q` im`#mH2Mi KBtBM; 

;Q2b iQ x2`Q- q2�i?2`Hv �M/ J�`iBM URNd3V 7QmM/ i?2 +QMbi�Mi A = 1.3X 

� bi�#BHBbBM; bm`7�+2 #mQv�M+v ~mt ?�b �HbQ #22M b?QrM iQ HBKBi i?2 /2Ti? �M/ BM+`2�b2 
i?2 +`Qbb@bi`2�K p2HQ+Biv Q7 �M 1FK�M #QmM/�`v H�v2` U*QH2K�M 2i �HX- RNNkc a?�? �M/ 

"Qm@w2B/- kyR9VX h?2 p2`iB+�H b+�H2b Q7 im`#mH2M+2 �`2 `2/m+2/ #v ;`�pBiv mM/2` bi�@ 
#BHBbBM; bm`7�+2 #mQv�M+v 7Q`+BM;- �M/ i?2 KBt2/ H�v2` b?Q�Hb UJ+S?22- kyy3VX lM/2` 
� bi�#BHBbBM; #mQv�M+v ~mt i?2 1FK�M H�v2` /2Ti? ?�b #22M b?QrM iQ /2T2M/ QM i?2 
bi�#BHBiv T�`�K2i2` µ, 

u 
hµ = C = 

∗ 

µ −1/2 U9X3V 
f 

U2X;X wBHBiBMF2pB+?- RNdkc :�``�ii- RN3kc .2mb2#BQ 2i �HX- kyR9V r?2`2 µ = u ∗/(fL) Bb i?2 
`�iBQ Q7 i?2 TH�M2i�`v b+�H2 iQ i?2 P#mF?Qp H2M;i?b+�H2X 
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9XkXk JQ/2Hb Q7 B+2@Q+2�M BMi2`�+iBQM 

h?2`KQ/vM�KB+ KQ/2Hb Q7 B+2@Q+2�M BMi2`�+iBQM �BK iQ /2i2`KBM2 i?2 B+2 b?2H7 K2Hi `�i2 
UmV- BMi2`7�+2 i2KT2`�im`2 UTbV �M/ b�HBMBiv USbV �b � 7mM+iBQM Q7 i?2 Q+2�M KBt2/ H�v2` 
�M/ B+2 i2KT2`�im`2bX h?2 BMi2`7�+2 Bb �bbmK2/ iQ #2 �i i?2 7`22xBM; i2KT2`�im`2- r?B+? 

Bb � r2�FHv MQMHBM2�` 7mM+iBQM Q7 b�HBMBiv �M/ � HBM2�` 7mM+iBQM Q7 T`2bbm`2X � HBM2�`Bb2/ 

p2`bBQM Bb ivTB+�HHv mb2/- bm+? i?�i, 

Tb = λ1Sb + λ2pb + λ3 U9XNV 

r?2`2 λ1 �M/ λ2 �`2 i?2 HB[mB/mb bHQT2b BM b�HBMBiv �M/ T`2bbm`2 �M/ λ3 Bb �M Qzb2iX h?2 
K2Hi `�i2 Q7 i?2 B+2 Bb /2i2`KBM2/ #v #�H�M+BM; ?2�i �M/ b�Hi ~mt2b �i i?2 B+2@Q+2�M 

BMi2`7�+2X AM i?2 7QHHQrBM;- i?2 bm#b+`BTib i- ML  �M/ b /2MQi2 B+2@b?2H7- KBt2/ H�v2` 
�M/ BMi2`7�+2 T`QT2`iB2b `2bT2+iBp2HvX �i i?2 BMi2`7�+2- +QMb2`p�iBQM Q7 ?2�i �HHQrb mb 
iQ #�H�M+2 i?2 H�i2Mi ?2�i Q7 K2HiBM; rBi? /Bp2`;2M+2 #2ir22M i?2 Q+2�MB+ �M/ B+2 ?2�i 
~mt2bX h?2 H�i2Mi ?2�i Q7 K2HiBM; Bb ;Bp2M #v ρiLf m- r?2`2 ρi Bb i?2 /2MbBiv Q7 i?2 B+2 
b?2H7- Lf Bb i?2 H�i2Mi ?2�i Q7 7`22xBM; �M/ m Bb i?2 K2Hi `�i2X h?2 Q+2�MB+ ?2�i ~mt UQT V 
Bb ;Bp2M #v ρcpκT (∂T/∂z)b - r?2`2 ρ- cp �M/ κT �`2 i?2 /2MbBiv- bT2+B}+ ?2�i +�T�+Biv 

�M/ i?2`K�H /BzmbBpBiv Q7 i?2 Q+2�M �M/ (∂T/∂z)b Bb i?2 Q+2�MB+ i2KT2`�im`2 ;`�/B2Mi 
�i i?2 B+2@Q+2�M BMi2`7�+2X AM i?2 7QHHQrBM;- i?2 +QM/m+iBp2 ?2�i ~mt BMiQ i?2 B+2 Bb b2i 
iQ x2`Q QM i?2 �bbmKTiBQM i?�i Bi Bb Km+? bK�HH2` i?�M i?2 H�i2Mi ?2�i i2`K- 7QHHQrBM; 

2X;X :�v2M 2i �HX UkyReVc JQM/�H 2i �HX UkyRNVc o`2m;/2M?BH �M/ h�vHQ` UkyRNVX 6Q` � 

/Bb+mbbBQM QM i?2 BM~m2M+2 Q7 +QM/m+iBp2 ?2�i ~mt i2`K b22 >QHH�M/ �M/ C2MFBMb URNNNVX 
h?2 BMi2`7�+B�H ?2�i #�H�M+2 Bb ;Bp2M #v, 

∂T 
ρiLf m = −ρcpκT . U9XRyV

∂z b 

� bBKBH�` 2tT`2bbBQM +�M #2 7Q`KmH�i2/ 7Q` b�HBMBiv #v #�H�M+BM; i?2 #`BM2 ~mt /m2 iQ 

K2HiBM; ρiceSbm rBi? i?2 Q+2�MB+ b�Hi ~mt QS = r?2`2 i?2 B+2 b�HBMBiv ML  ρκS (∂S/∂z)b -
�M/ i?2 b�Hi ~mt BMiQ i?2 B+2 �`2 i�F2M iQ #2 x2`Q UP2`i2` 2i �HX- RNNkVX 1[m�iBM; i?2 
`2K�BMBM; i2`Kb vB2H/b, 

ρiSbm = −ρκS 
∂

∂ 
S

z b 

. U9XRRV 

h?2 Q+2�MB+ ?2�i �M/ b�Hi ~mt2b BM 1[bX 9XRy �M/ 9XRR �`2 MQi `2bQHp2/ BM `2;BQM�H Q` 
+B`+mK@�Mi�`+iB+ Q+2�M KQ/2Hb- �M/ Kmbi BMbi2�/ #2 T�`�K2i2`Bb2/ U2X;X >QHH�M/ �M/ 

C2MFBMb- RNNNVX h?2 +QKKQMHv mb2/ i?`22@2[m�iBQM T�`�K2i`Bb�iBQM `2T`2b2Mib i?2b2 
~mt2b BM i2`Kb Q7 i?2 i2KT2`�im`2 �M/ b�HBMBiv /Bz2`2M+2 #2ir22M i?2 KBt2/ H�v2` �M/ 

3N 
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i?2 BMi2`7�+2X h?2 bm`7�+2 �M/ bm#H�v2` /vM�KB+b �`2 2M+�TbmH�i2/ #v i?2 T`Q/m+i Q7 
∗7`B+iBQM p2HQ+Biv u �M/ ?2�i �M/ b�Hi i`�Mb72` +Q2{+B2Mib ΓT �M/ ΓS, 

QT = ρcpΓTu ∗ (TML  − Tb) U9XRkV 
QS = ρΓSu ∗ (SML  − Sb) U9XRjV 

hvTB+�HHv i?2 7`B+iBQM p2HQ+Biv Bb MQi FMQrM- �M/ Bb BMbi2�/ KQ/2HH2/ �b � 7mM+iBQM Q7 i?2 
∗7`22 bi`2�K p2HQ+Biv U0 �M/ i?2 /`�; +Q2{+B2Mi Cd �b u = Cd 

1/2U0X q?BH2 � p�Hm2 Q7 
Cd = 0.0025 Bb Q7i2M mb2/ BM Q+2�M KQ/2Hb- Cd Bb MQi r2HH +QMbi`�BM2/ Q#b2`p�iBQM�HHv 

#2M2�i? B+2 b?2Hp2b U:rvi?2` 2i �HX- kyR8VX �b i?Bb 7Q`KmH�iBQM Bb #�b2/ QM 7`B+iBQM�H 
#QmM/�`v H�v2` i?2Q`v Bi T`2/B+ib MQ K2HiBM; 7Q` U0 = 0.0 +K b−1X 

�HKQbi �HH Q7 i?2 i2KT2`�im`2 �M/ b�HBMBiv /Bz2`2M+2 #2ir22M i?2 BMi2`7�+2 �M/ 7�`@}2H/ 

Q++m`b Qp2` i?2 /BzmbBp2 bm#H�v2`- r?B+? Q++mTB2b i?2 72r PUR +KV +HQb2bi iQ i?2 B+2X 
�++Q`/BM;Hv- :�/2 URNNjV #�b2/ � K2HiBM; 7Q`KmH�iBQM QM i?2 ~mt2b rBi?BM i?Bb /BzmbBp2 
`2;BQM- /2}MBM; δT ≡ (TML  − Tb)/(∂T/∂z)b �M/ b�HBMBiv δS ≡ (SML  − Sb)/(∂S/∂z)b iQ 

#2 i?2 ;`�/B2Mi i?B+FM2bb BM i2KT2`�im`2 �M/ b�HBMBiv `2bT2+iBp2HvX h2`Kb δT �M/ δS +�M 

#2 i?Qm;?i Q7 �b �TT`QtBK�iBM; i?2 i?2`K�H �M/ b�HBM2 /BzmbBp2 #QmM/�`v H�v2` /2Ti?-
r?2`2 i?2 �TT`QtBK�iBQM rBHH #2 T2`72+i B7 i?2 i2KT2`�im`2 �M/ b�HBMBiv T`Q}H2b p�`v 

HBM2�`Hv Qp2` i?2 /BzmbBp2 bm#H�v2`X AM i?Bb +�b2 i?2 Q+2�MB+ ?2�i �M/ b�Hi ~mt2b +�M #2 

δS 

2tT`2bb2/ �b, 

QT 
TML  − Tb = ρcpκT 

δT 
U9XR9V 

SML  − SbQS = ρκS . U9XR8V 

h?2 ;`�/B2Mi i?B+FM2bb `�iBQ δT/δS Bb `2H�i2/ iQ i?2 `�iBQ Q7 ?2�i iQ b�Hi i`�Mb72` +Q27@ 
}+B2Mib #v i?2 G2rBb MmK#2` Le = κT/κS �b ΓT/ΓS = Le(δS/δT )X hQ `2+QM+BH2 9XRk-
9XRj �M/ 9XR9- 9XR8 i?2 i?2`K�H �M/ b�HBM2 /BzmbBp2 bm#H�v2`b b?QmH/ #2 +QMi`QHH2/ #v 

+m``2Mi b?2�`- �M/ i?BM rBi? BM+`2�bBM; 7`B+iBQM p2HQ+Biv U2X;X q2HHb �M/ qQ`bi2`- kyy3c 
J+*QMMQ+?B2 �M/ E2``- kyRd�VX 

h?2`2 �`2 K�Mv +QM/BiBQMb T2`iBM2Mi iQ i?2 �Mi�`+iB+ AaP"G r?2`2 b?2�` /Q2b MQi 
+QMi`QH i?2 i?B+FM2bb Q7 i?2 /BzmbBp2 bm#H�v2`X AM i?2 +�b2 Q7 � bHQTBM; B+2 b?2H7- 7`2b? 

K2Hir�i2` /`Bp2b +QMp2+iBQM �/D�+2Mi iQ i?2 B+2 �M/ Bi Bb +QMp2+iBp2 BMbi�#BHBiv- `�i?2` 
i?�M b?2�`- i?�i +QMi`QHb i?2 /BzmbBp2 bm#H�v2` i?B+FM2bb UE2`` �M/ J+*QMMQ+?B2- kyR8c 
J+*QMMQ+?B2 �M/ E2``- kyR3c JQM/�H 2i �HX- kyRNV �M/ b2ib i?2 K2Hi `�i2X lM/2` ~�i B+2 
rBi? `2H�iBp2Hv r2�F +m``2Mib- /Qm#H2@/BzmbBp2 +QMp2+iBQM Q++m`b �M/ K2HiBM; Bb BM?2`2MiHv 

i`�MbB2Mi U+?�Ti2` jc J�`iBM �M/ E�mzK�M- RNddc E2BixH 2i �HX- kyRe�VX 

Ny 
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h�#H2 9XR, :`B/ bT2+B}+�iBQMb 7Q` /Bz2`2Mi p2HQ+Biv �M/ *Q`BQHBb 7Q`+BM;X 6`22 bi`2�K 
p2HQ+Biv U0c *Q`BQHBb 7`2[m2M+v f c /QK�BM ?Q`BxQMi�H /BK2MbBQM LX U= LY Vc /QK�BM 
?2B;?i LZc ?Q`BxQMi�H `2bQHmiBQM UBM r�HH mMBibV ∆X+ U4∆Y +Vc p2`iB+�H `2bQHmiBQM �i i?2 
B+2@Q+2�M BMi2`7�+2 ∆Z+X 

U0 f  LX  LZ  ∆X+ ∆Z+ 

+K b−1 ×10−3 b−1 K K 
:R yXd @RXjd jXe e Ry yX8 
:k RX9 @RXjd dXk dXk ky yXN 
:j kX3 @kXd9 dXk N ky yXN 

9Xj J2i?Q/b 

h?2 ;Qp2`MBM; 2[m�iBQMb �M/ MmK2`B+�H BKTH2K2Mi�iBQM 7Q` i?2 bBKmH�iBQMb T`2b2Mi2/ BM 

i?Bb +?�Ti2` �`2 B/2MiB+�H iQ i?Qb2 /2b+`B#2/ BM ȜjXkX h?Bb b2+iBQM T`QpB/2b �M Qp2`pB2r 

Q7 i?2 T`Q#H2K b2i@mT �M/ KQ/2H 7Q`+BM;- �M/ QmiHBM2b i?2 KQ/2H /QK�BM �M/ `2bQHmiBQM 

7Q` i?2 T`2b2Mi bBKmH�iBQMbX h?2 bi2�/v ~Qr �M/ im`#mH2Mi #QmM/�`v H�v2` #2M2�i? � 

?Q`BxQMi�H B+2 b?2H7 Bb KQ/2HH2/ BM � +QKTmi�iBQM�H /QK�BM Q7 ?2B;?i LZ �M/ ?Q`BxQMi�H 
/BK2MbBQMb LX = LY X � b+?2K�iB+ Q7 i?2 KQ/2H /QK�BM Bb b?QrM BM 6B;X 9XRX h?2 
~Qr Bb T2`BQ/B+ BM #Qi? ?Q`BxQMi�H /B`2+iBQMbX h?2 mTT2` �M/ HQr2` #QmM/�`B2b �`2 
BKT2M2i`�#H2- �bbmKBM; i?�i i?2 ~Qr Bb bi�iBbiB+�HHv ?QKQ;2M2Qmb BM i?2 ?Q`BxQMi�H TH�M2X 
h?2 #QmM/�`v +QM/BiBQMb �i i?2 mTT2` �M/ HQr2` #QmM/�`B2b �`2 MQ@bHBT �M/ 7`22@bHBT 

`2bT2+iBp2HvX h?2 ~Qr p2HQ+BiB2b BM x- y �M/ z /B`2+iBQMb �`2 u- v �M/ w `2bT2+iBp2HvX 

h?2 �K#B2Mi ~Qr- rBi? �KTHBim/2 U0 - Bb �+?B2p2/ i?`Qm;? 7Q`+BM; rBi? � +QMbi�Mi T`2b@ 
bm`2 ;`�/B2Mi BM i?2 y@/B`2+iBQMX � ;2Qbi`QT?B+ #�H�M+2 Q7 1/ρ0(∂p/∂y) =  −fU0 ?QH/b BM 

i?2 BMi2`BQ` Q7 i?2 /QK�BM- �M/ �M 1FK�M #QmM/�`v H�v2` 7Q`Kb #2M2�i? i?2 B+2X h?2 
*Q`BQHBb T�`�K2i2` f Bb +QMbi�Mi rBi?BM i?2 /QK�BMX � bi�#H2 �K#B2Mi bi`�iB}+�iBQM rBi? 

#mQv�M+v 7`2[m2M+v N0 = 1.75 × 10−3 b−1 Bb BKTQb2/ mbBM; �M BMBiB�H b�HBMBiv T`Q}H2 
;Bp2M #v Sbg = S0 − 4.0 × 10−4z ; F;−1- r?2`2 `272`2M+2 b�HBMBiv Bb b2i iQ S0 = 34.5 ; 

F;−1 7Q` �HH +�b2bX h?2 BMBiB�H i2KT2`�im`2 T`Q}H2 Bb +QMbi�Mi BM /2Ti?- �M/ i?2 `272`2M+2 
i2KT2`�im`2 T0 Bb p�`B2/ #2ir22M `mMbX 

h?2 /QK�BM bBx2 �M/ ;`B/ `2bQHmiBQM p�`v #2ir22M 2tT2`BK2MibX h?2 /QK�BM bBx2 Bb 
#�b2/ mTQM i?2 TH�M2i�`v b+�H2 δf Ui?2 1FK�M #QmM/�`v H�v2` /2Ti? Bb 2tT2+i2/ iQ 

∗#2 ∼ 0.7δf V r?B+? Bb 2biBK�i2/ mbBM; i?2 2tT`2bbBQM δf = u0/|f | r?2`2 f Ub−1V Bb i?2 
∗*Q`BQHBb 7`2[m2M+v �M/ u0 UK b−1V Bb i?2 7`B+iBQM p2HQ+Biv- 2biBK�i2/ � T`BQ`B mbBM; i?2 

NR 
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rotation 

mean velocity
 profile 

U0 

z 

T(z) 

S(z) 

x-y period 

gravity 

T0 S0(z) 

perature 
and salinity profiles 

l: 
>eriodic y 

ice 

x

yic

6B;m`2 9XR, a+?2K�iB+ Q7 i?2 KQ/2H /QK�BM- r?B+? +QMbBbib Q7 � ?Q`BxQMi�H B+2@Q+2�M 
BMi2`7�+2 rBi? +QH/- b�Hiv Q+2�M #2HQrX AM i?2 BMi2`BQ` Q7 i?2 /QK�BM i?2 Q+2�M Bb BM 
;2Qbi`QT?B+ #�H�M+2 �M/ ?�b p2HQ+Biv Uu, vV 4UU0, 0VX L2�` i?2 B+2 �M 1FK�M #QmM/�`v 
H�v2` 7Q`KbX 

∗/`�; H�r `2H�iBQMb?BT u0 = Cd 
1/2U0 i�FBM; Cd = 0.0025X h?2 /QK�BM bBx2 LX ×LY ×LZ Bb 

�TT`QtBK�i2Hv 1.4δf ×1.4δf ×1.8δf X h?2 /BK2MbBQM�H /QK�BM bBx2b +�M #2 7QmM/ BM h�#H2 
−69XRX :`B/ `2bQHmiBQM Bb #�b2/ mTQM i?2 pBb+Qmb H2M;i?b+�H2 δν = ν/u∗ 

0 r?2`2 ν = 2× 10 

K2 b−1 Bb i?2 KQH2+mH�` pBb+QbBivX h?2 ;`B/ `2bQHmiBQM 7Q` 2�+? 2tT2`BK2Mi Bb 2tT`2bb2/ 

BM r�HH mMBib �b ∆X+ = ∆X/δν - rBi? ∆Y + �M/ ∆Z+ 2[mBp�H2MiHv /2}M2/X h?2 ;`B/ 

`2bQHmiBQM Bb +?Qb2M iQ #2 +QMbBbi2Mi rBi? i?2 `2bmHib Q7 a�HQM 2i �HX UkyydV 7Q` `2bQHp2/ 

G1aX h?2 ;`B/ i?�i Bb mMB7Q`K BM #Qi? i?2 x �M/ y /B`2+iBQMb �M/ bi`2i+?2/ BM i?2 z@ 
/B`2+iBQM iQ �+?B2p2 ?B;?2` `2bQHmiBQM M2�` i?2 #QmM/�`vX h?2 ?Q`BxQMi�H `2bQHmiBQM Bb 
ivTB+�HHv ∆X+ = 20- rBi? i?2 2t+2TiBQM Q7 i?2 yXd +K b−1 `mM- r?2`2 Bi Bb ∆X+ = 10 BM 

Q`/2` iQ b�iBb7v ?Q`BxQMi�H@iQ@p2`iB+�H ;`B/ �bT2+i `�iBQ �M/ p2`iB+�H `2bQHmiBQM +QMbi`�BMib 
bBKmHi�M2QmbHvX 1ti`2K2Hv ?B;? `2bQHmiBQM Bb `2[mB`2/ M2�` i?2 #QmM/�`v iQ +�Tim`2 i?2 
M2�`@B+2 /BzmbBp2 bm#H�v2`b- r?B+? �`2 i?BM /m2 iQ i?2 `2�HBbiB+ κT �M/ κS p�Hm2bX h?2 
;`B/ bi`2i+?BM; Bb T2`7Q`K2/ mbBM; � i�M? 7mM+iBQM rBi? `2bQHmiBQM ∆Z+ < 1 �i i?2 r�HHX 
h?2 �bT2+i `�iBQ Q7 ;`B/ +2HHb �i i?2 2/;2 Q7 i?2 pBb+Qmb bm#H�v2` UZ+48yV ?�b �HbQ #22M 

b?QrM iQ #2 BKTQ`i�Mi- rBi? A = ∆Z+/∆X+ = 1/8 #2BM; `2+QKK2M/2/ BM � T`2pBQmb 
bim/v Uo`2m;/2M?BH �M/ h�vHQ`- kyRNVX LQ /2T2M/2M+2 QM �bT2+i `�iBQ r�b 7QmM/ 7Q` 

Nk 
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1/30 < A < 1/7 U�TT2M/Bt �XkV- �M/ KQbi `mMb r2`2 T2`7Q`K2/ rBi? A ∼ 1/11X 

hQ 2�b2 +QKTmi�iBQM�H +QMbi`�BMib 7Q` i?2 ?B;?2bi p2HQ+Biv `mMb- i?2 *Q`BQHBb T�`�K2i2` Bb 
/Qm#H2/ 7`QK i?2 T?vbB+�HHv `2H2p�Mi p�Hm2 Q7 f = −1.37 × 10−3 b−1 iQ f = −2.74 × 10−3 

−1-s �HHQrBM; � bK�HH2` /QK�BM iQ #2 mb2/X .Qm#HBM; f /Q2b MQi �z2+i i?2 M2�`@B+2 
/vM�KB+b Q` ?2�i i`�Mb72` U�TT2M/Bt �XjV- �Hi?Qm;? Bi /Q2b �z2+i i?2 1FK�M #QmM/�`v 

H�v2` �M/ KBt2/ H�v2`X h?2 BM~m2M+2 Q7 p�`vBM; f QM i?2 AaP"G Bb [m�MiB}2/ �M/ 

2tTH�BM2/ BM i?2 `2bmHib b2+iBQMX 

6`22 bi`2�K p2HQ+Biv UU0V �M/ BMBiB�H i2KT2`�im`2 UT0V �M/ �`2 p�`B2/ #2ir22M `mMb- r?2`2 
∗2�+? T0 ?�b � +Q``2bTQM/BM; BMBiB�H i?2`K�H /`BpBM; T0 = T0 −Tf (S0)- r?2`2 Tf (S0) Bb i?2 

7`22xBM; i2KT2`�im`2 �i b�HBMBiv S0X h?2 KQ/2H Bb 7Q`+2/ rBi? U0 = 0.7, 1.4 �M/ 2.8 +K 

b−1 ∗�i T = 0.0025, 0.0075 �M/ 0.05 ◦*X 6Q` 2�+? `mM- � M2mi`�H UmMbi`�iB}2/V bTBM@mT 

`mM Bb T2`7Q`K2/ iQ Q#i�BM i?2 p2HQ+Biv }2H/ Q7 � bi2�/v@bi�i2 im`#mH2Mi 1FK�M #QmM/�`v 

H�v2`X �i KQ/2H iBK2 t = 0  ? i?2 BMBiB�H i2KT2`�im`2 �M/ b�HBMBiv T`Q}H2b �`2 �TTHB2/-
�7i2` r?B+? iBK2 i?2 i2KT2`�im`2- b�HBMBiv �M/ p2HQ+Biv }2H/b +Q@2pQHp2X h?2 bBKmH�iBQMb 
�`2 `mM 7Q` k@j BM2`iB�H T2`BQ/bX 

9X9 _2bmHib 

9X9XR "QmM/�`v H�v2` 2pQHmiBQM �M/ p2HQ+Biv +?�`�+i2`BbiB+b 

6HQr #2M2�i? � bi�iBQM�`v B+2 b?2H7 `2bmHib BM p2`iB+�H b?2�` �M/ 7Q`Kb � im`#mH2Mi #QmM/@ 
�`v H�v2` #2M2�i? i?2 B+2X h?Bb #QmM/�`v H�v2` /2i2`KBM2b i?2 K2Hi `�i2 #v `2;mH�iBM; i?2 
i`�Mb72` Q7 ?2�i �M/ b�Hi 7`QK i?2 7�`@}2H/ Q+2�M iQ i?2 B+2X 6B;X 9Xk b?Qrb i?2 B+2@Q+2�M 

#QmM/�`v H�v2` �M/ K2Hi `�i2 �i i?2 B+2@Q+2�M BMi2`7�+2 7Q` `mM �j Uh�#H2 9XkV rBi? 7`22 
bi`2�K p2HQ+Biv U0 = 2.8 +K b−1X hm`#mH2M+2 #2M2�i? i?2 B+2- pBbB#H2 �b ~m+im�iBQMb BM 

i?2 p2`iB+�H p2HQ+Biv }2H/- KBt2b +QH/ K2Hir�i2` Qp2` i?2 mTT2` ∼ 2.5 K Q7 i?2 r�i2` 
+QHmKM �M/ bmTTHB2b ?2�i iQ i?2 B+2@Q+2�M BMi2`7�+2X h?2 `2bmHiBM; K2Hi `�i2 Bb bT�iB�HHv 

?2i2`Q;2M2Qmb /m2 iQ i?2 T`2b2M+2 Q7 2HQM;�i2/ im`#mH2Mi bi`m+im`2b M2�` i?2 B+2- r?B+? 

BM+`2�b2 ?2�i ~mt HQ+�HHv Uo`2m;/2M?BH �M/ h�vHQ`- kyRNVX h?2b2 bi`m+im`2b �`2 �HB;M2/ 

rBi? i?2 r�HH bi`2bb τw r?B+?- /m2 iQ *Q`BQHBb- ?�b � +`Qbb@bi`2�K +QKTQM2MiX 

6B;X 9Xj b?Qrb i?2 2pQHmiBQM �M/ +?�`�+i2`BbiB+b Q7 i?Bb #QmM/�`v H�v2` mM/2` +QH/ +QM/B@ 
iBQMb Qp2` i?`22 BM2`iB�H T2`BQ/b- r?2`2 �M BM2`iB�H T2`BQ/ ∆t = 2π/|f | UbVX h?2 /Bz2`2M+2 
#2ir22M i?2 BMBiB�H KBt2/ H�v2` i2KT2`�im`2 �M/ i?2 BM bBim 7`22xBM; i2KT2`�im`2 U� [m�M@ 

Nj 
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6B;m`2 9Xk, aM�Tb?Qi Q7 QmiTmi 7Q` `mM �j �i t = ∆tX >Q`BxQMi�H Ux − yV TH�M2 b?Qrb 
BMbi�Mi�M2Qmb K2Hi `�i2 m �i i?2 B+2@Q+2�M #QmM/�`vX o2`iB+�H TH�M2b b?Qr p2`iB+�H 
p2HQ+Biv w Uz − y TH�M2V �M/ i2KT2`�im`2 T Ux − z TH�M2VX PMHv i?2 mTT2` jXe K Q7 i?2 
/QK�BM Bb b?QrMX 

iBiv FMQrM �b i?2 i?2`K�H /`BpBM;- ?2`2�7i2` T ∗V BM i?Bb `mM Bb QMHv yXyyk8 ◦*X h?2 bi2�/v 

7�`@}2H/ ~Qr rBi? K�;MBim/2 U0 = 1.4 +K b−1 2t2`ib � b?2�` bi`2bb QM i?2 bi�iBQM�`v 
∗ 1/2XB+2@Q+2�M BMi2`7�+2 UτwV r?B+? Bb +?�`�+i2`Bb2/ #v i?2 7`B+iBQM p2HQ+Biv u = (τw/ρ0) 

h?2 7`B+iBQM p2HQ+Biv `2K�BMb bi2�/v Qp2` i?2 +Qm`b2 Q7 i?2 bBKmH�iBQMX SH�M2@�p2`�;2/ 

T`Q}H2b Q7 hm`#mH2Mi EBM2iB+ 1M2`;v UhE1- /2MQi2/ #v kV- /2}M2/ �b, 

k = 
1
(u ′ u ′ + v ′ v ′ + w ′ w ′), U9XReV 

2 
′ ′ ′r?2`2 u , v  �M/ w �`2 /2pB�iBQMb 7`QK i?2 ?Q`BxQMi�H K2�M p2HQ+Biv- b?Qr �+iBp2 im`@ 

#mH2M+2 Qp2` i?2 mTT2` k K Q7 i?2 r�i2` +QHmKMX h?2 hE1 Bb KQbi BMi2Mb2 M2�` i?2 
B+2 U6B;X 9Xj"VX h?Bb im`#mH2M+2 `�TB/Hv ?QKQ;2MBb2b i?2 BMBiB�H b+�H�` T`Q}H2b 7Q`KBM; � 

KBt2/ H�v2` BM i2KT2`�im`2 U6B;X 9Xj*V �M/ b�HBMBiv UMQi b?QrMV #2M2�i? i?2 B+2X h?2 
b[m�`2/ #mQv�M+v 7`2[m2M+v N2 = −g/ρ0(∂ρ/∂z) U6B;X 9Xj.V +?�`�+i2`Bb2b i?2 bi`�iB}@ 
+�iBQM Q7 i?2 r�i2` +QHmKMX �b i?2 ~Qr /2p2HQTb- � bi`QM; /2MbBiv ;`�/B2Mi UTv+MQ+HBM2V 
7Q`Kb �i i?2 #�b2 Q7 i?2 KBt2/ H�v2`X h?2 Tv+MQ+HBM2 /22T2Mb ;`�/m�HHv Qp2` i?2 +Qm`b2 
Q7 i?2 2tT2`BK2Mi /m2 iQ 2Mi`�BMK2Mi Q7 �K#B2Mi ~mB/ BMiQ i?2 KBt2/ H�v2`X h?2 KBt2/ 

N9 
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h�#H2 9Xk, E2v T�`�K2i2`b �M/ `2bmHibX 6`22 bi`2�K p2HQ+Biv U0c BMBiB�H i?2`K�H /`BpBM; 
∗T0 c 7`B+iBQM p2HQ+Biv u ∗c /`�; +Q2{+B2Mi Cdc i2KT2`�im`2 /Bz2`2M+2 #2ir22M i?2 BMi2`@ 

7�+2 �M/ KBt2/ H�v2` Tb − TMLc K2Hi `�i2 mc P#mF?Qp H2M;i?b+�H2 Lc pBb+Qmb P#mF?Qp 
H2M;i?b+�H2 L+c �M/ KBt2/ H�v2` +H�bbB}+�iBQM �b qJ Ur2HH@KBt2/V- ah_ Ubi`�iB}2/V Q` 
.* U/BzmbBp2 +QMp2+iBp2VX �HH `2bmHib �`2 �i t = 3∆t- 2t+2Ti `mMb �j- "j �M/ *j r?B+? 
�`2 �i t = 2∆tX 

`mM U0 T ∗ 
0 

∗ u Cd Tb − TML  m L L+ ivT2 
+K b−1 ◦ * +K b−1 ◦ * +K v`−1 K 

�R 
�k 
�j 
"R 
"k 
"j 
*R 
*k 
*j 

yXd 
RX9 
kX3 
yXd 
RX9 
kX3 
yXd 
RX9 
kX3 

yXyyk8 
yXyyk8 
yXyyk8 
yXyyd8 
yXyyd8 
yXyyd8 
yXy8 
yXy8 
yXy8 

yXyj3 
yXyeN 
yXRjj 
yXyje 
yXyee 
yXRjR 
yXyj9 
yXy8R 
yXRkR 

yXyyjy 
yXyyk9 
yXyykj 
yXyyke 
yXyykk 
yXyykk 
yXyyk9 
yXyyRj 
yXyyRN 

yXyyy3y 
yXyyy3j 
yXyyRyR 
yXyyk83 
yXyykRN 
yXyykNy 
yXykRRy 
yXyRdkj 
yXyRe89 

yXyNd 
yXke9 
yXed9 
yXkey 
yX89N 
RX3ey 
RXejj 
RXddN 
dX9k8 

RRXRd 
k9X9k 
dyX8e 
jXd3 
RyXR3 
k9X9k 
yX8y 
RX9d 
9X3d 

kyyy 
3jNy 
9e39y 
e3y 
jj9y 
R8N3y 
3y 
jdy 
kN8y 

qJ 
qJ 
qJ 
qJ 
qJ 
qJ 
.* 
ah_ 
ah_ 

R 
k 
j 
j 
9 

yXy 
yXd 
RX9 
RX9 
kXy 

yXRd8 
yXRd8 
yXRd8 
yXjd8 
yXRd8 

∼ 
yXyje 
yXy8k 
yXy8R 
yXye9 

yXyyke 
yXyyR9 
yXyyRj 
yXyyRy 

yXyd83e 
yXyd8RR 
yXyeNy3 
yXR8dyR 
yXyeRR8 

eXyd3 
eXkkN 
eX88N 
R9X88d 
eXRed 

∼ 
yXRd 
yX9d 
yXkk 
yXNy 

∼ 
jy 
Rky 
8y 
kNy 

.* 

.* 

.* 

.* 
ah_ 

H�v2` +QQHb �M/ 7`2b?2Mb Qp2` iBK2- /m2 iQ i?2 ?2�i �M/ b�Hi ~mt2b �bbQ+B�i2/ rBi? #�b�H 
K2HiBM;X h?2 K2Hi `�i2 U6B;X 9Xj�V mM/2`;Q2b �M BMBiB�H �/DmbiK2Mi T?�b2 �i i?2 #2;BM@ 
MBM; Q7 i?2 bBKmH�iBQM- BM r?B+? i?2 i?2`K�H �M/ b�HBM2 /BzmbBp2 #QmM/�`v H�v2`b 7Q`K 

�/D�+2Mi iQ i?2 B+2X �7i2` ∼ 1∆t i?2 K2Hi `�i2 �+?B2p2b � [m�bB@bi2�/v p�Hm2- 2pQHpBM; 

;`�/m�HHv BM `2bTQMb2 iQ i?2 +QQHBM; Q7 i?2 KBt2/ H�v2`X 

h?2 AaP"G +?�`�+i2`BbiB+b �M/ 2pQHmiBQM �`2 bi`QM;Hv BM~m2M+2/ #v Q+2�M i2KT2`�im`2X 
∗>B;?2` T `2bmHib BM �M BM+`2�b2/ K2Hi `�i2 �M/ ?B;?2` bm`7�+2 #mQv�M+v 7Q`+BM;- r?B+? 

bmTT`2bb2b #QmM/�`v H�v2` im`#mH2M+2X 6B;X 9X9 b?Qrb i?2 2pQHmiBQM Q7 i?2 #QmM/�`v H�v2` 
BM `mM *k- r?B+? ?�b i?2 b�K2 +m``2Mi 7Q`+BM; UU0 = 1.4 +K b−1V �b `mM �k #mi � Km+? 

?B;?2` i?2`K�H /`BpBM; UT ∗ ∼ 0.05 ◦*VX 6Q` i?2 r�`K2` `mM i?2 K2Hi `�i2 Bb Km+? ?B;?2`-
r?BH2 i?2 #QmM/�`v H�v2` im`#mH2M+2 Bb r2�F2`X �7i2` ∼ 1∆t i?2 hE1 /`QTb Qz �i /2Ti? 

�M/ im`#mH2Mi KBtBM; Bb +QM}M2/ iQ i?2 mTT2` ∼R K Q7 i?2 r�i2` +QHmKMX J2HiBM;- r?B+? 

#Qi? +QQHb �M/ 7`2b?2Mb i?2 r�i2` M2�` i?2 BMi2`7�+2- +QMbiBimi2b � bi�#BHBbBM; #mQv�M+v 

N8 
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6B;m`2 9Xj, h2KTQ`�H 2pQHmiBQM Q7 F2v [m�MiBiB2b 7Q` `mM �k Qp2` i?`22 BM2`iB�H T2`BQ/b, 
U�V K2Hi `�i2 m �M/ 7`B+iBQM p2HQ+Biv u ∗c U"V hm`#mH2Mi EBM2iB+ 1M2`;v k UK2 b−2Vc U*V 
i2KT2`�im`2 T U◦*Vc �M/ U.V b[m�`2/ #mQv�M+v 7`2[m2M+v N2 Ub−2V rBi? i?2 #�b2 Q7 i?2 
KBt2/ H�v2` U?2`2 /2}M2/ #v i?2 Tv+MQ+HBM2 /2Ti?V ?B;?HB;?i2/ BM r?Bi2X 

~mt r?B+? i2M/b iQ bi`�iB7v i?2 r�i2` +QHmKMX h?2 BM+`2�b2/ K2HiBM;- �M/ i?2`27Q`2 
bi�#BHBbBM; #mQv�M+v ~mt- BM `mM *k `2bmHib BM im`#mH2M+2 bmTT`2bbBQM �M/ � `2/m+iBQM 

Q7 i?2 KBtBM; /2Ti? +QKT�`2/ iQ i?2 +QQH2` `mM �k U6B;X 9XjVX h?2 +?�M;2 BM KBtBM; 

/2Ti? +�mb2b � M2r Tv+MQ+HBM2 iQ 7Q`K �#Qp2 i?2 }`bi 7`QK ∼ 2∆tX h?2 `2;BQM �#Qp2 
i?Bb Tv+MQ+HBM2 Bb MQi r2HH@KBt2/- /2bTBi2 i?2 �+iBp2 KBtBM; Q++m``BM; i?2`2- BM/B+�iBM; 

i?�i i?2 #QmM/�`v H�v2` im`#mH2M+2 Bb BMbm{+B2MiHv bi`QM; iQ KBt �r�v i?2 #mQv�M+v 

bmTTHB2/ #v K2HiBM;X Pp2` i?2 +Qm`b2 Q7 i?2 bBKmH�iBQM- i?2 7`B+iBQM p2HQ+Biv /2+`2�b2b 
#v ∼ 30% 7`QK Bib Q`B;BM�H p�Hm2X 

�i r�`K2` +QM/BiBQMb i?2 #QmM/�`v H�v2` p2HQ+Biv T`Q}H2 /2pB�i2b 7`QK i?2 +H�bbB+ HQ;�@ 
`Bi?KB+ p2HQ+Biv T`Q}H2- rBi? i?2 T`Q}H2 �TT2�`BM; KQ`2 ǳH�KBM�`Ǵ BM i?2 M2�`@r�HH `2;BQMX 
AKK2/B�i2Hv #2HQr i?2 B+2- BM i?2 pBb+Qmb bm#H�v2`- i?2 ~Qr Bb H�KBM�` �M/ i?2 p2HQ+Biv 

b+�H2b rBi? /Bbi�M+2 7`QK i?2 B+2X h?Bb Bb b?QrM 7Q` p2HQ+BiB2b Q7 U0 = 0.7, 1.4 �M/ 2.8 
∗+K b−1 �i T ∼ 0.003 �M/ 0.05 ◦* BM 6B;X 9X8- r?2`2 i?2 p2HQ+Biv T`Q}H2b �HH 7QHHQr i?2 

pBb+Qmb b+�HBM; 7Q` z+ < 5X �r�v 7`QK i?2 BMi2`7�+2- p2HQ+Biv T`Q}H2b �`2 +QKT�`2/ rBi? 

Ne 
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6B;m`2 9X9, h2KTQ`�H 2pQHmiBQM Q7 F2v [m�MiBiB2b 7Q` `mM *k Qp2` i?`22 BM2`iB�H T2`BQ/bX 
S�M2Hb �b BM 6B;X 9XjX h?2 #�b2 Q7 i?2 KBt2/ H�v2` U?2`2 /2}M2/ #v i?2 /2Ti? Q7 i?2 
bi`QM;2bi Tv+MQ+HBM2V Bb ?B;?HB;?i2/ BM r?Bi2X 

i?2 +H�bbB+ HQ; H�r U1[X 9X9V �M/ JQMBM@P#mF?Qp UJPV bBKBH�`Biv b+�HBM; U1[X 9XeV-
r?B+? i�F2b BMiQ �++QmMi i?2 2z2+i Q7 i?2 bm`7�+2 #mQv�M+v ~mtX �i HQr i?2`K�H /`BpBM; 

U6B;X 9X8�V- rBi? i?2 2t+2TiBQM Q7 i?2 HQr2bi p2HQ+Biv `mM- i?2 #QmM/�`v H�v2` T`Q}H2 
+Bb r2HH 2tTH�BM2/ #v i?2 JP b+�HBM; Qp2` 50 ≤ z ≤ 500X �i i?2b2 +QM/BiBQMb- r?B+? 

+Q``2bTQM/ iQ H�`;2 L- i?2 JP@bBKBH�`Biv b+�HBM; /Q2b MQi /2pB�i2 Km+? 7`QK i?2 +H�bbB+ 
GPq b+�HBM;X �i r�`K2` i2KT2`�im`2b- i?2 }i #2ir22M i?2 p2HQ+Biv T`Q}H2b �M/ JP 

b+�HBM; U1[X 9XeV Bb TQQ`X q?BH2 i?2 b+�HBM; +�Tim`2b i?2 i2M/2M+v 7Q` i?2 b?2�` iQ #2 
+QM+2Mi`�i2/ +HQb2` iQ i?2 #QmM/�`v Bi /Q2b MQi �++m`�i2Hv `2T`2b2Mi i?2 b?�T2 Q7 i?2 
p2HQ+Biv T`Q}H2X 6Q` `mMb *R �M/ *k- i?2 p2HQ+Biv T`Q}H2 `2K�BMb +HQb2` iQ i?2 pBb+Qmb 
b+�HBM; i?�M i?2 GPq b+�HBM; 7Q` z+ < 100X 

h?2 #2?�pBQm` Q7 p2HQ+Biv T`Q}H2b *RĜ*j Bb MQi KQMQiQMB+ rBi? BM+`2�bBM; 7`22 bi`2�K 

p2HQ+BivX 6Q` }t2/ T0 
∗- bi`�iB}+�iBQM 2z2+ib �`2 2tT2+i2/ iQ /BKBMBb? rBi? BM+`2�bBM; u ∗X 

>Qr2p2`- `mM *k b?Qrb i?2 H�`;2bi /2pB�iBQM 7`QK i?2 +H�bbB+ GPq b+�HBM; bm;;2biBM; 

i?�i Bi Bb KQ`2 ǳbi`�iB}+�iBQM@�z2+i2/Ǵ i?�M `mM *RX q2 bm;;2bi i?�i i?2 r2�F2` b?2�` BM 

+�b2 *R �HHQrb /Qm#H2@/BzmbBp2 KBtBM; iQ Q++m`- �M/ i?�i i?2 p�`B�iBQM #2ir22M `mMb *R 
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6B;m`2 9X8, o2HQ+Biv T`Q}H2b BM r�HH mMBib 7Q` U�V 2tT2`BK2Mib �RĜj �M/ U"V 2tT2`BK2Mib 
+ +*RĜjX Pp2`@THQii2/ �`2 i?2 pBb+Qmb #QmM/�`v H�v2` b+�HBM; u = z UbQHB/ #H�+F HBM2Vc 

HQ;�`Bi?KB+ #QmM/�`v H�v2` b+�HBM; U1[X 9X9c bQHB/ ;`2v HBM2V �M/ J@P bBKBH�`Biv b+�HBM; 
U1[X 9Xec /�b?2/ HBM2b- +QHQm`b +Q``2bTQM/ iQ H�#2HH2/ 2tT2`BK2MibVX 

�M/ *k Bb � `2bmHi Q7 i?2 /QKBM�M+2 Q7 /Bz2`2Mi KBtBM; T`Q+2bb2bX h?Bb rBHH #2 /Bb+mbb2/ 

7m`i?2` BM b2+iBQM 9X9XkX 
+ +h?2 p2HQ+Biv T`Q}H2b BM 6B;X 9X8 �`2 b+�H2/ �b u = u/u∗- i?mb i?2 7�`@}2H/ u Bb `2H�i2/ 

iQ i?2 /`�; +Q2{+B2Mi �b Cd = (1/u+)2X 6Q` r�`K `mMb *k �M/ *j- i?2 /`�; +Q2{+B2Mib 
�`2 `2/m+2/ +QKT�`2/ iQ i?2B` +QQH +QmMi2`T�`ib �k �M/ �jX .`�; +Q2{+B2Mib 7Q` 2�+? 

2tT2`BK2Mi +�M #2 7QmM/ BM h�#H2 9XkX � /2+`2�b2 BM /`�; /m2 iQ BM+`2�bBM; Q+2�M i2K@ 
T2`�im`2b BM � K2HiBM; b+2M�`BQ ?�b #22M b?QrM BM #Qi? BM +?�Ti2` j �M/ o`2m;/2M?BH 
�M/ h�vHQ` UkyRNVX h?Bb Bb �HbQ +QMbBbi2Mi rBi? `2bmHib 7`QK bi�#BHBb2/ 1FK�M #QmM/@ 
�`v H�v2`b- r?2`2 BM+`2�bBM; bi�iB+ bi�#BHBiv /2+`2�b2b /`�; U.2mb2#BQ 2i �HX- kyR9c a?�? 

�M/ "Qm@w2B/- kyR9VX h?2 bm`7�+2 #mQv�M+v ~mt �HbQ BM+`2�b2b +`Qbb@bi`2�K ~Qr BM i?2 
#QmM/�`v H�v2`- #`Q�/2MBM; i?2 1FK�M bTB`�HX h?2 ?Q`BxQMi�H p2HQ+Biv +QKTQM2Mib Uu, vV 
7Q` `mMb �k �M/ *k U�i U0 = 1.4 +K b−1V �`2 b?QrM BM i?2 ?Q/Q;`�T? BM 6B;X 9Xe�X h?2 
�;2Qbi`QT?B+ UvV +QKTQM2Mi Q7 i?2 p2HQ+Biv Bb H�`;2` 7Q` i?2 ?B;?2` i?2`K�H /`BpBM; `mMX 
h?2 �M;H2 #2ir22M i?2 ;2Qbi`QT?B+ ~Qr �M/ i?2 r�HH b?2�` bi`2bb ?�b �HbQ BM+`2�b2/ �M/ 

Bb +HQb2` iQ i?2 2tT2+i2/ �M;H2 7Q` H�KBM�` ~Qr Q7 98◦X h?2 b�K2 i`2M/ Bb Q#b2`p2/-
�Hi?Qm;? iQ � H2bb2` 2ti2Mi- 7Q` `mMb �j �M/ *j U�i U0 = 2.8 +K b−1VX AM i2`Kb Q7 
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6B;m`2 9Xe, LQ`K�HBb2/ ;2Qbi`QT?B+ UuV �M/ �;2QbiQT?B+ UvV ~Qr 7Q` U�- "V `mMb �k �M/ 
*k rBi? U0 = 1.4 +K b−1 �M/ U*- .V `mMb �j �M/ *j rBi? U0 = 2.8 +K b−1X AM U"V 
�M/ U.V T`Q}H2b �`2 THQii2/ �b � 7mM+iBQM Q7 z b+�H2/ #v i?2 TH�M2i�`v b+�H2 δf X o2HQ+Biv 
+QKTQM2Mib �`2 �p2`�;2/ Qp2` 2∆t < t < 3∆t 7Q` �k-*k �M/ ∆t < t < 2∆t 7Q` �j- *jX 

iQi�H i`�MbTQ`i- i?2 2M?�M+2K2Mi Q7 i?2 +`Qbb bi`2�K +QKTQM2Mi Bb Qzb2i #v i?2 Qp2`�HH 
i?BMMBM; Q7 i?2 p2HQ+Biv #QmM/�`v H�v2` U6B;X 9Xe" �M/ *VX 

9X9Xk JBt2/ H�v2` /2Ti? 

"QmM/�`v H�v2` im`#mH2M+2 +�M ?QKQ;2MBb2 i2KT2`�im`2 �M/ b�HBMBiv T`Q}H2b- 7Q`KBM; 

� KBt2/ H�v2` �/D�+2Mi iQ i?2 B+2X .2T2M/BM; QM i?2 /QKBM�Mi #QmM/�`v H�v2` T`Q@ 
+2bb2b- QM2 Q7 i?`22 KBt2/ H�v2` bi`m+im`2b Bb Q#b2`p2/X AM i?Bb i?2bBb- AaP"G ǳ`2;BK2bǴ 

�`2 /2}M2/ #�b2/ QM i?2 KBt2/ H�v2` bi`m+im`2 U6B;X 9XdVX h?2b2 `2;BK2b �`2 i2`K2/ 

ǳr2HH@KBt2/Ǵ- ǳbi`�iB}2/Ǵ �M/ ǳ/BzmbBp2 +QMp2+iBp2ǴX AM i?Bb b2+iBQM- bBKmH�iBQMb �`2 +�i@ 
2;Q`Bx2/ �M/ 2tBbiBM; i?2Q`v Bb mb2/ iQ KQ/2H i?2 KBt2/ H�v2` /2Ti? 7Q` 2�+? AaP"G 

`2;BK2X 

q2HH@KBt2/ `2;BK2, 2z2+ib Q7 +m``2Mib b?2�` �M/ bi`�iB}+�iBQM 

�i HQr i?2`K�H /`BpBM;- i?2 /2Ti? Q7 i?2 KBt2/ H�v2` +�M #2 T`2/B+i2/ mbBM; � bBKTH2 
b+�HBM; H�r #�b2/ QM i?2 7`B+iBQM p2HQ+Biv- *Q`BQHBb 7`2[m2M+v �M/ 7�`@}2H/ bi`�iB}+�iBQMX 
6B; 9X3 b?Qrb T`Q}H2b Q7 TH�M2@�p2`�;2/ #mQv�M+v 7`2[m2M+v UN2V 7Q` �HH 2tT2`BK2Mib-
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Well-mixed Stratified DC 
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6B;m`2 9Xd, a+?2K�iB+ b?QrBM; ivTB+�H T`Q}H2b Q7 b[m�`2/ #mQv�M+v 7`2[m2M+v UN2V 7Q` 
i?2 i?`22 Q#b2`p2/ AaP"G ǳ`2;BK2bǴ �i t = ∆t �M/ t = 2∆tX AM 2�+? T`Q}H2 i?2 Tv+MQ@ 
+HBM2 /2Ti?- r?B+? r2 mb2 �b � T`Qtv 7Q` KBt2/ H�v2` /2Ti?- Bb b?QrM rBi? �M �``QrX 

r?2`2 /2Ti? Bb MQ`K�HBb2/ #v i?2 TH�M2i�`v b+�H2 δf X �HH �@ �M/ "@ 2tT2`BK2Mib ?�p2 
� bBKBH�` /2MbBiv bi`m+im`2- rBi? � bBM;H2- r2HH@KBt2/ H�v2` �M/ Tv+MQ+HBM2 #2M2�i? i?2 
B+2- r?2`2 r2 mb2 i?2 Tv+MQ+HBM2 /2Ti? �b � T`Qtv 7Q` i?2 KBt2/ H�v2` /2Ti? U6B;X 9XdVX 
>2`2- i?2b2 `mMb �`2 +H�bbB}2/ �b ǳr2HH@KBt2/ǶX 

h?2 �@ �M/ "@ `mMb 2pQHp2 BM � [m�HBi�iBp2Hv bBKBH�` K�MM2` iQ r?�i Bb b?QrM BM 6B;X 
9Xj 7Q` `mM �kX >Qr2p2`- i?2 Tv+MQ+HBM2 /2Ti?b /Q MQi +QHH�Tb2 rBi? i?2 b+�H2/ p2`iB+�H 
+QQ`/BM�i2X _�i?2` i?�M i?2 f−1 /2T2M/2M+2 bm;;2bi2/ #v i?2 TH�M2i�`v b+�H2- i?2 KBt2/ 

H�v2` /2Ti? b+�H2b rBi? f−1/2- +QMbBbi2Mi rBi? i?2 bi`�iB}2/ 1FK�M #QmM/�`v H�v2` b+�H2 
hγ - U1[X 9XdVX a22 �TT2M/Bt � 7Q` �M 2ti2MbBQM Q7 i?Bb `2bmHi iQ ?B;?2` f X h?2 hγ 

b+�HBM; 2tTH�BMb i?2 KBt2/ H�v2` /2Ti? r2HH 7Q` �HH �@ �M/ "@ 2tT2`BK2Mib U6B;X 9XNV rBi? 

+QMbi�Mi A = 1.3- �b bm;;2bi2/ #v q2�i?2`Hv �M/ J�`iBM URNd3VX h?Bb `2bmHi Bb +QMbBbi2Mi 
rBi? i?2 rQ`F Q7 J+qBHHB�Kb 2i �HX UkyyNV �M/ h�vHQ` �M/ a�`F�` Ukyy3#V r?Q b?Qr2/ 

i?�i BM+`2�bBM; 2ti2`M�H bi`�iB}+�iBQM i?BMb i?2 1FK�M #QmM/�`v H�v2` �M/ KBt2/ H�v2`X 

ai`�iB}2/ `2;BK2, 2z2+ib Q7 +m``2Mi b?2�` �M/ bm`7�+2 #mQv�M+v ~mt 

�i r�`K2` Q+2�M +QM/BiBQMb U*@ `mMbV- i?2 KBt2/ H�v2` /2Ti? �M/ bi`m+im`2 /2T�`ib 7`QK 

i?2 bi`�iB}2/ 1FK�M #QmM/�`v H�v2` b+�HBM;X 6Q` `mMb *k �M/ *j- rBi? +m``2Mi bT22/b Q7 
U0 = 1.4 +K b−1 �M/ U0 = 2.8 +K b−1- `2bT2+iBp2Hv- i?2 KBtBM; /2Ti? Bb Q#b2`p2/ iQ b?Q�H 
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6B;m`2 9X3, S`Q}H2b Q7 b[m�`2/ #mQv�M+v 7`2[m2M+v UN2V 7Q` �HH `mMb UH�#2HH2/V �i t/∆t = 
2X S`Q}H2b �`2 Qzb2i #v N2 = 2× 10−5 b−2X 

Qp2` i?2 +Qm`b2 Q7 i?2 2tT2`BK2Mi �M/ i?2 KBt2/ H�v2` Bb Q#b2`p2/ iQ `2bi`�iB7v- BM/B+�iBM; 

i?�i i?2 #QmM/�`v H�v2` im`#mH2M+2 Bb #2BM; bmTT`2bb2/ #v i?2 bm`7�+2 K2Hir�i2` ~mtX 
.2bTBi2 i?Bb `2bi`�iB}+�iBQM- KBtBM; `2K�BMb �+iBp2- �b /2KQMbi`�i2/ #v i?2 7Q`K�iBQM Q7 
� b2+QM/ Tv+MQ+HBM2 #2M2�i? i?2 B+2 U2X;X 6B; 9X9VX h?mb- /2bTBi2 i?2 �#b2M+2 Q7 � r2HH@ 
KBt2/ H�v2`- r2 biBHH /2}M2 � KBt2/ H�v2` /2Ti? #�b2/ mTQM i?2 /2Ti? Q7 i?2 bi`QM;2bi 
Tv+MQ+HBM2 #2M2�i? i?2 B+2- �b b?QrM BM 6B;X 9XdX _mMb i?�i 2t?B#Bi i?Bb `2bi`�iB}M; 

#2?�pBQ` �`2 +H�bbB}2/ �b ǳbi`�iB}2/ǴX 

q?2i?2` Q` MQi i?2 AaP"G rBHH bi`�iB7v +�M #2 /2i2`KBM2/ #v +QKT�`BM; i?2 P#mF?Qp 

H2M;i? L iQ i?2 TH�M2i�`v b+�H2 δf - r?2`2 Bi Bb i?2 bK�HH2` b+�H2 i?�i ;Qp2`Mb UJ+S?22-
kyy3VX h?2 P#mF?Qp H2M;i?b+�H2 U1[X 9X8V ;Bp2b �M 2biBK�i2 Q7 i?2 /2Ti? �i r?B+? 

im`#mH2M+2 rBHH 722H i?2 2z2+ib Q7 bi`�iB}+�iBQM /m2 iQ bm`7�+2 #mQv�M+v 7Q`+BM;X A7 i?2 
P#mF?Qp H2M;i?b+�H2 Bb Km+? H�`;2` i?�M i?2 TH�M2i�`v b+�H2 Uµ = u ∗/(fL) ≪ 1V i?2M 

i?2 AaP"G Bb mMHBF2Hv iQ #2 �z2+i2/ #v i?2 bm`7�+2 #mQv�M+v 7Q`+BM;X >Qr2p2`- B7 i?2 
irQ �`2 Q7 bBKBH�` K�;MBim/2 Uµ = u ∗/(fL) ∼ 1V i?2M i?2 #QmM/�`v H�v2` rBHH #2 �z2+i2/ 

#v bi�#BHBbBM; #mQv�M+vX P#mF?Qp H2M;i?b+�H2 L Bb +QKT�`2/ rBi? i?2 TH�M2i�`v b+�H2 δf 

`�i?2` i?�M i?2 bi`�iB}2/ 1FK�M b+�H2 hγ #�b2/ QM i?2 Q#b2`p�iBQM i?�i i?2 bi`�iB}2/ 

#QmM/�`v H�v2` 7Q`Kb Qp2` i?2 iQT Q7 �M BMBiB�HHv r2HH@KBt2/ UN2 ∼ 0V `2;BQM U2X;X 6B;X 
9X9.VX "2+�mb2 i?2 KBtBM; /2Ti? b?Q�Hb BM iBK2- i?2 7�`@}2H/ bi`�iB}+�iBQM N∞ Bb mMHBF2Hv 

iQ #2 ǳ72HiǴ #v i?2 #QmM/�`v H�v2` im`#mH2M+2X 6Q` `mM *k µ = 2.3 r?BH2 7Q` `mM *j 

µ = 0.9X 6B;X 9XRy� THQib i?2 KBt2/ H�v2` /2Ti? �;�BMbi µX PMHv irQ Q7 i?2 T`2b2Mi 
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6B;m`2 9XN, aBKmH�i2/ KBt2/ H�v2` /2Ti? hobs b+�H2/ #v TH�M2i�`v b+�H2 δf �b � 7mM+@ 
iBQM Q7 bi`�iB}+�iBQM T�`�K2i2` γX .�b?2/ HBM2 Bb hobs/δf = 1.4γ−1/4X J�`F2`b b?Qr 
r2HH@KBt2/ U+B`+H2V bi`�iB}2/ Ub[m�`2V �M/ /BzmbBp2@+QMp2+iBp2 Ui`B�M;H2V #QmM/�`v H�v2`b 
`2bT2+iBp2HvX 

bBKmH�iBQMb 7�HH rBi?BM i?2 ǳbi`�iB}2/Ǵ `2;BK2X .`�rBM; BM `2bmHib 7`QK +?�Ti2` j vB2H/ � 

i?B`/ bi`�iB}2/ `mM U1tTX 9c h�#H2 9XkV rBi? µ = 4.9X 

h?2 b+�H2/ KBt2/ H�v2` /2Ti? Uhobs/δf V /2+`2�b2b �b i?2 bi�#BHBiv T�`�K2i2` µ BM+`2�b2b 7Q` 
i?2 bi`�iB}2/ `mMbX h?2 b+�HBM; µ−1/2 r2HH /2b+`B#2b hobs/δf - +QMbBbi2Mi rBi? i?2 }M/BM;b 
Q7 .2mb2#BQ 2i �HX UkyR9V �M/ i?2 b+�HBM; 7`QK wBHBiBMF2pB+? URNdkVX h?2 2tT`2bbBQM 

−1/2XQ7 #2bi }i ;Bp2M �b hobs/δf = 0.31µ 6m`i?2`KQ`2- i?2 7`B+iBQM p2HQ+Biv �M/ /`�; 

+Q2{+B2Mi /2+`2�b2 �b i?2 bi�#BHBiv T�`�K2i2` µ BM+`2�b2bX h?2 `�iBQ u ∗/U0 b+�H2b rBi? 

µ−1/5- +QMbBbi2Mi rBi? i?2 }M/BM;b Q7 .2mb2#BQ 2i �HX UkyR9V U6B;X 9XRy"VX 

.BzmbBp2 +QMp2+iBp2 `2;BK2, 2z2+ib Q7 bm`7�+2 #mQv�M+v ~mt �M/ �K#B2Mi 
bi`�iB}+�iBQM 

�i r�`K i2KT2`�im`2b �M/ HQr +m``2Mi bT22/- .* /`Bp2b im`#mH2Mi ~mt2b #2M2�i? i?2 
B+2 �M/ b2ib i?2 KBt2/ H�v2` /2Ti?X 6Q` `mM *R- i?2 KBt2/ H�v2` Bb Km+? /22T2` i?�M 

2tT2+i2/ 7`QK i?2 TH�M2i�`v b+�H2 U6B;X 9X3VX "2M2�i? i?2 /BzmbBp2 bm#H�v2`- N2 #2+QK2b 
M2;�iBp2 Qp2` � b?Q`i /Bbi�M+2- 2pB/2M+2 i?�i i?Bb `mM Bb BM i?2 .* `2;BK2X *QH/- 7`2b? 

K2Hir�i2` ?�b � bi�#BHBbBM; 2z2+i- `2bmHiBM; BM bi`QM; bi`�iB}+�iBQM M2�` i?2 B+2X >Qr2p2`-
?2�i /Bzmb2b �r�v 7`QK i?2 BMi2`7�+2 KQ`2 `�TB/Hv i?�M b�Hi UκT /κS = 110V- `2bmHiBM; BM 

� ;`�pBi�iBQM�HHv mMbi�#H2 `2;BQM �M/ +QMp2+iBQM bQK2 /Bbi�M+2 7`QK i?2 B+2X �b b?QrM BM 
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6B;m`2 9XRy, U�V aBKmH�i2/ KBt2/ H�v2` /2Ti? hobs b+�H2/ #v TH�M2i�`v b+�H2 δf �b � 
7mM+iBQM Q7 bi�#BHBiv T�`�K2i2` µ- i?2 /�b?2/ HBM2 Bb hobs/δf = 0.31µ−1/2X U"V 6`B+iBQM 

∗p2HQ+Biv u MQ`K�HBb2/ #v ;2Qbi`QT?B+ p2HQ+Biv U0 �b � 7mM+iBQM Q7 bi�#BHBiv T�`�K2i2` µ-
/�b?2/ HBM2 Bb u ∗/U0 = 0.043µ−1/5X J�`F2`b �b 7Q` 6B;X 9XNX 

+?�Ti2` j- BM i?2 .* `2;BK2 i?2 KBt2/ H�v2` /2Ti? /2T2M/b mTQM i?2 i?2`K�H /`BpBM;- �M/ 

i?2 K2Hi `�i2 Bb BM?2`2MiHv mMbi2�/v BM iBK2X *QK#BMBM; `mM *k rBi? `2bmHib 7`QK +?�Ti2` 
j- KBt2/ H�v2` /2Ti? b+�HBM; BM i?2 .* `2;BK2 +�M #2 BMp2biB;�i2/X 6Q` � /vM�KB+�HHv 

bBKBH�` T`Q#H2K- BM r?B+? � bi�#H2 b�HBMBiv ;`�/B2Mi r�b ?2�i2/ 7`QK #2HQr- 62`M�M/Q 

URN3dV 7QmM/ i?�i i?2 KBt2/ H�v2` /2Ti? Bb +QMi`QHH2/ #v i?2 bm`7�+2 #mQv�M+v ~mt /m2 
iQ ?2�i QMHv UBT V �M/ i?2 7�`@}2H/ bi`�iB}+�iBQM �b 

1/2
BT 

hDC = C
N3 

, U9XRdV 
∞ 

rBi? +QMbi�Mi C = 41X 

6B;X 9XRR THQib hobs �;�BMbi BT /N∞ 
3 �M/ b?Qrb i?�i i?2 Rfk TQr2` Bb �TT`QT`B�i2X >Qr@ 

2p2`- i?2 +QMbi�Mi C ∼ 11 ?2`2X PM2 F2v 72�im`2 Q7 i?2 .* `2;BK2 Bb i?�i i?2 K2Hi `�i2-
�M/ i?2`27Q`2 BT - �`2 BM?2`2MiHv iBK2 /2T2M/2MiX h?mb- bm`7�+2 #mQv�M+v ~mt /m2 iQ 
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6B;m`2 9XRR, aBKmH�i2/ KBt2/ H�v2` /2Ti? hobs �b � 7mM+iBQM Q7 BT /N∞ 
3 - i?2 /�b?2/ HBM2 

Bb hobs = 11(BT /N∞ 
3 )1/2X J�`F2`b �b 7Q` 6B;X 9XNX 

?2�i Bb i�F2M �b i?2 K2�M Qp2` i?2 }`bi 8 ? Q7 bBKmH�iBQM iBK2- �b i?2 K�DQ`Biv Q7 i?2 
KBt2/ H�v2` ;`Qri? Q++m`b Qp2` i?�i T2`BQ/X 

9X9Xj J2HiBM; 

�i HQr i?2`K�H /`BpBM;- i?2 K2Hi `�i2 Bb � bi`QM; 7mM+iBQM Q7 7`B+iBQM p2HQ+BivX >Qr2p2`-
�b i2KT2`�im`2 BM+`2�b2b- i?2 b2MbBiBpBiv Q7 i?2 K2Hi `�i2 iQ BM+`2�bBM; 7`B+iBQM p2HQ+Biv 

∗/BKBMBb?2bX 6B;X 9XRk b?Qrb i?2 K2Hi `�i2 THQii2/ �;�BMbi u 7Q` i?2`K�H /`BpBM; `�M;2b 
yXyyRNĜyXyykj- yXyyeĜyXyyd- yXy9ĜyXy8 �M/ yXR9ĜyXR3 ◦*- r?2`2 i?2 H�ii2` `2bmHib �`2 7`QK 

+?�Ti2` jX h?2b2 i2KT2`�im`2 `�M;2b �++QmMi 7Q` i?2 p�`B�iBQM #2ir22M 2tT2`BK2Mib �M/ 

p�`B�iBQM BM iBK2 Qp2` 1 ≤ ∆t ≤ 3X �Hi?Qm;? b2ib Q7 2tT2`BK2Mib �`2 BMBiB�HBb2/ rBi? i?2 
b�K2 7�`@}2H/ i2KT2`�im`2- 7�+iQ`b bm+? �b KBt2/ H�v2` /2Ti? �M/ K2Hi `�i2 BM~m2M+2 i?2 
i2KT2`�im`2 Q7 i?2 KBt2/ H�v2` �b Bi 2pQHp2bX J2Hi `�i2b #2+QK2 BM+`2�bBM;Hv BMb2MbBiBp2 
iQ +m``2Mi b?2�` �b i?2`K�H /`BpBM; BM+`2�b2b U6B;X 9XRkVX AM i?2 i2KT2`�im`2 `�M;2 

∗yXyyRNĜyXyykj◦*- i?2 /2T2M/2M+2 Q7 K2Hi `�i2 QM u Bb +HQb2 iQ HBM2�`- �M/ i?2 K2Hi `�i2b 
�;`22 r2HH rBi? i?2 i?`22@2[m�iBQM T�`�K2i2`Bb�iBQM U1[bX 9XRk- 9XRj �M/ 9XNVX h?2 }i Bb 
2bT2+B�HHv ;QQ/ BM i?2 ?B;?2bi 7`B+iBQM p2HQ+Biv U�jV `mMX �b i?2`K�H /`BpBM; BM+`2�b2b- i?2 
}i #2ir22M i?2 T�`�K2i2`Bb�iBQM �M/ i?2 bBKmH�iBQMb rQ`b2Mb- 2bT2+B�HHv �i HQr 7`B+iBQM 

p2HQ+BivX AM i?2 i?2`K�H /`BpBM; `�M;2 yXR9ĜyXR3 ◦* i?2 K2Hi `�i2 Bb H�`;2Hv BMb2MbBiBp2 
∗iQ BM+`2�bBM; 7`B+iBQM p2HQ+Biv 7Q` i?2 bBKmH�i2/ u p�Hm2bX h?2b2 bBKmH�iBQMb b?Qr � 

i2M/2M+v 7Q` mMbi2�/v K2Hi `�i2b mM/2` HQr 7`B+iBQM p2HQ+Biv �M/ ?B;? i?2`K�H /`BpBM; 
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∗6B;m`2 9XRk, J2Hi `�i2 m �b � 7mM+iBQM Q7 7`B+iBQM p2HQ+Biv u 7Q` U�V 0.0019 ≤ T ∗ ≤ 
∗0.0023- U"V 0.006 ≤ T ∗ ≤ 0.007- U*V 0.04 ≤ T ∗ ≤ 0.05 �M/ U.V 0.14 ≤ T ≤ 0.18X 

J�`F2`b �`2 �`2 +QHQm`2/ #v iBK2 t/∆tX :`22M HBM2b b?Qr i?2 2tT2+i2/ /2T2M/2M+2 
∗Q7 m QM u 7`QK 1[bX 9XRk- 9XRj �M/ 9XN rBi? i`�Mb72` +Q2{+B2Mib ΓT = 0.011 �M/ 

ΓS = 3.1 × 10−4 7`QK C2MFBMb 2i �HX UkyRy#VX 

+QM/BiBQMbX 

lMbi2�/v K2Hi `�i2b BM/B+�i2 i?�i b?2�` 7`QK i?2 K2�M +m``2Mi Bb MQi +QMi`QHHBM; i?2 
i?B+FM2bb Q7 i?2 H�KBM�` bm#H�v2` �+`Qbb r?B+? ?2�i �M/ b�Hi Kmbi /Bzmb2X h?2 K�;MBim/2 
Q7 i?2 pBb+Qmb P#mF?Qp H2M;i? Bb � ;QQ/ T`2/B+iQ` Q7 r?2i?2` b?2�` Bb bm{+B2MiHv bi`QM; 

iQ +QMi`QH i?2 i?B+FM2bb Q7 i?2 H�KBM�` bm#H�v2`X h?2 pBb+Qmb P#mF?Qp H2M;i? Bb /2}M2/ 

�b i?2 `�iBQ Q7 i?2 P#mF?Qp H2M;i?b+�H2 �M/ i?2 pBb+Qmb H2M;i?b+�H2, 
L 

L+ = . U9XR3V 
δν 

� bK�HH L+ p�Hm2 BM/B+�i2b i?2`2 Bb MQ `2;BQM Q7 i?2 ~Qr 7`22 7`QK i?2 2z2+ib Q7 2B@ 
i?2` bi`�iB}+�iBQM Q` pBb+QbBiv- #Qi? Q7 r?B+? bmTT`2bb im`#mH2M+2X 6B;X 9XRj b?Qrb i?2 

Ry8 
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iBK2 2pQHmiBQM Q7 i?2 ;`�/B2Mi i?B+FM2bb BM i2KT2`�im`2 δT ≡ T/(∂T/∂z)b �M/ b�HBMBiv 

δS ≡ S/(∂S/∂z)b - �M/ i?2 i?2`K�H �M/ b�HBM2 i`�Mb72` +Q2{+B2Mib ΓT �M/ ΓS X h`�Mb72` 
+Q2{+B2Mi ΓT �M/ ;`�/B2Mi i?B+FM2bb δT �`2 `2H�i2/ #v δT = κT /(u ∗ΓT )- rBi? �M 2[mBp�@ 
H2Mi 2tT`2bbBQM 7Q` b�HBMBivX AM Q`/2` iQ �+?B2p2 � bi2�/v bi�i2 K2Hi `�i2 i?2b2 T�`�K2i2`b 
Kmbi #2 +QMbi�MiX P7 i?2 bm#b2i Q7 `mMb T`2b2Mi2/ ?2`2- QMHv `mM *k /Q2b MQi �+?B2p2 
� +QMbi�Mi /BzmbBp2 bm#H�v2` rB/i?X 6B;bX 9XRj�-" b?Qr i?�i δT �M/ δS - r?B+? �TT`Qt@ 
BK�i2 i?2 i?2`K�H �M/ b�HBM2 /BzmbBp2 bm#H�v2` i?B+FM2bb2b- ;`Qr +QMiBMmQmbHv Qp2` i?2 
bBKmH�iBQM T2`BQ/ 7Q` `mM *kX *QMb2[m2MiHv- i`�Mb72` +Q2{+B2Mib ΓT �M/ ΓS /2+`2�b2 
BM iBK2- �b /Q2b i?2 K2Hi `�i2 U6B; 9XRk*VX >Qr2p2`- `2H�iBp2 iQ `mM *k- �M BM+`2�b2 BM 

7�`@}2H/ p2HQ+Biv U`mM *jV Q` � /2+`2�b2 BM i2KT2`�im`2 U`mM "kV rBHH `2bmHi BM � bi2�/v 

bi�i2X h?Bb #2?�pBQm` +�M #2 2tTH�BM2/ #v L+- r?B+? Bb ∼ 102 7Q` `mM *k #mi ∼ 103 7Q` 
`mMb *j �M/ "kX �b 7`B+iBQM p2HQ+Biv BM+`2�b2b 7`QK 1.4 +K b−1 U`mM *kV iQ 2.8 +K b−1 

U`mM *jV- δT �M/ δS /2+`2�b2- /2KQMbi`�iBM; i?�i b?2�` Bb i?BMMBM; i?2 pBb+Qmb bm#H�v2` 
�M/ 2M?�M+BM; i?2 BMi2`7�+B�H ?2�i �M/ b�Hi ~mt2bX h?Bb Bb i?2 K2+?�MBbK #v r?B+? b?2�` 
/2i2`KBM2b i?2 K2Hi `�i2- �M/ Ur?2`2 Bi �TTHB2bV DmbiB}2b i?2 7Q`K Q7 i?2 i?`22@2[m�iBQM 

T�`�K2i2`Bb�iBQMX 6B;bX 9XRj*-. b?Qr i?�i i?2 p�Hm2b Q7 ΓT �M/ ΓS +QHH�Tb2 7Q` 2t@ 
T2`BK2Mib "k �M/ *j rBi? i?2 b�K2 L+- /2bTBi2 ?�pBM; /Bz2`2Mi i?2`K�H �M/ +m``2Mi 
7Q`+BM;X h?Bb Q#b2`p�iBQM T`QpB/2b bi`QM; bmTTQ`i 7Q` i?2 ?vTQi?2bBb i?�i L+ /2i2`KBM2b 
M2�`@B+2 T`QT2`iB2b- �b 7QmM/ BM o`2m;/2M?BH �M/ h�vHQ` UkyRNVX 

6B;X 9XR9� b?Qrb i?2 `�iBQ #2ir22M i?2 T`2/B+i2/ K2Hi `�i2 7`QK i?2 i?`22@2[m�iBQM 

T�`�K2i2`Bb�iBQM �M/ i?2 bBKmH�i2/ K2Hi `�i2 7Q` 2�+? 2tT2`BK2MiX h`�Mb72` +Q2{+B2Mib 
ΓT = 0.0114 �M/ ΓS = 3.82 × 10−4- i?2 K�tBKmK p�Hm2b 7QmM/ BM i?Bb bim/v- �`2 
mb2/ `�i?2` i?�M i?Qb2 bm;;2bi2/ #v C2MFBMb 2i �HX UkyRy#VX h?2b2 p�Hm2 r2`2 Q#i�BM2/ 

7Q` `mM *j �M/ +QMb2[m2MiHv i?2 `�iBQ mpred/mobs = 1  #v /2}MBiBQM 7Q` i?Bb `mMX h?2 
i?`2b?QH/ L+ < 2500 b2T�`�i2b i?2 bi2�/v �M/ mMbi2�/v K2Hi `�i2bX h?2 `�iBQ mpred/mobs 

Bb �`#Bi`�`v 7Q` i?2 mMbi2�/v K2HiBM; `mMb- �b i?2 i`�Mb72` +Q2{+B2Mib �`2 +QMbi�MiHv 

2pQHpBM; /m2 iQ i?2 i2KTQ`�H ;`Qri? Q7 i?2 /BzmbBp2 bm#H�v2`bX 6Q` L+ > 2500 i?2 }i 
#2ir22M i?2 T`2/B+i2/ �M/ Q#b2`p2/ K2Hi `�i2b BM+`2�b2b bvbi2K�iB+�HHv rBi? BM+`2�bBM; 

L+X 6B;bX 9XR9" �M/ * b?Qr i?2 /2T2M/2M+2 Q7 ΓT �M/ ΓS QM L+ Qp2` i?2 `�M;2 
2.5 × 103 < L+ < 5 × 104X h?2b2- iQQ- BM+`2�b2 �b � 7mM+iBQM Q7 L+X "Qi? ΓT �M/ 

ΓS �TT2�` iQ �bvKTiQi2 iQ +QMbi�Mi p�Hm2b �i ?B;? L+- �Hi?Qm;? 7m`i?2` /�i� �i ?B;?2` 
L+ Bb `2[mB`2/ iQ +QM}`K i?BbX o`2m;/2M?BH �M/ h�vHQ` UkyRNV T2`7Q`K2/ � ǳT�bbBp2 
b+�H�`Ǵ 2tT2`BK2Mi r?2`2 T �M/ S }2H/b /B/ MQi BM~m2M+2 i?2 ~Qr i?`Qm;? #mQv�M+vX 
6Q` i?Bb `mM- BMi2M/2/ iQ /2i2`KBM2 i?2 ?2�i �M/ b�Hi i`�Mb72` �i BM}MBi2 L+- i?2v 7QmM/ 

Rye 
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6B;m`2 9XRj, U�V :`�/B2Mi i?B+FM2bb BM i2KT2`�im`2 δT - U"V ;`�/B2Mi i?B+FM2bb BM b�HBMBiv 
δS - U*V ?2�i i`�Mb72` +Q2{+B2Mi ΓT �M/ U.V b�Hi i`�Mb72` +Q2{+B2Mi ΓS 7Q` `mMb �j- "j-
*k �M/ *jX h?2`K�H (4κT t)1/2 �M/ b�HBM2 (4κS t)1/2 /BzmbBQM H2M;i?b+�H2b �`2 Qp2`@THQii2/ 
U/Qii2/ HBM2bV QM T�M2Hb U�V �M/ U"V `2bT2+iBp2HvX 

ΓT = 0.012 �M/ ΓS = 3.9 × 10−3X AM i?2B` bBKmH�iBQMb- i`�Mb72` +Q2{+B2Mib 7Q` MQM@ 
T�bbBp2 b+�H�` `mMb r2`2 Q#b2`p2/ iQ �TT`Q�+? i?2b2 mTT2` HBKBi p�Hm2b 7Q` L+ > 104X 
"Qi? i?2 T`2b2Mi `2bmHib- �M/ i?Qb2 Q7 o`2m;/2M?BH �M/ h�vHQ` UkyRNV- BKTHv i?�i � 

+QMbi�Mi i`�Mb72` +Q2{+B2Mi 7Q`KmH�iBQM bm+? �b i?�i QmiHBM2/ BM C2MFBMb 2i �HX UkyRy#V 
Bb �TT`QT`B�i2 �i +QH/- 2M2`;2iB+ U?B;? L+V +QM/BiBQMb #mi MQi �i r�`K2`- H2bb 2M2`;2iB+ 
+QM/BiBQMbX h?Bb `2bmHi rBHH #2 /Bb+mbb2/ BM i?2 7QHHQrBM; b2+iBQMX 

Ryd 
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6B;m`2 9XR9, U�V a+�ii2` THQi b?QrBM; `�iBQ Q7 bBKmH�i2/ iQ T�`�K2i2`Bb2/ K2Hi `�i2b �b � 
7mM+iBQM Q7 i?2 pBb+Qmb P#mF?Qp H2M;i? L+- r?2`2 i?2 T`2/B+i2/ K2Hi `�i2b �`2 Q#i�BM2/ 
7`QK i?2 i?`22@2[m�iBQM T�`�K2i2`Bb�iBQM rBi? ΓT = 0.011 �M/ ΓS = 3.8 × 10−4X *B`+H2b 
�M/ i`B�M;H2b /2MQi2 MQM bi2�/v@bi�i2 �M/ bi2�/v@bi�i2 2tT2`BK2Mib `2bT2+iBp2HvX 6Q` i?2 
bi2�/v bi�i2 2tT2`BK2Mib- U"V ΓT �M/ U*V ΓS �`2 THQii2/ �b � 7mM+iBQM Q7 L+X 

9X8 .Bb+mbbBQM 

h?Bb +?�Ti2` ?�b /2KQMbi`�i2/ i?2 `QH2 Q7 i?2 pBb+Qmb P#mF?Qp H2M;i?b+�H2 BM /2i2`@ 
KBMBM; i?2 /vM�KB+b Q7 i?2 /BzmbBp2 bm#H�v2` �/D�+2Mi iQ i?2 B+2@Q+2�M BMi2`7�+2 �M/ 

i?2`27Q`2 i?2 #�b�H K2Hi `�i2X 6Q` ?B;? L+- p2`iB+�H b?2�` /m2 iQ i?2 K2�M ~Qr +QMi`QHb 
i?2 /BzmbBp2 bm#H�v2` i?B+FM2bb �M/ � bi2�/v bi�i2 K2Hi `�i2 Bb �+?B2p2/- r?BH2 7Q` HQr 

L+ i?2 /BzmbBp2 bm#H�v2` ;`Qrb BM iBK2 �M/ K2HiBM; Bb BM?2`2MiHv iBK2@/2T2M/2MiX h?2 
i`�MbBiBQM #2ir22M bi2�/v �M/ iBK2@/2T2M/2Mi K2HiBM; Q++m`b �i L+ ∼ 2500X Pp2` i?2 
BMi2`K2/B�i2 `�M;2 2500 L+ 25000- r2 ?�p2 b?QrM i?�i #mQv�M+v �z2+ib i?2 2{@ 
+B2M+v rBi? r?B+? ?2�i �M/ b�Hi �`2 i`�MbTQ`i2/ iQ i?2 B+2 Q+2�M BMi2`7�+2- H2�/BM; iQ � 

/2+`2�b2/ ?2�i �M/ b�Hi i`�Mb72` +Q2{+B2MibX 

h?2 i`�Mb72` +Q2{+B2Mib 7QmM/ BM i?Bb bim/v �i ?B;? L+ �// iQ � ;`QrBM; #Q/v Q7 2pB@ 
/2M+2 bm;;2biBM; i?�i +QMbi�Mi p�Hm2b Q7 ΓT �M/ ΓS �`2 �TT`QT`B�i2 7Q` +�H+mH�iBM; K2Hi 
`�i2b 7Q` +QH/ �M/fQ` 2M2`;2iB+ B+2 b?2H7 +�pBiB2bX h?2 ?B;?2bi i`�Mb72` +Q2{+B2Mib �;`22 
2ti`2K2Hv r2HH rBi? i?2 i`�Mb72` +Q2{+B2Mib 7QmM/ BM i?2 KQ/2HHBM; bim/v Q7 o`2m;/2M?BH 
�M/ h�vHQ` UkyRNV �i ?B;? L+ Uh�#H2 9XjV- �b r2HH �b rBi? Q#b2`p�iBQM�HHv /2i2`KBM2/ 

+Q2{+B2Mib 7`QK #2M2�i? i?2 6BH+?M2` _QMM2 A+2 a?2H7 UC2MFBMb 2i �HX- kyRy#V �M/ b2� 

Ry3 
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h�#H2 9Xj, *QKT�`BbQM Q7 i`�Mb72` +Q2{+B2Mib 7`QK Q#b2`p�iBQM�H �M/ MmK2`B+�H bim/B2bX 
h?2`K�H ai�MiQM MmK#2` Cd 

1/2ΓT - /`�; +Q2{+B2Mi Cd - ?2�i i`�Mb72` +Q2{+B2Mi ΓT - `�iBQ 
Q7 ?2�i �M/ b�Hi i`�Mb72` +Q2{+B2Mib ΓT /ΓS - bBKmH�iBQM G2rBb MmK#2` Le- ;`�/B2Mi i?B+F@ 
M2bb `�iBQ δT /δSX ∗_�iBQ �bbmK2/- MQi K2�bm`2/X #LQKBM�H Le p�Hm2b mb2/ iQ 2M�#H2 
+QKT�`BbQM rBi? KQ/2HHBM; `2bmHibX 
bim/v 1/2C ΓTd Cd ΓT ΓT /ΓS Le δT /δS 

h?Bb bim/v 
o`2m;/2M?BH �M/ h�vHQ` UkyRNV 
.�pBb �M/ LB+?QHHb UkyRNV 
C2MFBMb 2i �HX UkyRy#V 
aB`2p��; UkyyNV 
aB`2p��; UkyyNV 

5.2 × 10−4 

4.6 × 10−4 

yXyyRR 
yXyyRR 

yXyykk 
yXyyR8 
yXyykk 
yXyyNd 

yXyRR 
yXyRk 
yXyk9 
yXyRR 
yXyRj 
yXyRj 

kN 
jR 
j8 
j8 
jj 
jj 

RRy 
R3y 

RRy# 

R3y# 

3.7 
5.8 

jXj 
8X8 

B+2 BM i?2 �`+iB+ UaB`2p��;- kyyNVX 6Q` 2t�KTH2- mM/2` i?2 6BH+?M2` _QMM2 A+2 a?2H7-
C2MFBMb 2i �HX UkyRy#V /2i2`KBM2/ i?2 T`Q/m+i Cd 

1/2ΓT 7`QK i?2 HQ+�H K2Hi `�i2 �M/ BM 

bBim Q+2�MQ;`�T?B+ Q#b2`p�iBQMb- �bbmKBM; � `�iBQ Q7 ?2�i iQ b�Hi i`�Mb72` Q7 ΓT /ΓS = 35X 
.`�rBM; QM `2bmHib 7`QK i?2 b2� B+2 HBi2`�im`2- C2MFBMb 2i �HX UkyRy#V �HbQ bm;;2bib p�Hm2b 
7Q` i?2 BM/BpB/m�H T�`�K2i2`b Cd �M/ ΓT X .2bTBi2 i?2 �bbmKTiBQMb BMpQHp2/ BM b2T�`�iBM; 

i?2b2 i2`Kb- i?2 ?2�i i`�Mb72` +Q2{+B2Mi ΓT `2+QKK2M/2/ #v C2MFBMb 2i �HX UkyRy#V Bb BM 

+HQb2 �;`22K2Mi rBi? i?2 T`2b2Mi `2bmHib- �M/ i?Qb2 Q7 aB`2p��; UkyyNV �M/ o`2m;/2M?BH 
�M/ h�vHQ` UkyRNVX "2M2�i? i?2 G�`b2M * A+2 a?2H7 .�pBb �M/ LB+?QHHb UkyRNV 7QmM/ 

2ti`2K2Hv ;QQ/ �;`22K2Mi #2ir22M i?2B` Q#b2`p2/ K2Hi `�i2b �M/ i?2 i?`22@2[m�iBQM 

T�`�K2i2`Bb�iBQM mbBM; Cd 
1/2ΓT = 0.011 rBi? ΓT /ΓS = 35X *QK#BMBM; i?Bb rBi? i?2 HQ@ 

+�H /`�; +Q2{+B2Mi- /2i2`KBM2/ 7`QK K2�bm`2K2Mib Q7 #QmM/�`v H�v2` im`#mH2M+2 iQ #2 
Cd = 0.0022- i?2v Q#i�BM � ?2�i i`�Mb72` +Q2{+B2Mi Q7 ΓT = 0.024- `Qm;?Hv /Qm#H2 i?�i 
7QmM/ BM i?2 Qi?2` Q#b2`p�iBQM�H �M/ MmK2`B+�H bim/B2b T`2b2Mi2/ BM h�#H2 9XjX .2bTBi2 
i?Bb /Bb+`2T�M+v- i?2b2 +QHH2+iBp2 Q#b2`p�iBQMb �M/ bBKmH�iBQMb bmTTQ`i i?2 ?vTQi?2bBb 
i?�i i?2 i?`22@2[m�iBQM T�`�K2i2`Bb�iBQM +�M T2`7Q`K r2HH BM +QH/ �M/fQ` ?B;? p2HQ+Biv 

UL+ 104V B+2 b?2H7 +�pBiB2bX 

h?2 pBb+Qmb P#mF?Qp b+�H2 +�M �HbQ #2 mb2/ iQ mM/2`bi�M/ i?2 TQQ` �;`22K2Mi #2ir22M 

i?2 Q#b2`p2/ p2HQ+Biv T`Q}H2b BM 6B;X 9X8" UT�`iB+mH�`Hv `mM *kV �M/ i?2 JP p2HQ+Biv 

b+�HBM;X �i HQr L+- i?2`2 Bb HBiiH2 b2T�`�iBQM BM b+�H2 #2ir22M i?2 H�`;2bi �M/ bK�HH2bi 
im`#mH2Mi bi`m+im`2b BM i?2 bm`7�+2 H�v2` U6HQ`2b �M/ _BH2v- kyRRVX *QMb2[m2MiHv- 7Q` 
L+ < O(100)- #QmM/�`v H�v2` im`#mH2M+2 K�v #2+QK2 BMi2`KBii2Mi- Q` +QHH�Tb2 2MiB`2Hv 

U6HQ`2b �M/ _BH2v- kyRRc .2mb2#BQ 2i �HX- kyR9- kyR8VX h?Bb T?2MQK2MQM r�b Q#b2`p2/ 

7Q` i?2 AaP"G #v o`2m;/2M?BH �M/ h�vHQ` UkyRNV 7Q` L+ 300X q?BH2 r2 /B/ MQi 

RyN 
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Q#b2`p2 i?Bb im`#mH2M+2 +QHH�Tb2 BM Qm` 2tT2`BK2Mib- r2 bm;;2bi i?�i BM+`2�bBM;Hv bi`QM; 

bi`�iB}+�iBQM 2z2+ib +HQb2 iQ i?Bb i?`2b?QH/ U2X;X `mM *k rBi? L+ = 370V `2/m+2 i?2 
�TTHB+�#BHBiv Q7 i?2 JP b+�HBM; U1[X 9XeV- r?B+? Bb p�HB/ 7Q` r2�F bi`�iB}+�iBQM Uhm`M2`-
RNdNVX 

� bB;MB}+�Mi }M/BM; Q7 i?Bb +?�Ti2` Bb i?�i #mQv�M+v 2z2+ib QM i?2 M2�`@B+2 �M/ AaP"G 

/vM�KB+b �`2 ;Qp2`M2/ #v irQ /Bz2`2Mi b+�HBM; T�`�K2i2`bX h?2 BMi2`7�+B�H ?2�i �M/ 

b�Hi ~mt2b- �M/ i?2`27Q`2 i?2 K2Hi `�i2- /2T2M/ bi`QM;Hv mTQM i?2 pBb+Qmb P#mF?Qp 

H2M;i?b+�H2 L+X >Qr2p2`- BM i?2 bi`�iB}2/ `2;BK2- #QmM/�`v H�v2` /2Ti? Bb Q#b2`p2/ iQ 

b+�H2 rBi? bi�#BHBiv T�`�K2i2` µ BMbi2�/X h?2 `2bmHi i?�i i?2 M2�`@B+2 +QM/BiBQMb �`2 
#2bi /2b+`B#2/ #v L+- r?BH2 i?2 #QmM/�`v H�v2` Bb ;Qp2`M2/ #v µ- Bb +QMbBbi2Mi rBi? i?2 
`2bmHib Q7 .2mb2#BQ 2i �HX UkyR9V 7Q` �M 1FK�M #QmM/�`v H�v2` mM/2` � bi�#BHBbBM; ?2�i 
~mtX h?2v 7QmM/ i?�i Lmbb2Hi MmK#2` Ui?2 `�iBQ Q7 +QMp2+iBp2 iQ +QM/m+iBp2 ?2�i ~mtV 
r�b #2bi /2b+`B#2/ #v L+- r?BH2 i?2 #QmM/�`v H�v2` /2Ti? �M/ 7`B+iBQM p2HQ+Biv b+�H2/ 

rBi? µX 

h?Bb +?�Ti2` ?�b b?QrM i?�i BM i?2 bi`�iB}2/ AaP"G `2;BK2 i?2 1FK�M H�v2` �M/ KBt2/ 

H�v2` �`2 Km+? i?BMM2` i?�M BM i?2 r2HH@KBt2/ `2;BK2X h?2 2M?�M+2/ AaP"G bi`�iB}+�iBQM 

�M/ /Qm#H2 Tv+MQ+HBM2 bi`m+im`2 #2M2�i? i?2 KBt2/ H�v2` �HbQ bmTTQ`i H�`;2 ;`�/B2Mib BM 

i2KT2`�im`2 �M/ b�HBMBiv Qp2` i?2 mTT2` 72r K2i2`b Q7 i?2 r�i2` +QHmKMX AM i?2 +QM@ 
i2ti Q7 H�`;2@b+�H2 Q+2�M KQ/2HHBM;- `2bQHpBM; � i?BM KBt2/ H�v2` Bb KQ`2 +?�HH2M;BM;X �b 
KBt2/ H�v2` T`QT2`iB2b �`2 `2[mB`2/ iQ /2i2`KBM2 i?2 B+2 b?2H7 K2Hi `�i2 r?2M mbBM; � 

T�`�K2i2`Bb�iBQM bm+? �b i?2 i?`22@2[m�iBQM T�`�K2i2`Bb�iBQM- bi`�iB}2/ +QM/BiBQMb K�v 

BMi`Q/m+2 2``Q`b BM #�b�H K2HiBM; 2biBK�i2bX ai`�iB}2/ +QM/BiBQMb K�v �HbQ T`2b2Mi � +?�H@ 
H2M;2 iQ }2H/ Q#b2`p�iBQMb Q7 i?2 AaP"GX AM bBim B+2 b?2H7@Q+2�M Q#b2`p�iBQMb �`2 +QHH2+i2/ 

BM � p�`B2iv Q7 r�vb- bm+? �b �miQMQKQmb mM/2`r�i2` p2?B+H2b U2X;X .mi`B2mt 2i �HX- kyR9c 
:rvi?2` 2i �HX- kyky#V- T`Q}HBM; �M/ i?2 BMbi�HH�iBQM Q7 KQQ`BM;b pB� #Q`2?QH2b /`BHH2/ 

i?`Qm;? i?2 B+2 b?2H7 U2X;X .�pBb �M/ LB+?QHHb- kyRNc ai2r�`i 2i �HX- kyRNc ai2p2Mb 2i �HX-
kykyVX � F2v Bbbm2 rBi? i?2b2 bim/B2b Bb B/2MiB7vBM; i?2 T`2b2M+2 Q7 �M/ b�KTHBM; rBi?BM 

i?2 KBt2/ H�v2` U2X;X ai2r�`i- kyR3VX aBKBH�` Bbbm2b 2tBbi rBi? b�KTHBM; i?2 p2HQ+Biv 

#QmM/�`v H�v2` BM Q`/2` iQ 2biBK�i2 i?2 7`B+iBQM p2HQ+Biv U.�pBb �M/ LB+?QHHb- kyRNVX 

�MQi?2` +QMb2[m2M+2 Q7 � bi`�iB}2/ AaP"G Bb � `2/m+2/ /`�; +Q2{+B2Mi rBi? `2bT2+i iQ � 

r2HH@KBt2/ AaP"GX _2;BQM�H �M/ ;HQ#�H Q+2�M KQ/2Hb ivTB+�HHv i�F2 i?2 /`�; +Q2{+B2Mi 
iQ #2 Cd = 0.0025 U:rvi?2` 2i �HX- kyR8VX q?BH2 `2bmHib T`2b2Mi2/ BM i?Bb +?�Ti2` bm;;2bi 
i?�i i?Bb Bb � `2�bQM�#H2 �TT`QtBK�iBQM 7Q` i?2 r2HH@KBt2/ `2;BK2 U2X;X `mM �j rBi? 

Cd = 0.0023V- Cd ?�b #22M b?QrM iQ /2T2M/ QM bi�#BHBiv T�`�K2i2` µ BM i?2 bi`�iB}2/ 

RRy 



�

�

� �

�

9X8X .Aa*laaAPL 

`2;BK2X 6Q` 2t�KTH2- 7Q` `mM *k µ = 2.3 �M/ Cd = 0.0014X h?Bb 2z2+i Bb MQi T`2b2MiHv 

�++QmMi2/ 7Q` BM B+2@Q+2�M T�`�K2i2`Bb�iBQMb- �M/ +QmH/ H2�/ iQ �M Qp2`2biBK�iBQM Q7 i?2 
7`B+iBQM p2HQ+Biv- �M/ i?2`27Q`2 #�b�H K2Hi `�i2- 7Q` +QM/BiBQMb rBi? µ 1X 

�TTHB+�iBQM Q7 `2bmHib iQ � #`Q�/2` `�M;2 Q7 B+2 b?2H7 +�pBiv +QM/BiBQMb 

>2`2- K2HiBM; �M/ AaP"G `2bmHib 7`QK i?Bb +?�Ti2` �`2 2ti2M/2/ iQ � #`Q�/2` T�`�K2i2` 
bT�+2X lbBM; i?2 F2v `2bmHib i?�i bi2�/v K2Hi `�i2b �`2 �+?B2p2/ 7Q` L+ 2500 �M/ i?�i 
i`�Mb72` +Q2{+B2Mib +QHH�Tb2 rBi? L+- ?2�i �M/ b�Hi i`�Mb72` +Q2{+B2Mib �`2 KQ/2HH2/ 

7Q` L+ > 2500 rBi? � HQ;�`Bi?KB+ }iX h?2 K�tBKmK i`�Mb72` +Q2{+B2Mib 7QmM/ BM i?Bb 
bim/v �`2 mb2/ �b �M mTT2` #QmM/ QM ΓT �M/ ΓS X h?2 L+@/2T2M/2Mi i`�Mb72` +Q2{+B2Mi 
7Q`KmH�iBQMb �`2, 

ΓT (L
+) =  min(1.65 × 10−3 · log(8.30L+) − 8.37 × 10−3 , 0.0113), L+ > 2500 U9XRNV 

ΓS (L
+) =  min(1.01×10−4 · log(199L+)−1.17×10−3 , 3.8×10−4), L+ > 2500. U9XkyV 

h?2b2 2KTB`B+�H 7mM+iBQMb �`2 THQii2/ Qp2` i?2 i`�Mb72` +Q2{+B2Mi /�i� BM 6B;bX 9XR9" 

�M/ *X lbBM; i?2b2 2tT`2bbBQMb- 1[bX 9XN- 9XRk �M/ 9XRj +�M #2 bQHp2/ Bi2`�iBp2Hv iQ 

Q#i�BM m �M/ L+X 
∗6B;X 9XR8� b?Qrb i?2 p�`B�iBQM Q7 ΓT BM T ∗ − u bT�+2- r?2`2 i?2`K�H /`BpBM; `�M;2b 

7`QK yXyyRĜ9◦ * �M/ 7`B+iBQM p2HQ+Biv p�`B2b BM i?2 `�M;2 yXyjĜRXk8 +K b−1X h?2 K�`F2` 
UBV b?Qrb i?2 TQbBiBQM Q7 i?2 L+ = 2500  +QMiQm` B7 ΓT �M/ ΓS �`2 i�F2M �b +QMbi�Mi �M/ 

2[m�H iQ i?2 K�tBKmK p�Hm2b yXyyRRj �M/ 3.8 × 10−4 `2bT2+iBp2HvX lbBM; L+@/2T2M/2Mi 
i`�Mb72` +Q2{+B2Mib U1[bX 9XRN �M/ 9XkyV `2bmHib BM � b?B7i Q7 i?Bb +QMiQm` iQ HQ+�iBQM UBBVX 
� H�`;2 �`2� Q7 T�`�K2i2` bT�+2- ;Bp2M #v 2500 L+ 25000- Bb bm#D2+i iQ `2/m+2/ 

?2�i i`�Mb72` /m2 iQ i?2 2z2+ib Q7 M2�`@B+2 bi`�iB}+�iBQMX h?2 +Q``2bTQM/BM; K2Hi `�i2 Bb 
b?QrM BM 6B;X 9XR8"X 

h?2 +QM/BiBQMb �i r?B+? #mQv�M+v Bb 2tT2+i2/ iQ KQ/B7v i?2 AaP"G �`2 /2i2`KBM2/ 

#v bQHpBM; 7Q` L �M/ µ U6B;X 9XR8*VX q?Bi2 +QMiQm`b Q7 µ b?Qr i?2 BM+`2�bBM; 2z2+i 
Q7 #mQv�M+v QM i?2 AaP"G- r?2`2 i?2 `2;BQM µ 1 Bb 2tT2+i2/ iQ +Q``2bTQM/ iQ i?2 
bi`�iB}2/ `2;BK2X h?Bb `2;BK2 2M+QKT�bb2b � H�`;2 �`2� Q7 `2H2p�Mi T�`�K2i2` bT�+2X 6Q` 
2t�KTH2 �i T ∗ ∼ 0.2 ◦* bi`�iB}+�iBQM 2z2+ib rBHH #2 BKTQ`i�Mi mT iQ � 7`B+iBQM p2HQ+Biv 

Q7 R +K b−1- r?B+? +Q``2bTQM/b iQ � 7`22 bi`2�K p2HQ+Biv Q7 ky +K b−1- �bbmKBM; � /`�; 

+Q2{+B2Mi Q7 yXyyk8X 

RRR 
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h?2 T�`�K2i2` bT�+2 Qp2` r?B+? i?2 K2HiBM; �M/ AaP"G `2bmHib ?�p2 #22M 2ti2M/2/ 

`2T`2b2Mib i?2 K�DQ`Biv Q7 K2HiBM; +QM/BiBQMb 2tT2+i2/ BM TQH�` `2;BQMbX *?�Ti2` 8 /`�rb 
QM i?2b2 }M/BM;b �M/ /Bb+mbb2b i?2 `2H2p�M+2 Q7 i?2 bi`�iB}2/ AaP"G `2;BK2 iQ Q#b2`p2/ 

�Mi�`+iB+ B+2 b?2H7 +QM/BiBQMbX 

A 

C 

B 

1.0 

8.0

4.0

2.0 

(i)(ii) 

increasing 
ISOBL 
stratification 

6B;m`2 9XR8, U�V *QHQm` +QMiQm` Q7 ?2�i i`�Mb72` +Q2{+B2Mi ΓT (L+) 7Q` L+ > 2500X 
aQHB/ #H�+F +QMiQm`b b?Qr L+ = 2500, 25000 /�b?2/ #H�+F +QMiQm`b b?Qr Q`B;BM�H L+ = 
2500, 25000 i?�i rQmH/ #2 Q#i�BM2/ 7`QK }t2/ ΓT , ΓS X U"V *QHQm` +QMiQm` Q7 K2Hi `�i2 
m U*V L rBi? +QMiQm`b Q7 µ Qp2`@THQii2/ BM r?Bi2X J�`F2`b /2MQi2 i?2 r2HH@KBt2/ U+B`+H2V 
bi`�iB}2/ Ub[m�`2V �M/ /BzmbBp2@+QMp2+iBp2 Ui`B�M;H2V #QmM/�`v H�v2`b `2bT2+iBp2HvX 
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9Xe *QM+HmbBQMb 

h?Bb +?�Ti2` T`2b2Mib `2bmHib 7`QK � bmBi2 Q7 H�`;2@2//v bBKmH�iBQMb Q7 i?2 AaP"G 7Q`+2/ 

#v � bi2�/v- ;2Qbi`QT?B+ ~Qr �i K2HiBM; +QM/BiBQMb- rBi? 7`22 bi`2�K p2HQ+Biv `�M;BM; 

7`QK yXdĜkX3 +K b−1 �M/ i?2`K�H /`BpBM; bT�MMBM; yXyyk8ĜyXy8 ◦*X Pp2` i?Bb `�M;2 Q7 
bBKmH�i2/ +QM/BiBQMb i?`22 /BbiBM+i AaP"G `2;BK2b r2`2 Q#b2`p2/, r2HH@KBt2/- bi`�iB}2/ 

�M/ .*X AM i?2 r2HH@KBt2/ `2;BK2 i?2 #QmM/�`v H�v2` r�b MQi �z2+i2/ #v K2Hir�i2`-
�M/ i?2 /2Ti? Q7 i?2 KBt2/ H�v2` +QmH/ #2 T`2/B+i2/ mbBM; � bBKTH2 b+�HBM; H�r #�b2/ 

QM i?2 7`B+iBQM p2HQ+Biv- *Q`BQHBb 7`2[m2M+v �M/ 7�`@}2H/ bi`�iB}+�iBQMX AM i?2 bi`�iB}2/ 

`2;BK2- bi�#BHBbBM; #mQv�M+v /m2 iQ K2Hir�i2` /2+`2�b2b i?2 KBt2/ H�v2` /2Ti? �M/ i?2 
BMi2`7�+B�H /`�; +Q2{+B2MiX h?2 bi`�iB}2/ `2;BK2 Q++m`b r?2M i?2 P#mF?Qp H2M;i? b+�H2 
Bb i?2 b�K2 Q` H2bb i?�M i?2 TH�M2i�`v b+�H2 Uµ > 1VX AM i?Bb `2;BK2 i?2 #QmM/�`v H�v2` 
/2Ti? /2+`2�b2b �b bi�#BHBiv T�`�K2i2` µ BM+`2�b2b- �b /B/ i?2 BMi2`7�+B�H /`�; +Q2{+B2MiX 
6BM�HHv- BM i?2 .* `2;BK2 i?2 KBt2/ H�v2` /2Ti? /2T2M/b mTQM i?2 i?2`K�H +QKTQM2Mi 
Q7 i?2 bm`7�+2 #mQv�M+v ~mt �M/ i?2 7�`@}2H/ bi`�iB}+�iBQMX 

h?Bb +?�Ti2` �HbQ ?B;?HB;?ib i?2 `QH2 Q7 #mQv�M+v BM /2i2`KBMBM; i?2 2{+B2M+v Q7 ?2�i 
�M/ b�Hi i`�Mb72` iQ i?2 B+2@Q+2�M BMi2`7�+2X h?2 2z2+i Q7 #mQv�M+v QM M2�`@B+2 /vM�KB+b 
+�M #2 [m�MiB}2/ mbBM; i?2 pBb+Qmb P#mF?Qp H2M;i?b+�H2- r?B+? +QKT�`2b i?2 P#mF?Qp 

+ +H2M;i?b+�H2 �M/ i?2 pBb+Qmb bm#H�v2` b+�H2X 6Q` HQr L UL 2500V- +m``2Mi b?2�` Bb 
MQi bm{+B2MiHv bi`QM; iQ +QMi`QH i?2 /BzmbBp2 bm#H�v2` i?B+FM2bb- �M/ �b � +QMb2[m2M+2 

+K2HiBM; Bb BM?2`2MiHv iBK2@/2T2M/2MiX 6Q` L 2500 +m``2Mi b?2�` +QMi`QHb i?2 /Bzm@ 
bBp2 bm#H�v2` i?B+FM2bb �M/ bi2�/v K2HiBM; Bb �+?B2p2/X >Qr2p2`- Qp2` i?2 BMi2`K2/B�i2 

+`�M;2 2500 L 25000 #mQv�M+v �z2+ib i?2 2{+B2M+v rBi? r?B+? ?2�i �M/ b�Hi �`2 
i`�MbTQ`i2/ iQ i?2 B+2 Q+2�M BMi2`7�+2- +QMbBbi2Mi rBi? i?2 }M/BM;b Q7 o`2m;/2M?BH �M/ 

h�vHQ` UkyRNVX h?2 `2bmHib T`2b2Mi2/ BM i?Bb +?�Ti2` bmTTQ`i i?2 MQiBQM i?�i #mQv�M+v 
+ +MQ HQM;2` �z2+ib ?2�i �M/ b�Hi i`�Mb72` �i ?B;? L UL 25000VX 

h?2b2 `2bmHib ?�p2 BKTQ`i�Mi BKTHB+�iBQMb 7Q` #Qi? T�`�K2i2`Bb�iBQM �M/ Q#b2`p�iBQM 
+Q7 i?2 AaP"GX 6B`biHv- i?2 L /2T2M/2M+2 Q7 ?2�i �M/ b�Hi i`�Mb72` +Q2{+B2Mib Bb MQi 

+m``2MiHv �++QmMi2/ 7Q` BM +QKKQM B+2@Q+2�M T�`�K2i2`Bb�iBQMb- �M/ �b � `2bmHi K2Hi 
+`�i2b rBHH #2 Qp2`@T`2/B+i2/ 7Q` L 25000X h?Bb Bb 2bT2+B�HHv i`m2 7Q` L+ < 2500- r?2`2 

iBK2@/2T2M/2Mi K2HiBM; Bb Q#b2`p2/ �M/ � bi2�/v #�H�M+2 #2ir22M BMi2`7�+B�H �M/ KBt2/ 

H�v2` ?2�i �M/ b�Hi ~mt2b +�MMQi #2 �bbmK2/X *QMb2[m2MiHv- Q+2�M KQ/2Hb mbBM; +QKKQM 

B+2@Q+2�M T�`�K2i2`Bb�iBQMb bm+? �b i?�i QmiHBM2/ BM C2MFBMb 2i �HX UkyRy#V �`2 +m``2MiHv 

Qp2`2biBK�iBM; K2Hi `�i2b �i r�`K �M/fQ` [mB2b+2Mi +QM/BiBQMbX h?2 K2Hir�i2` `2H2�b2/ 
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#v i?Bb �//BiBQM�H- mM@T?vbB+�H- #�b�H K2Hi rBHH �HbQ �z2+i i?2 bm#@B+2 b?2H7 r�i2`K�bb 
T`QT2`iB2b �M/ +B`+mH�iBQM BM i?2b2 KQ/2HbX AM i?2 bi`�iB}2/ AaP"G `2;BK2- 2H2p�i2/ 

bi`�iB}+�iBQM �M/ � i?BM #QmM/�`v H�v2` rBHH i2M/ iQ /2+QmTH2 i?2 7�`@}2H/ �M/ KBt2/ 

H�v2` T`QT2`iB2b �M/ BM+`2�b2 i?2 /B{+mHiv Q7 b�KTHBM; Q` `2bQHpBM; i?2 KBt2/ H�v2` BM 

Q#b2`p�iBQM�H �M/ MmK2`B+�H bim/B2b `2bT2+iBp2HvX L2Bi?2` i?2 2z2+i Q7 bi`�iB}+�iBQM QM 

i?2 AaP"G bi`m+im`2 �M/ /2Ti? MQ` Bib 2z2+i QM BMi2`7�+B�H /`�; �`2 �++QmMi2/ 7Q` BM 

K2HiBM; T�`�K2i2`Bb�iBQMb- r?2`2 #Qi? rBHH HBF2Hv `2bmHi BM K2HiBM; #2BM; Qp2`2biBK�i2/ 

mM/2` bi`�iB}2/ +QM/BiBQMbX 
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*?�Ti2` 8 

.Bb+mbbBQM 

*?�Ti2`b j �M/ 9 Q7 i?Bb i?2bBb ?�p2 /2KQMbi`�i2/ i?`22 /BbiBM+i B+2 b?2H7@Q+2�M #QmM/@ 
�`v H�v2` UAaP"GV `2;BK2b `2H2p�Mi iQ B+2 b?2H7@Q+2�M BMi2`�+iBQMb BM �Mi�`+iB+�X h?2b2 
`2;BK2b �`2 #�b2/ QM i?2 /QKBM�Mi T`Q+2bb2b ;Qp2`MBM; #QmM/�`v H�v2` im`#mH2M+2 �M/ 

KBtBM; �M/ ?�p2 #22M i2`K2/ i?2 /BzmbBp2 +QMp2+iBp2 U.*V- bi`�iB}2/ �M/ r2HH@KBt2/ 

`2;BK2bX AM i?Bb b2+iBQM- i?2b2 `2;BK2b �`2 K�TT2/ �b � 7mM+iBQM Q7 i?2 2H2p�iBQM Q7 KBt2/ 

H�v2` i2KT2`�im`2 �#Qp2 7`22xBM; �M/ 7`B+iBQM p2HQ+Biv /m2 iQ +m``2Mi b?2�`X h?Bb `2;BK2 
/B�;`�K 2ti2M/b i?Bb i?2bBbǶ bBKmH�iBQM `2bmHib iQ � H�`;2` T�`�K2i2` bT�+2- �M/ Bb mb2/ iQ 

+QMi2tim�HBb2 �p�BH�#H2 Q#b2`p�iBQM�H /�i� 7`QK #2M2�i? �Mi�`+iB+ B+2 b?2Hp2bX 6BM�HHv-
i?2 �K2`v A+2 a?2H7 Q#b2`p�iBQMb Q7 #�b�H K2HiBM; �M/ Q+2�M +QM/BiBQMb T`2b2Mi2/ BM 

+?�Ti2` k �`2 `2pBbBi2/ BM HB;?i Q7 i?2 bBKmH�iBQM `2bmHib 7`QK +?�Ti2`b j �M/ 9X 

8XR _2;BK2b �M/ i`�MbBiBQMb BM #�b�H K2HiBM; Q7 
�Mi�`+iB+ B+2 b?2Hp2b 

8XRXR h`�MbBiBQMb BM i?2 .* `2;BK2 

AM i?2 T`2b2M+2 Q7 im`#mH2M+2 ;2M2`�i2/ #v +m``2Mi b?2�`- .* Bb � i`�MbB2Mi T`Q+2bb Ub22 
ȜjXjXRVX 6Q` `mMb *k- j �M/ 9- � i`�MbBiBQM 7`QK .*@/QKBM�i2/ iQ b?2�`@/QKBM�i2/ 

KBtBM; r�b Q#b2`p2/ Qp2` i?2 +Qm`b2 Q7 i?2 bBKmH�iBQM- r?2`2 .*@/QKBM�i2/ KBtBM; Bb 
/2}M2/ #v � TQbBiBp2 #mQv�M+v ~mt UB > 0V rBi?BM i?2 KBt2/ H�v2`X 6Q` 2tT2`BK2Mib 
i?�i 2t?B#Bi2/ .*@KBtBM;- i?2 T2`BQ/ Q7 iBK2 UtDCV 7Q` r?B+? B r�b TQbBiBp2 rBi?BM 

i?2 KBt2/ H�v2` Bb b?QrM BM h�#H2 8XRX aBKmH�iBQMb 7Q` r?B+? .* T2`bBbib 7Q` > 100 ? 

�`2 +?�`�+i2`Bb2/ #v ?B;? i?2`K�H /`BpBM; �M/ HQr- Q` MQ- +m``2Mi 7Q`+BM;X 6Q` bBKmH�@ 
iBQMb i?�i 2t?B#Bi .*- i?2 P#mF?Qp H2M;i?b+�H2 ULV Bb � `2H�iBp2Hv ;QQ/ T`2/B+iQ` Q7 i?2 
iBK2b+�H2 �i r?B+? � i`�MbBiBQM 7`QK .*@ iQ b?2�`@KBtBM; rBHH Q++m`X 6Q` L =PUR KV 
.* Q++m`b �i i?2 QMb2i Q7 i?2 bBKmH�iBQM- r?BH2 7Q` L =PUyXR KV .* T2`bBbib 7Q` �i H2�bi 
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8XRX _1:AJ1a �L. h_�LaAhAPLa AL "�a�G J1GhAL: P6 �Lh�_*hA* A*1 
a>1Go1a 

h�#H2 8XR, hBK2 iQ i`�MbBiBQM 7`QK .*@/QKBM�i2/ iQ b?2�`@/QKBM�i2/ KBtBM;X P#mF?Qp 
H2M;i?b+�H2 ULVc �M/ i`�MbBiBQM iBK2 UtDC VX L Bb 2p�Hm�i2/ �i t = 10  ?X 

`mM L UKV tDC U?V 
*k RX9d ∼ 2 
9 yXNy ∼ 2 
*R yX8y > 100 
j yX9d ∼ 50 
j yXkk > 100 
k yXRd > 100 
R ∼ 0 > 200 

Ryy ?X 

AM i?2 T`2+2/BM; +?�Ti2`- L r�b /Bb+mbb2/ �b i?2 /Bbi�M+2 7`QK i?2 B+2 r?2`2 b?2�`@ 
;2M2`�i2/ im`#mH2M+2 Bb �z2+i2/ #v bi�#BHBbBM; #mQv�M+v /m2 iQ K2Hir�i2`X >Qr2p2`- � 

?�HHK�`F Q7 i?2 .* `2;BK2 Bb i?�i i?2 #mQv�M+v ~mt +?�M;2b bB;M #2ir22M i?2 bi�#H2 
BMi2`7�+B�H bm#H�v2` �M/ i?2 KBt2/ H�v2`X *QMb2[m2MiHv- i?2 #mQv�M+v ~mt QmibB/2 Q7 
i?2 bi�#H2 /BzmbBp2 bm#H�v2` Bb /2bi�#BHBbBM; BM i?2 .* `mMbX h?mb- 7Q` i?2 .* `mMb- L 

+�M #2 #2ii2` i?Qm;?i Q7 �b i?2 /Bbi�M+2 7`QK i?2 B+2@Q+2�M BMi2`7�+2 r?2`2 im`#mH2M+2 
T`Q/m+iBQM 7`QK #mQv�M+v Bb H�`;2` i?�M im`#mH2M+2 T`Q/m+iBQM 7`QK b?2�`X 

AM Q`/2` iQ +H�bbB7v +QM/BiBQMb mbBM; L- � KQ/2H Q7 i?2 U/BzmbBp2V bm`7�+2 #mQv�M+v ~mt 

UBdiff V Bb M22/2/X :Bp2M i?�i i?2 i?2`K�H UBT V �M/ b�HBM2 UBS V #mQv�M+v +QMi`B@ diff diff 

#miBQMb �i i?2 BMi2`7�+2 �`2 `2H�i2/ #v i?2 K2HiBM; 2[m�iBQMb- QMHv QM2 +QKTQM2Mi Bb 
M22/2/X h?2 bm`7�+2 #mQv�M+v ~mt /m2 iQ ?2�i Bb ;Bp2M #v, 

∂T ∆T 
BT 

diff = −gακT ∼ −gακT U8XRV 
∂z b δT 

r?2`2 δT Bb i?2 i?2`K�H /BzmbBp2 bm#H�v2` i?B+FM2bb �M/ ∆T Bb i?2 i2KT2`�im`2 /Bz2`2M+2 
#2ir22M i?2 BMi2`7�+2 �M/ KBt2/ H�v2`X .`�rBM; QM F2v `2bmHib 7`QK +?�Ti2` j- i?2b2 
p�`B�#H2b +�M #2 KQ/2HH2/X 6B`biHv- i?2 i?2`K�H /`BpBM; Bb �TT`QtBK�i2Hv /Qm#H2 i?2 

∗i2KT2`�im`2 /Bz2`2M+2 #2ir22M i?2 BMi2`7�+2 �M/ i?2 KBt2/ H�v2`- BX2X 2∆T ∼ T Uh�#H2 
jXkVX a2+QM/Hv- i?2 i?2`K�H /BzmbBp2 bm#H�v2` i?B+FM2bb Bb �#Qmi i`BTH2 i?2 b�HBM2 /BzmbBp2 
bm#H�v2` i?B+FM2bb- BX2X δT ∼ 3δS U6B;X jXNVX h?B`/Hv i?2 ;`Qri? Q7 i?2 b�HBM2 /BzmbBp2 
bm#H�v2` +�M #2 �TT`QtBK�i2/ #v i?2 b�HBM2 /BzmbBp2 H2M;i?b+�H2 

√ 
4κS t U6B;X jXNVX h?mb-

RRe 
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8XRX _1:AJ1a �L. h_�LaAhAPLa AL "�a�G J1GhAL: P6 �Lh�_*hA* A*1 
a>1Go1a 

i?2 bm`7�+2 #mQv�M+v ~mt /m2 iQ ?2�i UBT V +�M #2 `2T`2b2Mi2/ �b, mod 

1 T ∗ 

BT 
mod(t) ∼ −gακT √ U8XkV 

6 4κS t 

.2bTBi2 i?2 K�Mv �bbmKTiBQMb BM i?Bb KQ/2H- BT Bb �M 2t+2HH2Mi T`2/B+iQ` Q7 BT 7Q`mod 

i?2 `mMb R- k- j �M/ *R U6B;X 8XRVX 

>2�i �M/ b�Hi ~mt2b �i i?2 B+2@Q+2�M BMi2`7�+2 �`2 HBMF2/ BM K2HiBM; 1[bX jXN �M/ jXRyX 
*QMb2[m2MiHv- i?2 `�iBQ Q7 i?2 b�HBM2 �M/ i?2`K�H +QKTQM2Mib Q7 #mQv�M+v �i i?2 B+2@ 
Q+2�M BMi2`7�+2 Bb ;Bp2M #v, 

BT 
diff 

BS 
diff 

= 
βκS 

−ακT 

∂S 
∂z 
∂T 
∂z 

b 

b 

= 
βSbcp 

−αLf 
∼ −10 U8XjV 

7Q` Sb = 30 ; F;−1X *QMb2[m2MiHv- i?2 iQi�H BMi2`7�+B�H #mQv�M+v ~mt K�v #2 KQ/2HH2/ 

�b, 
= BT 

mod = BT − 10BT = −9BT U8X9VBmod mod + BS 
mod mod mod, 

�M/ i?2 P#mF?Qp H2M;i?b+�H2- ;Bp2M #v L = u ∗3/(kB)- +�M #2 KQ/2HH2/ �b, 

∗3u 
Lmod(t) =  . U8X8V 

kBmod 

h?2 KQ/2HH2/ P#mF?Qp H2M;i?b+�H2 +�M #2 mb2/ iQ BMp2biB;�i2 i?2 i`�MbBiBQM iQ .* 

+QM/BiBQMb �b � 7mM+iBQM Q7 u ∗- T ∗ �M/ tX AM 6B;X 8Xk- +QMiQm`b Q7 Lmod(t) = 0.5 �`2 
+QKT�`2/ rBi? bBKmH�iBQM `2bmHibX hQ }`bi Q`/2`- Lmod(t) = 0.5 /2b+`B#2b i?2 `2;BQM 

∗Q7 T ∗ − u bT�+2 r?2`2 .* Bb Q#b2`p2/ BM bBKmH�iBQMbX >Qr2p2`- bQK2 /Bb+`2T�M+B2b 
2tBbi rBi? `2bT2+i iQ i?2 KQ/2HH2/ pbX bBKmH�i2/ i`�MbBiBQM iBK2b+�H2 tDC c 7Q` 2t�KTH2-
i?2 bBKmH�iBQM /�i� b22K iQ bm;;2bi i?�i � bi22T2` +QMiQm` rQmH/ #2ii2` `2T`2b2Mi i?2 
i`�MbBiBQM iBK2b+�H2X 6m`i?2` rQ`F Bb `2[mB`2/ iQ mM/2`bi�M/ i?Bb i`�MbBiBQMX q?BH2 
bim/B2b Q7 7Q`+2/ +QMp2+iBQM 7Q` K2i2Q`QHQ;B+�H �TTHB+�iBQMb ?�p2 bQm;?i 2tT`2bbBQM 7Q` 
i?2 +`BiB+�H rBM/ bT22/ mT iQ r?B+? 7`22 +QMp2+iBQM /2i2`KBM2b ?2�i i`�Mb72` U2X;X _�Dm 

�M/ L�`�bBK?�- kyyjV- iQ Qm` FMQrH2/;2 MQ bim/B2b ?�p2 +QMbB/2`2/ i?Bb 7Q` /BzmbBp2 
+QMp2+iBQMX Ai Bb ;2M2`�HHv �++2Ti2/- ?Qr2p2`- i?�i .* /Q2b MQi +Q2tBbi rBi? bi`QM;-
b?2�`@;2M2`�i2/ im`#mH2M+2 U_�/FQ- kyRjVX 6Q` 2t�KTH2- BM i?2 �`+iB+- /BzmbBp2 bi�B`+�b2b 
�`2 Km+? H2bb +QKKQM M2�` #QmM/�`B2b r?2`2 im`#mH2M+2 /BbbBT�iBQM Bb ?B;?2` Ua?B#H2v 

2i �HX- kyRdVX 

RRd 
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Run 2 
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T0=0.175 oC

8XRX _1:AJ1a �L. h_�LaAhAPLa AL "�a�G J1GhAL: P6 �Lh�_*hA* A*1 
a>1Go1a 

6B;m`2 8XR, 1pQHmiBQM Q7 i?2 TH�M2@�p2`�;2/ #mQv�M+v ~mt /m2 iQ i2KT2`�im`2 UBT V �i 
z = −0.2 K UrBi?BM i?2 KBt2/ H�v2`V BM iBK2 7Q` `mMb R- k- j �M/ *R +QKT�`2/ iQ i?2 
KQ/2HH2/ bm`7�+2 #mQv�M+v ~mt /m2 iQ i2KT2`�im`2 UBT V 7`QK 1[X 8XkX mod 

8XRXk "QmM/�`v H�v2` `2;BK2b 

�HH i?`22 AaP"G `2;BK2b bmKK�`Bb2/ ?2`2ě.*- bi`�iB}2/ �M/ r2HH@KBt2/Ĝ�`2 `2H2p�Mi 
∗iQ Q#b2`p2/ �Mi�`+iB+ +QM/BiBQMbX 6B;X 8Xk T�`iBiBQMb T ∗Ĝu bT�+2 BMiQ i?2b2 `2bT2+iBp2 

`2;BK2bX h?2`K�H /`BpBM; �M/ 7`B+iBQM p2HQ+Biv bT�M yXyyRĜ9 ◦* �M/ yXyjĜRXk8 +K b−1 

`2bT2+iBp2HvX h?2b2 7`B+iBQM p2HQ+Biv p�Hm2b +Q``2bTQM/ iQ 7`22 bi`2�K p2HQ+BiB2b BM i?2 
`�M;2 yXeĜk8 +K b−1- �bbmKBM; � [m�/`�iB+ /`�; `2H�iBQMb?BT �M/ � +QMbi�Mi /`�; +Q2{@ 
+B2Mi Q7 yXyyk8X h?2 r2HH@KBt2/ �M/ bi`�iB}2/ `2;BK2b �`2 /BpB/2/ #v i?2 +QMiQm` µ = 1-
r?2`2 bi`�iB}2/ +QM/BiBQMb �`2 2tT2+i2/ 7Q` µ ≥ 1 Ub22 6B;X 9XR8* �M/ �bbQ+B�i2/ i2ti 
7Q` 7m`i?2` /2i�BHbVX h?2 i`�MbBiBQM iQ i?2 .* `2;BK2 Bb #�b2/ mTQM KQ/2HH2/ P#mF?Qp 

H2M;i?b+�H2 U1[X 8X8V- r?2`2 i?2 2tT`2bbBQM Bb 2p�Hm�i2/ 7Q` t = 1, 10, 100 ?X *QMiQm`b 
∗ ∗Q7 Lmod(t) = 0.5 �`2 i`�MbH�i2/ iQr�`/b ?B;?2` p�Hm2b Q7 T �M/ HQr2` p�Hm2b Q7 u Qp2` 

∗iBK2- �b i?2 bm`7�+2 #mQv�M+v ~mt /2+`2�b2bX *QMb2[m2MiHv- i?2 �`2� Q7 T ∗Ĝu bT�+2 7Q` 
r?B+? .* Bb i?2 /QKBM�Mi KBtBM; T`Q+2bb /2+`2�b2b rBi? iBK2- r?2`2 t = 0 Bb i?2 iBK2 
r?2M i?2 B+2 }`bi +QK2b BMiQ +QMi�+i rBi? i?2 r�i2` �i i?2`K�H /`BpBM; T ∗X 
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toe 
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Simulations 

Q Well-mixed 

D Stratified 

<J DC 

Observations 

X u * from Uo 

X u * measured 

Contours 
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....... L +=2500 

8XRX _1:AJ1a �L. h_�LaAhAPLa AL "�a�G J1GhAL: P6 �Lh�_*hA* A*1 
a>1Go1a 

6B;m`2 8Xk, _2;BK2b �M/ i`�MbBiBQMb 7Q` i?2 AaP"GX 6BHH2/ K�`F2`b b?Qr i?2 TQbBiBQMb Q7 
2tT2`BK2Mib BM T ∗- u ∗ bT�+2 �i t = 10  ?X q?2`2 `2H2p�Mi- K�`F2`b �`2 +QHQm`2/ #v .* 

∗i`�MbBiBQM iBK2b+�H2 tDC X q?2`2 u Bb K2�bm`2/ /B`2+iHv- Bi Bb 2biBK�i2/ 7`QK i?2 7`22 
∗ 

√
bi`2�K ~Qr mbBM; u = CdU rBi? Cd = 0.0025 UKB/ TQBMiV- Cd = 0.001 UHQr2` #QmM/V 
�M/ Cd = 0.01 UmTT2` #QmM/VX P#b2`p�iBQM�H /�i� �`2 /2b+`B#2/ BM �TT2M/Bt "X .�i� 
bQm`+2b �`2, q:w- U"2;2K�M 2i �HX- kyR3Vc 6_Aa- UC2MFBMb 2i �HX- kyRy#Vc _Aa- Uai2r�`i-
kyR3Vc :oAAa- UEBKm`� 2i �HX- kyR8Vc G*Aa- U.�pBb �M/ LB+?QHHb- kyRNVc >q.k- Uai2p2Mb 
2i �HX- kykyVc �M/ SAAa Uai�MiQM 2i �HX- kyRjVX 

6B;X 8Xk BM+Hm/2b � bmBi2 Q7 Q#b2`p�iBQMb K�/2 �i /Bz2`2Mi bBi2b #2M2�i? �Mi�`+iB+ B+2 
∗b?2Hp2b �i � p�`B2iv Q7 /Bz2`2Mi Q+2�M +QM/BiBQMbX q?2`2 u Bb MQi K2�bm`2/ /B`2+iHv i?2 

∗2tT`2bbBQM u = Cd 
1/2U0 Bb mb2/- �bbmKBM; � /`�; +Q2{+B2Mi Q7 0.0025X .`�; +Q2{+B2Mib 

Q7 0.001 �M/ 0.01 �`2 mb2/ �b HQr2` �M/ mTT2` #QmM/b QM i?2 2biBK�i2 `2bT2+iBp2HvX AM 

i?Bb 7`�K2rQ`F- i?2 G�`b2M * A+2 a?2H7 UG*AaV 7�HHb rBi?BM i?2 ǳr2HH@KBt2/Ǵ `2;BK2-
+QMbBbi2Mi rBi? i?2 Q#b2`p�iBQMb Q7 � im`#mH2Mi- ?QKQ;2M2Qmb #QmM/�`v H�v2` U.�pBb 
�M/ LB+?QHHb- kyRNVX h?2 +2Mi`�H _Qbb A+2 a?2H7 aBi2 U>q.kV- r?2`2 i?2`K�H /`BpBM; 

Bb 2ti`2K2Hv HQr �M/ � r2HH@KBt2/ AaP"G Q#b2`p2/ Uai2p2Mb 2i �HX- kykyV- �HbQ 7�HHb 
rBi?BM i?2 r2HH@KBt2/ `2;BK2X h?2 6BH+?M2`@_QMM2 A+2 a?2H7 U6_AaV /�i� �`2 +HQb2 iQ 

#QmM/�`v #2ir22M i?2 r2HH@KBt2/ �M/ bi`�iB}2/ `2;BK2bX 6Q` � /`�; +Q2{+B2Mi Q7 0.01-
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�b bm;;2bi2/ #v C2MFBMb 2i �HX UkyRy#V- 6_Aa /�i� �`2 �HbQ +QMbBbi2Mi rBi? i?2 r2HH@KBt2/ 

`2;BK2X a2�bQM�HBiv BM i?2`K�H �M/ +m``2Mi 7Q`+BM; M2�` i?2 7`QMi Q7 i?2 _Qbb A+2 a?2H7 
U_AaV `2bmHi BM bmKK2`iBK2 U_Aa aV �M/ rBMi2`iBK2 U_Aa qV +QM/BiBQMb KQpBM; #2ir22M 

i?2 r2HH@KBt2/ �M/ bi`�iB}2/ `2;BK2b Uai2r�`i- kyR3VX 

Pi?2` bBi2b �`2 bi`QM;Hv �z2+i2/ #v bi`�iB}+�iBQMX SBM2 AbH�M/ A+2 a?2H7 USAAaV 7�HHb rBi?BM 

i?2 bi`�iB}2/ `2;BK2- +QMbBbi2Mi rBi? i?2 Q#b2`p�iBQM Q7 � bi`QM;Hv bi`�iB}2/ r�i2` +QHmKM 

iQ rBi?BM R K Q7 i?2 B+2 b?2H7 #�b2 Uai�MiQM 2i �HX- kyRjVX aQ- iQQ- /Q2b i?2 �K2`v A+2 
a?2H7 U�AaV r?B+? rBHH #2 /Bb+mbb2/ BM KQ`2 /2i�BH BM i?2 7QHHQrBM; b2+iBQMX .2T2M/BM; 

QM i?2 +?QB+2 Q7 /`�; +Q2{+B2Mi- Q#b2`p�iBQMb 7`QK i?2 qBbb�`/ :`QmM/BM; wQM2 Uq:wV 
Q7 i?2 _Qbb A+2 a?2H7 7�HH rBi?BM 2Bi?2` i?2 .* Q` bi`�iB}2/ `2;BK2bX q�i2` +QHmKM 

Q#b2`p�iBQMb �i q:w �`2 bm;;2biBp2 Q7 .* U"2;2K�M 2i �HX- kyR3VX h?2 QMHv bBi2 7Q` 
r?B+? Q#b2`p�iBQMb �M/ i?2Q`v �`2 MQi r2HH `2+QM+BH2/ Bb :2Q`;2 oA A+2 a?2H7 U:oAAaVX 
q�i2` +QHmKM K2�bm`2K2Mib b?Qr i?�i :oAAa Bb T`QM2 iQ .* #�b2/ QM i?2 Q#b2`p�iBQM 

Q7 � /BzmbBp2 bi�B`+�b2 #2M2�i? i?2 B+2- ?Qr2p2`- i?2 i?2Q`v T`2b2Mi2/ BM i?Bb +?�Ti2` 
bm;;2bib i?�i :oAAa 7�HHb rBi?BM i?2 bi`�iB}2/ `2;BK2X h?Bb /Bb+`2T�M+v K�v BM/B+�i2 

∗i?�i T`2b2Mi i?2Q`v Bb BM+Q``2+i Q` BM+QKTH2i2X �Hi2`M�iBp2Hv- Bi K�v BM/B+�i2 i?�i u 

Bb MQi +Q``2+iHv 2biBK�i2/ �i i?Bb bBi2X J2�bm`2K2Mib �i i?2 bBi2 b?Qr HQr /BbbBT�iBQM 

ϵ ∼ 4×10−10 q F;−1 Uo2M�#H2b 2i �HX- kyR9V �M/ ?B;? bi`�iB}+�iBQM UEBKm`� 2i �HX- kyR8VX 
h?mb- i?2 mb2 Q7 i?2 [m�/`�iB+ /`�; H�r K�v #2 BM�TT`QT`B�i2 7Q` 2biBK�iBM; � im`#mH2Mi 
p2HQ+Biv b+�H2 �i i?Bb bBi2X �M BKTQ`i�Mi `2bmHi 7`QK i?Bb };m`2 Bb i?�i bi`�iB}+�iBQM 

2z2+ib �`2 p2`v BKTQ`i�Mi iQ �Mi�`+iB+ B+2@Q+2�M BMi2`�+iBQMbX AM Q`/2` iQ #2 mM�z2+i2/ 

#v #mQv�M+v- B+2 b?2Hp2b Kmbi #2 2Bi?2` 2ti`2K2Hv +QH/- 2ti`2K2Hv 2M2`;2iB+- Q` 2ti`2K2Hv 

`Qm;?ěiQ +`2�i2 2M?�M+2/ BMi2`7�+B�H /`�;X 

Ai Bb BKTQ`i�Mi iQ MQi2 i?�i i?2 Q#b2`p�iBQM�H /�i� BM+Hm/2/ BM 6B;X 8Xk +QK2 7`QK 

BM/BpB/m�H bBi2b UTQBMi K2�bm`2K2MibV #2M2�i? B+2 b?2Hp2b �M/ b?QmH/ #v MQ K2�Mb #2 
+QMbB/2`2/ `2T`2b2Mi�iBp2 Q7 i?2B` 2MiB`2 `2bT2+iBp2 B+2 b?2H7 +�pBiB2bX aQK2 +QK#BM�iBQM 

Q7 i?2 i?`22 AaP"G `2;BK2b- �b r2HH �b `2;BK2b bm+? �b i?2 M�im`�H +QMp2+iBQM +�b2 7Q` 
bHQTBM; B+2- rBHH HBF2Hv #2 T`2b2Mi �+`Qbb 2�+? B+2 b?2H7 BM p�`vBM; �KQmMibX 

8XRXj >2�i �M/ b�Hi i`�Mb72` 

"mQv�M+v 2z2+ib QM M2�`@B+2 ~Qr /vM�KB+b �M/ K2HiBM; �`2 2ti`2K2Hv `2H2p�Mi �i Q#@ 
b2`p2/ �Mi�`+iB+ +QM/BiBQMbX 6B;X 8Xj THQib i?2 ?2�i i`�Mb72` +Q2{+B2Mi ΓT (L+) U1[X 

∗9XRNV- � 7mM+iBQM Q7 i?2 pBb+Qmb P#mF?Qp H2M;i?b+�H2 L+- BM T ∗ − u bT�+2X 6B;X 8Xj 

Rky 
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0.0075 0.0100 0.0125 
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8XRX _1:AJ1a �L. h_�LaAhAPLa AL "�a�G J1GhAL: P6 �Lh�_*hA* A*1 
a>1Go1a 

6B;m`2 8Xj, >2�i i`�Mb72` +Q2{+B2Mi ΓT U+QHQm`V �b � 7mM+iBQM Q7 7`B+iBQM p2HQ+Biv Uu ∗V 
�M/ i?2`K�H /`BpBM; UT ∗VX P#b2`p�iBQM�H /�i� �b 7Q` 6B;X 8XkX 

?B;?HB;?ib i?2 `2;BQM Q7 T�`�K2i2` bT�+2 rBi? BM?2`2MiHv iBK2@/2T2M/2Mi K2HiBM; UL+ ≤ 

2500V- �b r2HH �b i?2 �`2� Q7 `2/m+2/ ?2�i i`�Mb72` U2500 ≤ L+ ≤ 25000VX �b rBi? 6B;X 
8Xk- Q#b2`p�iBQM�H /�i� Bb Qp2`@THQii2/X 6B;X 8Xj /2KQMbi`�i2b i?�i i?2 �`2� Q7 `2/m+2/ 

i`�Mb72` Bb 2ti`2K2Hv `2H2p�Mi iQ Q#b2`p2/ B+2 b?2H7 +QM/BiBQMbX 6Q` 2t�KTH2- #Qi? i?2 
�Aa �M/ :oAAa bBi2b 7�HH rBi?BM i?Bb �`2� Q7 `2/m+2/ i`�Mb72`- +QMbBbi2Mi rBi? `2bmHib 7`QK 

*?�Ti2` k �M/ EBKm`� 2i �HX UkyR8V- `2bT2+iBp2Hv- r?B+? b?Qr i?�i K2HiBM; Bb MQi r2HH 
T`2/B+i2/ #v C2MFBMb 2i �HX UkyRy#V �i i?2b2 +QM/BiBQMbX a2�bQM�H p�`B�iBQM BM i?2`K�H 
�M/ +m``2Mi 7Q`+BM; #2M2�i? i?2 _Aa Tmb?2b i?2 HQ+�H +QM/BiBQMb 7`QK +QMbi�Mi@i`�Mb72` 
+QM/BiBQMb BM rBMi2`iBK2 iQ `2/m+2/ i`�Mb72` +QM/BiBQMb BM bmKK2` r?2M T ∗ Bb ?B;?2`X 
h?Bb +?�M;2 BM M2�`@B+2 /vM�KB+b +QBM+B/2b rBi? � i`�MbBiBQM 7`QK r2HH@KBt2/ iQ bi`�iB}2/ 

AaP"G +QM/BiBQMb U6B;X 8XkVX ai2r�`i UkyR3V b?Qr2/ i?�i r?2M +QM/BiBQMb #2M2�i? i?2 
B+2 b?2H7 r2`2 H2bb r2HH@KBt2/- i?2 }i #2ir22M i?2 i?`22@2[m�iBQM T�`�K2i2`Bb�iBQM �M/ 

i?2 Q#b2`p2/ K2Hi `�i2b r�b TQQ`2` �M/ i?2 /2T2M/2M+2 Q7 K2Hi `�i2 QM i?2`K�H /`BpBM; 

r�b bm#@HBM2�`X h?2b2 Q#b2`p�iBQMb �`2 +QMbBbi2Mi rBi? bi`QM; #mQv�M+v 2z2+ib QM #Qi? 

K2HiBM; �M/ AaP"G /vM�KB+bX 

RkR 



8XRX _1:AJ1a �L. h_�LaAhAPLa AL "�a�G J1GhAL: P6 �Lh�_*hA* A*1 
a>1Go1a 

8XRX9 _2pBbBiBM; i?2 �K2`v A+2 a?2H7 

AM i?Bb b2+iBQM- i?2 K2�bm`2K2Mib Q7 #�b�H K2HiBM; �M/ Q+2�M +QM/BiBQMb 7`QK bBi2 �Jye 

#2M2�i? i?2 �K2`v A+2 a?2H7 T`2b2Mi2/ BM +?�Ti2` k �`2 `2pBbBi2/ BM HB;?i Q7 i?2 bBKmH�iBQM 

`2bmHib 7`QK +?�Ti2`b j �M/ 9X 6B;bX 8Xk �M/ 8Xj b?Qr2/ i?�i i?2 AaP"G �i �Jye 7�HHb 
rBi?BM i?2 bi`�iB}2/ `2;BK2- �M/ i?�i ?2�i �M/ b�Hi i`�Mb72` �`2 2tT2+i2/ iQ #2 BM?B#Bi2/ 

�i �Jye +QM/BiBQMbX 6QHHQrBM; i?2 K2i?Q/ QmiHBM2/ BM Ȝ9X8- 1[bX 9XN- 9XRk �M/ 9XRj 

�`2 bQHp2/ mbBM; i`�Mb72` +Q2{+B2Mi 2tT`2bbBQMb 9XRN �M/ 9Xky 7Q` i?2 T�`�K2i2`Bb2/ K2Hi 
`�i2 UmpredV- r?B+? Bb mb2/ iQ +�H+mH�i2 L- µ �M/ L+ #�b2/ QM �Jye +QM/BiBQMb Uh�#H2 
8XkVX 6Q` Cd = 0.0016- i?2`2 Bb � `2�bQM�#Hv ;QQ/ �;`22K2Mi #2ir22M i?2 Q#b2`p2/ �M/ 

T`2/B+i2/ K2Hi `�i2bX >Qr2p2`- B7 � H�`;2` /`�; +Q2{+B2Mi Bb mb2/- �;`22K2Mi #2ir22M 

#2ir22M Q#b2`p�iBQMb �M/ T`2/B+iBQMb Bb TQQ`X 

_2;�`/H2bb Q7 i?2 +?QB+2 Q7 /`�; +Q2{+B2Mi- i?2 bi�#BHBiv T�`�K2i2` µ- r?B+? `�M;2b 
7`QK kXdĜjXd Uh�#H2 8XkV- bm;;2bib i?�i #mQv�M+v 2z2+ib rBHH #2 BKTQ`i�Mi �i �JyeX �i 
i?2b2 +QM/BiBQMb- bi`�iB}+�iBQM Bb 2tT2+i2/ iQ �z2+i #Qi? i?2 KBt2/ H�v2` /2Ti? �M/ /`�; 

+Q2{+B2MiX qBi? `2bT2+i iQ i?2 /`�; +Q2{+B2Mi- 6B;X 9XRy" b?Qrb i?�i 7Q` µ ∼ 3 i?2 
`�iBQ Q7 i?2 7`B+iBQM �M/ 7`22 bi`2�K p2HQ+BiB2b Bb u∗/U0 ∼ 0.35- r?B+? +Q``2bTQM/b iQ � 

/`�; +Q2{+B2Mi Q7 0.0012X 

"�b2/ QM 1[X 9X3 i?2 KBt2/ H�v2` �i �Jye Bb 2tT2+i2/ iQ #2 kX8ĜdXk K /22T Uh�#H2 
8XkVX :Bp2M i?�i i?2 mTT2`KQbi KB+`Q+�i Bb ∼9 K #2M2�i? i?2 B+2@Q+2�M BMi2`7�+2 �i 
i?2 bi�`i Q7 i?2 b�KTHBM; T2`BQ/- � p�Hm2 BM i?2 HQr2` 2M/ Q7 i?2 `�M;2 K2�Mb i?�i i?2 
BMbi`mK2Mi K�v #2 TQbBiBQM2/ QmibB/2 i?2 KBt2/ H�v2` bQK2 Q` �HH Q7 i?2 iBK2X >Qr2p2`-
i?Bb +�H+mH�iBQM mb2b i?2 iBK2@K2�M ~Qr bT22/X AMbi�Mi�M2Qmb ~Qr bT22/b �i �Jye �`2 
Km+? ?B;?2` Ub22 6B;X kXeVX 6Q` � ivTB+�H iB/�H ~Qr bT22/ �i �Jye Q7 Ry +K b−1- �M/ 

mbBM; i?2 b�K2 `�M;2 Q7 /`�; +Q2{+B2Mib Q7 yXyyReĜyXyR- i?2 2tT2+i2/ KBt2/ H�v2` /2Ti? 

Bb BM i?2 `�M;2 dXkĜkd KX 

Rkk 



8XRX _1:AJ1a �L. h_�LaAhAPLa AL "�a�G J1GhAL: P6 �Lh�_*hA* A*1 
a>1Go1a 

h�#H2 8Xk, E2v [m�MiBiB2b 7Q` i?2 �K2`v A+2 a?2H7X *QHmKM RĜj �`2 Q#b2`p2/ [m�MiBiB2b 
7`QK h�#H2 kX9X *QHmKMb 9ĜN �`2 i?2Q`2iB+�H 2biBK�i2b #�b2/ QM i?2 +?QB+2 Q7 /`�; 
+Q2{+B2Mi CdX S�`�K2i2`b L- µ- hµ - L+ �M/ mpred �`2 +�H+mH�i2/ mbBM; K2HiBM; 1[bX 9XRk 
�M/ 9XRj rBi? i`�Mb72` +Q2{+B2Mi 1[bX 9XRN �M/ 9XkyX 

∗T U m 
◦* +K b−1 K v`−1 

yXk 9Xy yX9e 

Cd L µ hµ L+ ΓT ΓS mpred 

×10−3 K K ×10−3 ×10−4 K v`−1 

RXe jXk jXd kX8 keyy 3XR RXe yX88 
kX8 9XR jXe jXR 9Ryy 3X3 kXy yX3y 
RyXy RyXN kXd dXk kRNyy RRX9 jXd kX9y 

Rkj 



*?�Ti2` e 

*QM+HmbBQMb 

P+2�M@/`Bp2M K2HiBM; Q7 B+2 b?2Hp2b Bb � H2�/BM; +�mb2 Q7 K�bb HQbb 7`QK �Mi�`+iB+� �M/ Bb 
+`m+B�H iQ B+2 b?22i bi�#BHBiv �M/ ;HQ#�H b2� H2p2HX 1zQ`ib iQ T`2/B+i i?2 K2HiBM; `2bTQMb2 
Q7 �Mi�`+iB+ B+2 b?2Hp2b iQ Q+2�M r�`KBM; �`2 mM/2`KBM2/ #v TQQ` mM/2`bi�M/BM; Q7 i?2 
bK�HH@b+�H2 B+2@Q+2�M #QmM/�`v H�v2` T`Q+2bb2b i?�i +QMi`QH K2HiBM;X h?Bb i?2bBb �//`2bb2b 
i?Bb FMQrH2/;2 ;�T #v +?�`�+i2`BbBM; K2HiBM; �M/ B+2 b?2H7@Q+2�M #QmM/�`v H�v2` UAaP"GV 
/vM�KB+b �+`Qbb � #`Q�/ `�M;2 Q7 Q+2�M bi�i2bX J2HiBM; �M/ AaP"G +?�`�+i2`BbiB+b �`2 
bim/B2/ mbBM; � +QKT`2?2MbBp2 Q#b2`p�iBQM�H /�i�b2i 7`QK i?2 �K2`v A+2 a?2H7 �M/ � 

bmBi2 Q7 MQp2H KQ/2H bBKmH�iBQMb T2`7Q`K2/ mbBM; `2bQHp2/ H�`;2@2//v bBKmH�iBQM UG1aVX 
h?2 F2v +QM+HmbBQMb Q7 i?Bb i?2bBb- r?B+? �//`2bb i?2 Q#D2+iBp2b b2i Qmi BM ȜRX8- �`2 �b 
7QHHQrb, 

Ç � v2�`@HQM; `2+Q`/ Q7 #�b�H K2HiBM; �M/ Q+2�M Q#b2`p�iBQMb 7`QK � KQQ`BM; �i 
bBi2 �Jye #2M2�i? i?2 �K2`v A+2 a?2H7 U�AaV BM/B+�i2b i?�i K2HiBM; �i i?2 KQQ`@ 
BM; bBi2 Bb /`Bp2M #v .2Mb2 a?2H7 q�i2` U.aqVX P+2�M T`QT2`iB2b �M/ HQ+�H K2Hi 
`�i2b �`2 bi`QM;Hv BM~m2M+2/ #v i?2 /2;`22 iQ r?B+? .aq Bb +QQH2/ �M/ 7`2b?2M2/ 

#v K2HiBM; 2Hb2r?2`2 rBi?BM i?2 �Aa +�pBivX *QMb2[m2MiHv- i?2 b2�bQM�H +v+H2 Q7 
K2HiBM; �i �Jye Bb Qmi Q7 T?�b2 rBi? i?2 +�pBiv �p2`�;2X h?2 K2�M �MMm�H K2Hi 
`�i2 �i �Jye Bb yX8R K v`−1- +QMbBbi2Mi rBi? T`2pBQmb ;H�+BQHQ;B+�H �M/ KQ/2HHBM; 

2biBK�i2bX J2HiBM; p�`B2b b2�bQM�HHv- rBi? � K�tBKmK BM U�mbi`�HV �mimKMX h?2 
K2HiBM; KBMBKmK Q++m`b BM bT`BM; �M/ +QBM+B/2b rBi? i?2 +QQH2bi- 7`2b?2bi UKQbi 
?2�pBHv K2Hir�i2`@KQ/B}2/V +QM/BiBQMbX 6HQr �i i?2 KQQ`BM; bBi2 Bb +?�`�+i2`Bb2/ 

#v �M �MMm�H K2�M ~Qr Q7 jXk K b−1 Q`B2Mi2/ BMiQ i?2 B+2 b?2H7 +�pBiv- �M/ p�`B@ 
�#BHBiv �i �MMm�H- /Bm`M�H �M/ b2KB@/Bm`M�H 7`2[m2M+B2bX h?2 iB/�H +m``2Mib ?�p2 
BMbi�Mi�M2Qmb bT22/b Q7 mT iQ ∼ 10 +K b−1- /`BpBM; ~Qr bT22/b BM 2t+2bb Q7 ∼ 15 

+K b−1 r?2M i?2 #�+F;`QmM/ K2�M ~Qr Bb �HbQ bi`QM;X 

Ç P#b2`p�iBQMb Q7 B+2 b?2H7 K2Hi `�i2 �M/ Q+2�MQ;`�T?B+ +QM/BiBQMb �`2 mb2/ iQ b?Qr 

Rk9 



i?�i +QKKQM p2HQ+Biv@/2T2M/2Mi B+2@Q+2�M T�`�K2i2`Bb�iBQMb- r?B+? �bbmK2 � im`@ 
#mH2Mi- r2HH@KBt2/ 7`B+iBQM�H #QmM/�`v H�v2`- Qp2`2biBK�i2 i?2 K2Hi `�i2 �i �Jye 

#v 7�+iQ`b Q7 kĜ9X h?2 /2;`22 Q7 KBb}i /2T2M/b QM i?2 +?QB+2 Q7 /`�; +Q2{+B2Mi-
r?B+? Bb TQQ`Hv +QMbi`�BM2/ #2M2�i? B+2 b?2Hp2bX h?2 K2Hi `�i2 �i �Jye Bb #2ii2` 
T`2/B+i2/ #v � +QMp2+iBp2 K2HiBM; T�`�K2i2`Bb�iBQM r?B+? /2T2M/b QM i?2 HQ+�H 
Q+2�M i2KT2`�im`2 �M/ i?2 bHQT2 Q7 i?2 B+2 #�b2- �Hi?Qm;? i?Bb T�`�K2i2`Bb�iBQM 

mM/2`@T`2/B+ib K2Hi `�i2b #v kyWX 

Ç � M2r B/2�HBb2/ KQ/2H +QM};m`�iBQM Q7 i?2 ;2Qbi`QT?B+ AaP"G ?�b #22M /2p2HQT2/ 

rBi? G1a mbBM; i?2 +QKTmi�iBQM�H ~mB/ /vM�KB+b +Q/2 /2b+`B#2/ BM :�v2M 2i �HX 
UkyRyVX h?2 BKTQ`i�Mi BM;`2/B2Mib Q7 i?Bb KQ/2H +QM};m`�iBQM �`2 p2`iB+�H ;`B/ 

bi`2i+?BM;- �HHQrBM; bm{+B2Mi `2bQHmiBQM �i i?2 B+2@Q+2�M #QmM/�`v iQ `2bQHp2 i?2 
/BzmbBp2 ~mt2b `2bTQMbB#H2 7Q` K2HiBM;- �M/ � /QK�BM i?�i Bb H�`;2 2MQm;? iQ +�T@ 
im`2 i?2 TH�M2i�`v #QmM/�`v H�v2`X h?Bb H�i2bi TQBMi �HHQrb 7Q` i?2 7Q`K�iBQM Q7 
� bi2�/v +m``2Mi BM ;2Qbi`QT?B+ #�H�M+2 BM i?2 BMi2`BQ` Q7 i?2 /QK�BMě� b+2M�`BQ 

i?�i Bb `2�HBbiB+ �M/ T2`KBib � ?QHBbiB+ bim/v Q7 K2HiBM; �M/ i?2 AaP"G- BM+Hm/BM; 

KBt2/ H�v2` 7Q`K�iBQM �M/ i?2 2z2+ib Q7 7�`@}2H/ bi`�iB}+�iBQMX 

Ç lbBM; i?2 KQ/2H- i?2 AaP"G r�b bim/B2/ �i � `�M;2 Q7 Q+2�M i2KT2`�im`2b �M/ 

+m``2Mi BMi2MbBiB2b �M/ i?`22 /BbiBM+i AaP"G `2;BK2b r2`2 B/2MiB}2/X h?2b2 `2;BK2b 
�`2 /2}M2/ �b r2HH@KBt2/- bi`�iB}2/ �M/ /BzmbBp2@+QMp2+iBp2 .*X h?2 +?�`�+@ 
i2`BbiB+b Q7 2�+? Q7 i?2 `2;BK2b �`2 �b 7QHHQrb, 

Ĝ q2HH@KBt2/, AM i?2 r2HH@KBt2/ `2;BK2 i?2 2z2+ib Q7 +m``2Mi b?2�` �M/ �K@ 
#B2Mi bi`�iB}+�iBQM �`2 /QKBM�MiX h?2 #QmM/�`v H�v2` Bb MQi bi`QM;Hv �z2+i2/ 

#v K2Hir�i2`- �M/ i?2 /2Ti? Q7 i?2 KBt2/ H�v2` +�M #2 T`2/B+i2/ mbBM; � bBK@ 
TH2 b+�HBM; H�r #�b2/ QM i?2 7`B+iBQM p2HQ+Biv- *Q`BQHBb 7`2[m2M+v- �M/ 7�`@}2H/ 

bi`�iB}+�iBQMX 

Ĝ ai`�iB}2/, AM i?2 bi`�iB}2/ `2;BK2 i?2 2z2+ib Q7 +m``2Mi b?2�` �M/ bi�#BH@ 
BbBM; #mQv�M+v /m2 iQ K2Hir�i2` �`2 /QKBM�MiX _2H�iBp2 iQ i?2 r2HH@KBt2/ 

+�b2- i?2 bi�#BHBbBM; #mQv�M+v ~mt �+ib iQ /2+`2�b2 i?2 KBt2/ H�v2` /2Ti? #v 

bmTT`2bbBM; im`#mH2M+2X AM i?2 bi`�iB}2/ `2;BK2- i?2 KBt2/ H�v2` /2Ti? +�M 

#2 T`2/B+i2/ �b � 7mM+iBQM Q7 7`B+iBQM p2HQ+Biv- *Q`BQHBb 7`2[m2M+v- �M/ bm`7�+2 
#mQv�M+v ~mtX h?2 i`�MbBiBQM 7`QK r2HH@KBt2/ iQ bi`�iB}2/ +QM/BiBQMb Q++m`b 
r?2M i?2 P#mF?Qp H2M;i?b+�H2 ULV- r?B+? +QKT�`2b i?2 `2H�iBp2 bi`2M;i? Q7 
b?2�` �M/ #mQv�M+v- Bb �TT`QtBK�i2Hv 2[m�H iQ Q` H2bb i?�M i?2 TH�M2i�`v 

Rk8 



�
�

#QmM/�`v H�v2` /2Ti? b+�H2 Uδf VX 

Ĝ .BzmbBp2@+QMp2+iBp2, AM i?2 .* `2;BK2 i?2 2z2+ib Q7 bm`7�+2 #mQv�M+v 

~mt �M/ 7�`@}2H/ bi`�iB}+�iBQM �`2 /QKBM�MiX h?Bb `2;BK2 `2HB2b QM /Bz2`2M@ 
iB�H /BzmbBQM Q7 ?2�i �M/ b�Hi �r�v 7`QK i?2 #QmM/�`v- �M/ KBtBM; Bb /`Bp2M #v 

i?2`K�H +QMp2+iBQM QmibB/2 Q7 i?2 bi�#H2 /BzmbBp2 bm#H�v2`X .* 7Q`Kb � i?2`@ 
KQ?�HBM2 bi�B`+�b2 #2M2�i? i?2 B+2- �M/ i?2 /2Ti? Q7 i?2 T`BK�`v UmTT2`KQbiV 
KBt2/ H�v2` /2T2M/b mTQM i?2 i?2`K�H +QKTQM2Mi Q7 i?2 bm`7�+2 #mQv�M+v 

~mt �M/ i?2 7�`@}2H/ bi`�iB}+�iBQMX AM i?2 .* `2;BK2 K2HiBM; Bb i`�MbB2Mi �M/ 

i?2 bm`7�+2 ?2�i ~mt r2�F2Mb Qp2` iBK2X AM i?2 T`2b2M+2 Q7 b?2�`@;2M2`�i2/ 

im`#mH2M+2- � i`�MbBiBQM 7`QK .*@KBtBM; iQ b?2�`@KBtBM; rBHH Q++m` r?2M 

b?2�` T`Q/m+iBQM /QKBM�i2b #mQv�M+v T`Q/m+iBQM Q7 im`#mH2M+2 �i � /2Ti? Q7 
z ∼ −0.5 KX 

Ç J2HiBM; Bb +QMi`QHH2/ #v M2�`@B+2 Q+2�M T`Q+2bb2bX h?2 pBb+Qmb P#mF?Qp H2M;i?b+�H2 
UL+V +QKT�`2b i?2 P#mF?Qp H2M;i? iQ i?2 pBb+Qmb H2M;i? b+�H2 Q7 i?2 BMi2`7�+B�H 
bm#H�v2`X 6Q` L+ 2500 K2HiBM; Bb iBK2@/2T2M/2Mi �M/ ;Qp2`M2/ #v b�Hi /BzmbBQM 

pB� i?2 ;`Qri? Q7 � bi�#H2 /BzmbBp2 bm#H�v2`X 6Q` L+ 2500 +m``2Mi b?2�` +QMi`QHb 
i?2 BMi2`7�+B�H bm#H�v2` i?B+FM2bb �M/ K2HiBM; Bb bi2�/v BM iBK2X �i bi2�/v K2HiBM; 

+QM/BiBQMb- i?2 K�;MBim/2 Q7 L+ /2i2`KBM2b i?2 2{+B2M+v Q7 ?2�i �M/ b�Hi i`�Mb72` 
iQ i?2 B+2- BM �;`22K2Mi rBi? i?2 }M/BM;b Q7 o`2m;/2M?BH �M/ h�vHQ` UkyRNVX 

Ç h?2 /`�; +Q2{+B2Mi Cd - r?B+? `2H�i2b i?2 �K#B2Mi ~Qr bT22/ U0 iQ i?2 7`B+iBQM 

p2HQ+Biv u ∗- Bb b?QrM iQ #2 bi`QM;Hv �z2+i2/ #v bi`�iB}+�iBQM- �b [m�MiB}2/ #v i?2 
`�iBQ Q7 i?2 P#mF?Qp H2M;i?b+�H2 �M/ i?2 TH�M2i�`v #QmM/�`v H�v2` /2Ti? b+�H2X 
*QMb2[m2MiHv- �TTHvBM; � +QMbi�Mi /`�; +Q2{+B2Mi iQ T�`�K2i2`Bb2 7`B+iBQM p2HQ+Biv 

rBi?BM �M Q+2�M KQ/2H bBKmH�iBM; B+2@Q+2�M BMi2`�+iBQMb rBHH MQi #2 �TT`QT`B�i2 �i 
bi`�iB}2/ +QM/BiBQMbX 

_2+QKK2M/�iBQMb �M/ 7mim`2 /B`2+iBQMb 

"�b2/ QM i?2 +QM+HmbBQMb QmiHBM2/ �#Qp2- r2 K�F2 b2p2`�H `2+QKK2M/�iBQMb iQ BKT`Qp2 
i?2 `2T`2b2Mi�iBQM Q7 B+2@Q+2�M BMi2`�+iBQMb BM H�`;2@b+�H2 Q+2�M KQ/2HbX q2 �HbQ QmiHBM2 
b2p2`�H BKTQ`i�Mi /B`2+iBQMb 7Q` 7mim`2 bim/B2b Q7 B+2 b?2H7@Q+2�M BMi2`�+iBQMb- BM+Hm/BM; 

Q#b2`p�iBQM�H bim/B2b Q7 i?2 AaP"GX 

Ç >2�i �M/ b�Hi i`�Mb72` +Q2{+B2Mib BM K2HiBM; T�`�K2i2`Bb�iBQMb b?QmH/ BM+Hm/2 � 
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� �

�

7mM+iBQM�H /2T2M/2M+2 QM i?2 pBb+Qmb P#mF?Qp H2M;i?b+�H2 iQ �++QmMi 7Q` i?2 /2@ 
+`2�b2/ 2{+B2M+v Q7 ?2�i �M/ b�Hi i`�Mb72` Q#b2`p2/ 7Q` 2500 L+ 25000X 
1KTB`B+�H ?2�i �M/ b�Hi i`�Mb72` 2[m�iBQMb 9XRN � 9Xky +QmH/ #2 mb2/X >Qr2p2`-
QM2 `2K�BMBM; +?�HH2M;2 Bb T�`�K2i2`BbBM; i?2 K2HiBM; #2?�pBQm` 7Q` L+ 2500X 

Ç h?2 T`2b2M+2 Q7 #Qi? i?2 bi`�iB}2/ �M/ .* AaP"G `2;BK2b Bb +QMi`�`v iQ i?2 �b@ 
bmKTiBQM Q7 � ?QKQ;2M2Qmb KBt2/ H�v2` �/D�+2Mi iQ i?2 B+2X 6m`i?2`KQ`2- .* 

BM~m2M+2b i?2 ~mt2b Q7 ?2�i �M/ b�Hi BM � /Bz2`2Mi K�MM2` iQ b?2�`@/`Bp2M im`#m@ 
H2M+2X h?2b2 `2bmHib bm;;2bi i?�i Bi Bb BKTQ`i�Mi iQ BM+Hm/2 i?2 2z2+ib Q7 bi`�iB}+�@ 
iBQM �M/ .* MQi Dmbi BM K2HiBM; T�`�K2i2`Bb�iBQMb- #mi �HbQ BM i?2 #QmM/�`v H�v2` 
T�`�K2i2`Bb�iBQMb mb2/ BM B+2@Q+2�M KQ/2HbX A/2�HHv- #2M2�i? B+2 b?2Hp2b- #QmM/�`v 

H�v2` �M/ K2HiBM; T�`�K2i2`Bb�iBQMb b?QmH/ #2 T?vbB+�HHv +QMbBbi2MiX 

Ç h?Bb i?2bBb ?�b /2KQMbi`�i2/ i?`22 /Bz2`2Mi AaP"G `2;BK2b 7Q` ~Qr #2M2�i? ~�i-
K2HiBM; B+2X >Qr2p2`- BM i?2 T`2b2M+2 Q7 � #�b�H bHQT2- #mQv�Mi K2Hir�i2` +�M /`Bp2 
� THmK2 mT@bHQT2X AKTQ`i�MiHv- 7Q` bHQTBM; B+2 Bi Bb i?2 #mQv�M+v �bbQ+B�i2/ rBi? 

7`2b?2MBM; i?�i /`Bp2b +QMp2+iBQM- BM +QMi`�bi iQ i?2 .* +�b2 r?2`2 +QMp2+iBQM Bb 
/`Bp2M #v +QQHBM; U�M/ `2HB2b QM /Qm#H2 /BzmbBp2 2z2+ibVX Ai Bb i?2`27Q`2 BKTQ`i�Mi 
i?�i r2 bim/v i?2 i`�MbBiBQM #2ir22M i?2 .* �M/ M�im`�H +QMp2+iBQM `2;BK2b iQ 

mM/2`bi�M/ r?2`2 BM �Mi�`+iB+� i?2v �`2 BKTQ`i�MiX 6m`i?2` rQ`F Bb �HbQ M22/2/ 

iQ /2i2`KBM2 i?2 i`�MbBiBQM #2ir22M i?2 M�im`�H +QMp2+iBQM �M/ b?2�`@/QKBM�i2/ 

`2;BK2bX 

Ç Pi?2` BKTQ`i�Mi �bT2+ib Q7 �Mi�`+iB+ B+2 b?2H7@Q+2�M BMi2`�+iBQMb- bm+? �b iBK2 
p�`vBM; ~Qrb U2X;X iB/2bV- BMi2`M�H r�p2 �+iBpBiv �M/ i?2 2z2+i Q7 � `Qm;? B+2 
bm`7�+2 �HbQ `2[mB`2 BMp2biB;�iBQM mbBM; im`#mH2M+2 `2bQHpBM; bBKmH�iBQMb BM 7mim`2X 
.2bTBi2 `2+Q;MBiBQM BM i?2 +QKKmMBiv i?�i iB/�H +m``2Mib �`2 rB/2bT`2�/ #2M2�i? 

�Mi�`+iB+ B+2 b?2Hp2b- i?2v �`2 `�`2Hv BM+Hm/2/ BM i?2 +B`+mK@�Mi�`+iB+ Q+2�M KQ/2Hb 
mb2/ iQ bim/v �Mi�`+iB+ B+2@Q+2�M BMi2`�+iBQMbX h?Bb i?2bBb ?�b b?QrM i?�i i?2 K2Hi 
`�i2 `2bTQMb2 iQ p�`B�iBQM BM ~Qr bT22/ +�M #2 ?B;?Hv MQMHBM2�`X *QMb2[m2MiHv- � 

i�`;2i2/ BMp2biB;�iBQM Q7 iB/�HHv@/`Bp2M K2HiBM; Bb M22/2/X 

Ç 6BM�HHv- 7m`i?2` Q#b2`p�iBQM�H bim/B2b Q7 i?2 AaP"G �`2 M22/2/X h?2b2 Q#b2`p�@ 
iBQMb b?QmH/ BM+Hm/2 K2HiBM; K2�bm`2K2Mib rBi? bm{+B2MiHv ?B;? i2KTQ`�H `2bQHm@ 
iBQM U2X;X ?Qm`HvV iQ +�Tim`2 iB/�H p�`B�#BHBiv- �b r2HH �b Q#b2`p�iBQMb Q7 im`#mH2M+2 
[m�MiBiB2b rBi?BM i?2 AaP"G �M/ Q+2�M +QM/BiBQMbX .�i� Q7 i?Bb FBM/ ?�p2 #22M 

+QHH2+i2/ #2M2�i? i?2 6BH+?M2`@_QMM2 A+2 a?2H7- ?Qr2p2`- � #`Q�/ `�M;2 Q7 +�pBiv 

Rkd 



2MpB`QMK2Mib b?QmH/ #2 b�KTH2/X "�b2/ QM i?2 }M/BM;b BM i?Bb i?2bBb- i?2b2 Q#@ 
b2`p�iBQM�H bim/B2b b?QmH/ i�`;2i HQ+�iBQMb �z2+i2/ #v #mQv�M+v U�b /2i2`KBM2/ #v 

i?2 P#mF?Qp H2M;i?b+�H2V r?2`2 2tBbiBM; T�`�K2i2`Bb�iBQMb �`2 2tT2+i2/ iQ T2`@ 
7Q`K TQQ`HvX 

Rk3 



--

�TT2M/Bt � 

JQ/2H /2i�BHb 

�XR G1a +HQbm`2 

h?2 G1a KQ/2H mb2/ BM i?2 bBKmH�iBQMb BM +?�Ti2` j �M/ 9 Bb i?2 /vM�KB+ aK�;Q`BMbFv 

+HQbm`2 KQ/2H U:2`K�MQ 2i �HX- RNNRVX Ai Bb �TT`QT`B�i2 7Q` i?2 T`2b2Mi B+2 b?2H7@Q+2�M 

#QmM/�`v H�v2` UAaP"GV bim/v #2+�mb2 Bi +�``B2b b2T�`�i2 /BzmbBpBiB2b 7Q` ?2�i �M/ b�Hi �i 
2�+? TQBMi BM iBK2 �M/ bT�+2 UMQ im`#mH2Mi S`�M/iH Q` a+?KB/i MmK#2` �TT`QtBK�iBQMb 
�`2 K�/2V �M/ ?�b #22M p�HB/�i2/ 7Q` bi`�iB}2/ Uh�vHQ` �M/ a�`F�`- kyy3�c o`2m;/2M?BH 
�M/ h�vHQ`- kyR3V �M/ +QMp2+iBp2 U:�v2M 2i �HX- kyRjV ~QrbX 

�XRXR am#;`B/@b+�H2 +QMi`B#miBQMb 

h?2 hm`#mH2M+2 EBM2iB+ 1M2`;v UhE1V #m/;2i Bb ;Bp2M #v, 

∂k 
= P − ϵ + B − transport of TKE U�XRV 

∂t 

r?2`2 ∂k/∂t Bb i?2 iBK2 `�i2 Q7 +?�M;2 Q7 hE1 UK2 b−3 Q` 2[mBp�H2MiHv q F;−1V- P Bb i?2 
b?2�` T`Q/m+iBQM- ϵ Bb i?2 /BbbBT�iBQM `�i2 �M/ B Bb i?2 #mQv�M+v ~mtX .BbbBT�iBQM `�i2 
ϵ Bb TQbBiBp2 /2}MBi2 �M/ i?2`27Q`2 � bBMF Q7 hE1- r?BH2 b?2�` T`Q/m+iBQM P Bb ivTB+�HHv 

TQbBiBp2 �M/ #mQv�M+v ~mt B K�v i�F2 2Bi?2` bB;M- r?2`2 TQbBiBp2 B +Q``2bTQM/b iQ � 

i`�Mb7Q`K�iBQM Q7 TQi2MiB�H iQ FBM2iB+ 2M2`;vX h?2b2 i2`Kb �`2 7m`i?2` /2b+`B#2/ BM :�v2M 

2i �HX UkyRyVX 

6B;X �XR b?Qrb i?2 bQm`+2b �M/ bBMFb Q7 hE1 UB, P, ϵV 7Q` `mM R- rBi? MQ K2�M ~Qr-
�M/ `mM j rBi? � K2�M ~Qr Q7 U0 = 1.4 +K b−1X AM `mM R i?2 /QKBM�Mi i2`Kb �`2 
#mQv�M+v T`Q/m+iBQM �M/ /BbbBT�iBQM- r?2`2 i?2b2 i2`Kb �`2 �TT`QtBK�i2Hv #�H�M+2/ BM 

/2Ti?X AM i?2 �#b2M+2 Q7 � K2�M ~Qr i?2 b?2�` T`Q/m+iBQM Bb M2;HB;B#H2X 6Q` `mM j- i?2 
T`BK�`v #�H�M+2 Bb #2ir22M b?2�` T`Q/m+iBQM �M/ /BbbBT�iBQM- r?2`2 i?2b2 i2`Kb �`2 irQ 
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0.0 

0.5 

1.0 

1.5 

12.0 
':' 

P total P total 

Pres Pres 
2.5 

Psgs Psgs 

3.0 Etotal Etotal 

Eres E res 

3.5 Esgs Esgs 

B total B total 

4.0 
-4 -2 0 2 4 -4 -2 0 2 4 

(m 2 5-3 ) le-11 (m 2 5-3 ) le-9 

�XRX G1a *GPal_1 

(a) Run 1 (b) Run 3 

6B;m`2 �XR, SH�M2@BMi2;`�i2/ #mQv�M+v T`Q/m+iBQM B- b?2�` T`Q/m+iBQM P - �M/ /BbbB@ 
T�iBQM ϵ �p2`�;2/ Qp2` t = 90 − 100 ?X h2`Kb �`2 #`QF2M /QrM BMiQ `2bQHp2/ U`2bV �M/ 
bm#;`B/@b+�H2 Ub;bV +QKTQM2MibX h?2 H�`;2bi bm#;`B/@b+�H2 +QKTQM2Mi Bb i?2 bm#;`B/@b+�H2 
/BbbBT�iBQM- r?B+? �++QmMib 7Q` RyW Q7 i?2 iQi�H /BbbBT�iBQM �i U0 = 0.0 +K b−1 �M/ j8W 
Q7 i?2 /BbbBT�iBQM �i U0 = 1.4 +K b−1 

Q`/2`b Q7 K�;MBim/2 H�`;2` i?�M B �M/fQ` ϵ BM `mM RX h?2 i2`Kb �`2 #`QF2M /QrM BMiQ 

i?2B` `2bQHp2/ �M/ bm#;`B/@b+�H2 Ua:aV +QKTQM2MibX h?2 H�`;2bi a:a +QKTQM2Mi Bb i?2 
a:a /BbbBT�iBQM- r?B+? �++QmMib 7Q` RyW Q7 i?2 iQi�H /BbbBT�iBQM �i U0 = 0.0 +K b−1 �M/ 

j8W Q7 i?2 /BbbBT�iBQM �i U0 = 1.4 +K b−1X h?2 a:a i2`Kb �`2 bK�HH /m2 iQ i?2 ?B;? 

`2bQHmiBQM Q7 i?2 bBKmH�iBQMX 

�XRXk *HQbm`2 Q7 i?2 hE1 #m/;2i 

�++m`�i2 +HQbm`2 Q7 i?2 hE1 #m/;2i #�b2/ QM BM/2T2M/2Mi +�H+mH�iBQM Q7 2�+? Q7 i?2 i2`Kb 
Bb +QMbB/2`2/ i?2 KQbi `B;Q`Qmb �M/ +`BiB+�H i2ti Q7 bm{+B2Mi ;`B/ `2bQHmiBQM U:�v2M 2i �HX-
kyRjVX h?2 2tT2`BK2Mib `2�+? � [m�bB@bi2�/v bi�i2 BM r?B+? i?2 iBK2 `�i2 Q7 +?�M;2 Q7 
hE1 U∂k/∂tV Bb M2;HB;B#H2 +QKT�`2/ iQ i?2 bQm`+2 �M/ bBMF i2`KbX 6Q` 2t�KTH2- 7Q` `mM 

−12 −10j ⟨∂k/∂t⟩z ∼ −1 × 10 K b−3 �M/ ⟨ϵ⟩z = 7 × 10 K b−3 Qp2` i?2 T2`BQ/ Ny@Ryy ?-
r?2`2 ⟨⟩z /2MQi2b /2Ti?@BMi2;`�iBQMX .2Ti? BMi2;`�i2/- i?2 i`�MbTQ`i Q7 hE1 Bb x2`Q-
H2�pBM; i?2 #�H�M+2 ⟨P ⟩z + ⟨B⟩z − ⟨ϵ⟩z4yX q2 }M/ i?�i i?2b2 i2`Kb bmK iQ x2`Q rBi?BM 

j T2`+2Mi Q7 i?2 H2�/BM; i2`K UBX2X U⟨P ⟩z + ⟨B⟩z − ⟨ϵ⟩z)/⟨ϵ⟩z <yXyjV 7Q` �HH bBKmH�iBQMbX 

Rjy 
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~ 1.1 
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:E 1.0 
E 
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0.15 0.20 

�XkX :_A. aS1*A6A*�hAPLa �L. *PLo1_:1L*1 

�Xk :`B/ bT2+B}+�iBQMb �M/ +QMp2`;2M+2 

�XkXR �bT2+i `�iBQ i2biBM; 

>2`2 r2 BMp2biB;�i2 i?2 2z2+i Q7 i?2 �bT2+i `�iBQ UAV Q7 ;`B/ +2HHb �i i?2 2/;2 Q7 i?2 
pBb+Qmb bm#H�v2` UZ+48yVX o`2m;/2M?BH �M/ h�vHQ` UkyR3V 7QmM/ i?Bb iQ #2 BKTQ`i�Mi 
BM i?2B` bim/v Q7 G1a Q7 bi`�iB}2/ TH�M2 +Qm2ii2 ~QrX o`2m;/2M?BH �M/ h�vHQ` UkyRNV 
`2+QKK2M/2/ A = ∆Z+/∆X+ = 1/8 7Q` �M AaP"G �TTHB+�iBQMX q2 BMp2biB;�i2/ i?2 
2z2+i Q7 p�`vBM; A Qp2` 1/30 < A <  1/7- �M/ +QKT�`2/ i?2 `2bmHib mbBM; i?2 Lmbb2Hi 
MmK#2` Nu- i?2 `�iBQ Q7 +QMp2+iBp2 �M/ +QM/m+iBp2 ?2�i i`�Mb72` Qp2` i?2 AaP"GX Nu  Bb 
;Bp2M #v, 

QT d 
Nu  = U�XkV 

∆TκT 

r?2`2 QT Bb i?2 ?2�i ~mt �i i?2 B+2@Q+2�M BMi2`7�+2- ∆T Bb i?2 i2KT2`�im`2 /Bz2`2M+2 
#2ir22M i?2 BMi2`7�+2 �M/ HQ+�iBQM z = −dX >2`2 r2 i�F2 d = 0.3 K- � MQKBM�H p�Hm2 
rBi?BM i?2 KBt2/ H�v2`X Nu  Bb QMHv Q#b2`p2/ iQ p�`v bHB;?iHv rBi? A U6B;X �XkVX "�b2/ 

QM 6B;X �Xk- mbBM; A = 1/30 BMbi2�/ Q7 A = 1/7 QMHv `2bmHib BM � 4% /2+`2�b2 BM NuX 

6B;m`2 �Xk, 1z2+i Q7 p�`vBM; �bT2+i `�iBQ A = ∆Z+/∆X+ Q7 ;`B/ +2HHb �i Z+48y QM 
Nu  7Q` bmTTH2K2Mi�`v `mMb ajĜ8X h?2`K�H /`BpBM; �M/ 7`22 bi`2�K p2HQ+Biv �`2 +QMbi�Mi 
#2ir22M `mMbX h?2 p2`iB+�H /Qii2/ HBM2 b?Qrb A = 1/8X 

�XkXk >Q`BxQMi�H `2bQHmiBQM 

*?�Ti2` j `mMb 1Ĝ3∗ ?�p2 ?Q`BxQMi�H `2bQHmiBQM ∆X+ = 27- r?2`2 ∆X+ = ∆X/δν �M/ 

δν = ν/u∗ 
0 Bb i?2 pBb+Qmb H2M;i?b+�H2X h?2 `2+QKK2M/2/ ?Q`BxQMi�H ;`B/ `2bQHmiBQM 7Q` 
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t 1--

~ 0 .10 r r 
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,---L 

- [j,)(+ =27 
[j,)(+ - 20 
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0 .0 2.5 5.0 7.5 10.0 12 .5 15.0 17.5 20 .0 
t (h) 

�XjX 6P_*AL: *PLaA.1_�hAPLa, 1661*h P6 o�_uAL: *P_APGAa 

`2bQHp2/ G1a 7`QK a�HQM 2i �HX UkyydV Bb ∆X+ = 20X 6B;X �Xj +QKT�`2b 2tT2`BK2Mi 
j- rBi? ∆X+ = 27- iQ 2tT2`BK2Mi ae Uh�#H2 �XRV- r?B+? ?�b ∆X+ = 20X L2Bi?2` i?2 
7`B+iBQM p2HQ+Biv MQ` i?2 K2Hi `�i2- r?B+? Bb T`QTQ`iBQM�H iQ i?2 ?2�i ~mt �i i?2 B+2@Q+2�M 

BMi2`7�+2- �`2 �z2+i2/ #v i?2 `2/m+2/ `2bQHmiBQMX 

6B;m`2 �Xj, 1z2+i Q7 ?Q`BxQMi�H `2bQHmiBQM QM UmTT2`V K2Hi `�i2c UKB//H2V K2Hi `�i2 
∗MQ`K�HBb2/ #v ∆T c UHQr2`V 7`B+iBQM p2HQ+Biv u 7Q` `mM j UK�BM i2tiV�M/ bmTTH2K2Mi�`v 

`mM aeX h?2`K�H /`BpBM; �M/ 7`22 bi`2�K p2HQ+Biv �`2 +QMbi�Mi #2ir22M `mMbX 

�Xj 6Q`+BM; +QMbB/2`�iBQMb, 2z2+i Q7 p�`vBM; 
*Q`BQHBb 

AM Q`/2` iQ �+?B2p2 Qm` ?B;?2bi p2HQ+Biv UU0 = 2.8 +K b−1V `mMb r2 b2i *Q`BQHBb T�`�K2i2` 
iQ f = 2f0 BM `mMb �j- "j �M/ *jX h?Bb vB2H/b � i?BMM2` #QmM/�`v H�v2` �M/ �HHQrb mb iQ 

mb2 � bHB;?iHv bK�HH2` /QK�BM bBx2 i?�M rQmH/ #2 `2[mB`2/ �i f = f0X AM Q`/2` iQ 2Mbm`2 
i?�i i?Bb /Q2b MQi �z2+i Qm` `2bmHib r2 T2`7Q`K2/ irQ bmTTH2K2Mi�`v `mMb- ak �M/ aj-
rBi? *Q`BQHBb T�`�K2i2` b2i iQ f = 2f0 �M/ f = 6f0 `2bT2+iBp2HvX h?2 ;`B/ bT2+B}+�iBQMb 
7Q` i?2b2 `mMb �`2 ;Bp2M BM h�#H2 �XRX h?2b2 `mMb r2`2 #Qi? BMBiB�HBb2/ rBi? � i?2`K�H 

∗7Q`+BM; Q7 T0 = 0.0025 ◦* �M/ � 7`22 bi`2�K p2HQ+Biv Q7 U0 = 1.4 +K b−1 �HHQrBM; � /B`2+i 
+QKT�`BbQM rBi? UK�BM i2tiV `mM �k- BbQH�iBM; i?2 2z2+i Q7 i?2 f X 

6B;X �X9 b?Qrb i?�i i?2 K2Hi `�i2 m Bb MQi �z2+i2/ #v p�`vBM; f BM i?2 `�M;2 f0 ≤ 
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�XjX 6P_*AL: *PLaA.1_�hAPLa, 1661*h P6 o�_uAL: *P_APGAa 

∗f ≤ 6f0 - /2bTBi2 � bHB;?i BM+`2�b2 BM 7`B+iBQM p2HQ+Biv u rBi? BM+`2�bBM; f X 6B;X �X8 

b?Qrb i?�i i?2 bi`�iB}2/ 1FK�M #QmM/�`v H�v2` b+�HBM; 7`QK 1[X 9Xd �HbQ ?QH/b Qp2` i?2 
f0 ≤ f ≤ 6f0X 

"�b2/ QM i?2b2 `2bmHib r2 /Q MQi 2tT2+i i?�i 2KTHQvBM; f = 2f0 7Q` `mMb �j- "j �M/ 

*j rBHH BM~m2M+2 Qm` `2bmHib `2H�iBM; iQ K2HiBM; �M/ ?2�i i`�Mb72`X AM+`2�bBM; f bBKTHv 

`2bmHib BM � i?BMM2` #QmM/�`v �M/ KBt2/ H�v2`- �b /2b+`B#2/ BM i?2 K�BM i2ti UȜ9X9XkVX 

6B;m`2 �X9, 1z2+i Q7 *Q`BQHBb T�`�K2i2` f QM UmTT2`V K2Hi `�i2c UKB//H2V K2Hi `�i2 
∗MQ`K�HBb2/ #v ∆T c UHQr2`V 7`B+iBQM p2HQ+Biv u 7Q` `mM �k UK�BM i2tiV bmTTH2K2Mi�`v 

`mMb aR �M/ akX h?2`K�H /`BpBM; �M/ 7`22 bi`2�K p2HQ+Biv �`2 +QMbBbi2Mi #2ir22M `mMbX 

Rjj 
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�XjX 6P_*AL: *PLaA.1_�hAPLa, 1661*h P6 o�_uAL: *P_APGAa 

6B;m`2 �X8, S`Q}H2b Q7 b[m�`2/ #mQv�M+v 7`2[m2M+v N2 7Q` `mMb �k- aR �M/ akX h?2 
/2Ti? �tBb Bb b+�H2/ #v γ−1/4X 

h�#H2 �XR, :`B/ bT2+B}+�iBQMb 7Q` bmTTH2K2Mi�`v `mMb p�`vBM; *Q`BQHBb 7Q`+BM; �M/ ;`B/ 
+2HH �bT2+i `�iBQX AMBiB�H i?2`K�H /`BpBM; T0 

∗c 6`22 bi`2�K p2HQ+Biv U0c *Q`BQHBb 7`2@ 
[m2M+v f c pBb+Qmb H2M;i?b+�H2 δν = ν/u∗ 

0c 1FK�M #QmM/�`v H�v2` /2Ti? δf 0c /QK�BM 
?Q`BxQMi�H /BK2MbBQM LX U= LY Vc /QK�BM ?2B;?i LZc ?Q`BxQMi�H `2bQHmiBQM UBM r�HH 
mMBibV ∆X+ U4∆Y +Vc p2`iB+�H `2bQHmiBQM �i i?2 B+2@Q+2�M BMi2`7�+2 ∆Z+c �bT2+i `�iBQ 
UA = ∆Z+/∆X+V Q7 ;`B/ +2HHb �i i?2 2/;2 Q7 i?2 pBb+Qmb bm#H�v2` UZ+48yVX #h?Bb `mM 
Bb BMBiB�HBb2/ rBi? � #�+F;`QmM/ i2KT2`�im`2 ;`�/B2Mi K�i+?BM; i?�i Q7 `mM j U+?�Ti2` 
jVX 

:`B/ T ∗ 
0 

◦* 
U0 

+K b−1 
δν0 

+K 
f 

×10−3 b−1 
δf 0 

K 
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aR 
ak 
aj 
a9 
a8 
ae 

yXyyk8 
yXyyk8 
yXy8 
yXy8 
yXy8 

yXRd8# 

RX9 
RX9 
RX9 
RX9 
RX9 
RX9 

yXj 
yXj 
yXj 
yXj 
yXj 
yXj 

@kXd9 
@3Xkk 
@3Xkk 
@3Xkk 
@3Xkk 
@RXjd 

RX3 
yXe 
yXe 
yXe 
yXe 
yXe 

dXk 
jXe 
jXe 
jXe 
jXe 
dXk 

dXk 
8X9 
9Xk 
8X9 
8X9 
k8 

ky 
ky 
ky 
ky 
ky 
ky 

yXN 
yXd 
yXN 
yXd 
yX8 
yXe 

RfRR 
RfR8 
Rfd 
RfR8 
Rfjy 
RfRN 

Rj9 



�TT2M/Bt " 

P#b2`p�iBQM�H .�i� 

Rj8 



Study Thermal driving Flow speed and/or friction velocity Melting 

Filchner Ronne T*-0.05 "C umea11 -3.6 cm s-1, u.,ax-20 cm s-1 m = 0.554±0.006 m 
Ice Shelf: yr-I 

Jenkins et al Notes: Value taken from visual Notes: Jenkins et al. use a tidal model to 
(2010) inspection of Fig. 4. Value is infer current speeds in 2001, based on The authors provide a 

approximate only. measurements made 1996-1998, which melting estimate of m 

showed that tides dominated the flow at this = 0.553m yr-1 

site. The values above are the mean and 
maximum from 1996-1998. 

Pine Island Ice T* = 1.39 °C U,,,ean = 13 cm s-1 m = 14.2 m yr-1 

Shelf: Stanton et u* = 0.86 cm s- 1 

al. (2013) 

George VI Ice T* = 2.3 °C U,,,ean = 10 cm s- 1 m = 1.4 m yr-1 

Shelf: Kimura et 
al. (2015) 

Ross Ice Shelf T* = 0.1 °C U,,,ean = 1.5 cm s-1 m =0.05 m yr-1 

(WGZ): 
Begeman et al, 
(2018) 

Ross Ice Shelf Summer: T*
111

ean = 0.38 °C Summer: U,,,ean = 10.2 cm s- 1 Summer: m = 2. 7 m 
(front): Stewart, Winter: T*mean=0.12 °C Winter: U,,,ean= 12.5 cm s-1 yr-I 

(2018) Winter: m = 1.4 m yr-1 

Larsen C Ice T*-0.05 "C umea11 -7 cm s-1, u.,ax-20 cm s-1 m = 0.7±1.0 m yr-1 

Shelf: 
Davis et al Notes: TMc -2.06 °C from Notes: Mean flow speed at upper instrument The authors provide a 
(2019) temperature profile from Fig. 2b or 2.5 m from ice base from Fig. 3 of Davis et melting estimate using 

TML=-2.08 °C from text. SML=34.54 al. Jenkins et al (2010) of 
psu, p;=304 db. m = 0.69±0.6 m yr- 1 

Site drag coefficient is Cd=0.0022 
Ti =-0.0573*SML+ 
0.0832-0.000753*p;=-2.12 °C 

T*(TML=-2.06)=0.06 °C 
T*(T ML =-2.08)=0.04 °C 

Ross Ice Shelf T* =0.000-0.008 °C umea11 -4 cm s-1 
(HWD2): u.,=-10 cm s-1 

Stevens et al. 
(2020) Notes: Flow speeds from visual inspection 

ofFig. 3. 

6B;m`2 "XR, .2b+`BTiBQM Q7 i?2 Q#b2`p�iBQM�H /�i� mb2/ BM +?�Ti2`b k �M/ 8 Q7 i?Bb i?2bBbX 
"QH/ p�Hm2b BM/B+�i2 i?�i i?2 p�Hm2 r�b MQi 2tTHB+BiHv T`QpB/2/ BM i?2 Q`B;BM�H bim/v- �M/ 
r�b BMbi2�/ BM72``2/ 7`QK /�i� THQii2/ Q` /Bb+mbb2/X o�Hm2b BM #QH/ b?QmH/ #2 +QMbB/2`2/ 
�TT`QtBK�i2 QMHvX 

Rje 
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�/mbmKBHHB- aX- 6`B+F2`- >X �X- aB2;7`B2/- JX _X- S�/K�M- GX- S�QHQ- 6X aX- �M/ GB;i2M#2`;- aX 
_X JX UkyR3VX o�`B�#H2 "�b�H J2Hi _�i2b Q7 �Mi�`+iB+ S2MBMbmH� A+2 a?2Hp2b- RNN9ĜkyReX 
:2QT?vbB+�H _2b2�`+? G2ii2`b- 98UNV,9y3eĜ9yN8X 

�HHBbQM- AX UkyyjVX h?2 �JAaP_ T`QD2+i, B+2 b?2H7 /vM�KB+b �M/ B+2@Q+2�M BMi2`�+iBQM Q7 i?2 
�K2`v A+2 a?2H7X 6_AaS _2TQ`i- R9,RĜNX 

�M/2`b2M- JX- ai2Mb2M;- GX- aFQm`mT- >X- *QH;�M- qX- E?�M- aX �X- E`Bbi2Mb2M- aX aX- �M/2`@ 
b2M- aX- "Qt- CX- �?Hbi`ǠK- �X- 62iir2Bb- sX- �M/ Qi?2`b UkyR8VX "�bBM@b+�H2 T�`iBiBQMBM; Q7 
:`22MH�M/ B+2 b?22i K�bb #�H�M+2 +QKTQM2Mib UkyydĜkyRRVX 1�`i? �M/ SH�M2i�`v a+B2M+2 
G2ii2`b- 9yN,3NĜN8X 

�`x2MQ- AX "X- "2�`/bH2v- _X *X- GBK2#m`M2`- _X- Pr2Mb- "X- S�/K�M- GX- aT`BM;2`- aX _X-
ai2r�`i- *X GX- �M/ qBHHB�Kb- JX CX UkyR9VX P+2�M p�`B�#BHBiv +QMi`B#miBM; iQ #�b�H K2Hi `�i2 
M2�` i?2 B+2 7`QMi Q7 _Qbb A+2 a?2H7- �Mi�`+iB+�X CQm`M�H Q7 :2QT?vbB+�H _2b2�`+?, P+2�Mb-
RRNUdV,9kR9Ĝ9kjjX 

"�K#2`- CX GX- q2bi�r�v- _X JX- J�`x2BQM- "X- �M/ qQmi2`b- "X UkyR3VX h?2 H�M/ B+2 +QMi`B@ 
#miBQM iQ b2� H2p2H /m`BM; i?2 b�i2HHBi2 2`�X 1MpB`QMK2Mi�H _2b2�`+? G2ii2`b- RjUeV,yejyy3X 

"2;2K�M- *X "X- hmH�+xvF- aX JX- J�`b?- PX CX- JBFm+FB- CX �X- ai�MiQM- hX SX- >Q/bQM- hX PX-
aB2;7`B2/- JX _X- SQr2HH- _X .X- *?`BbiB�MbQM- EX- �M/ EBM;- JX �X UkyR3VX P+2�M ai`�iB}@ 
+�iBQM �M/ GQr J2Hi _�i2b �i i?2 _Qbb A+2 a?2H7 :`QmM/BM; wQM2X CQm`M�H Q7 :2QT?vbB+�H 
_2b2�`+?, P+2�Mb- RkjURyV,d9j3Ĝd98kX 

"2r2Hv- hX Ukyy3VX LmK2`B+�H _2M�Bbb�M+2, aBKmH�iBQM- PTiBKBx�iBQM �M/ *QMi`QHX _2M�Bbb�M+2 
S`2bbX 

"`�/b?�r- SX �M/ >m�M;- :X SX URNN8VX h?2 H�r Q7 i?2 r�HH BM im`#mH2Mi ~QrX S`Q+22/BM;b Q7 i?2 
_Qv�H aQ+B2iv Q7 GQM/QMX a2`B2b �, J�i?2K�iB+�H �M/ S?vbB+�H a+B2M+2b- 98RURN9RV,Re8ĜR33X 

"mbBM;2`- CX �X- qvM;��`/- CX *X- AxmKB- uX- �M/ "`�/H2v- 1X 6X URNdRVX 6Hmt@T`Q}H2 `2H�iBQM@ 
b?BTb BM i?2 �iKQbT?2`B+ bm`7�+2 H�v2`X CQm`M�H Q7 i?2 �iKQbT?2`B+ a+B2M+2b- k3UkV,R3RĜR3NX 

*�`T2Mi2`- CX- aQKK2`- hX- �M/ qɃ2bi- �X UkyRkVX ai�#BHBiv Q7 � /Qm#H2@/BzmbBp2 BMi2`7�+2 BM 
i?2 /BzmbBp2 +QMp2+iBQM `2;BK2X CQm`M�H Q7 T?vbB+�H Q+2�MQ;`�T?v- 9kU8V,39yĜ389X 

*�x2M�p2- �X �M/ GHQp2H- qX UkyRyVX *QMi2KTQ`�`v b2� H2p2H `Bb2X �MMm�H `2pB2r Q7 K�`BM2 
b+B2M+2- k,R98ĜRdjX 

*QH2K�M- :X- 62`xB;2`- CX- �M/ aT�H�`i- SX URNNkVX .B`2+i bBKmH�iBQM Q7 i?2 bi�#Hv bi`�iB}2/ 
im`#mH2Mi 1FK�M H�v2`X CQm`M�H Q7 6HmB/ J2+?�MB+b- k99,eddĜdRkX 

Rjd 
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*QQF- �X CX- >QHH�M/- SX _X- J2`2/Bi?- JX SX- Jm``�v- hX- Gm+FK�M- �X- �M/ o�m;?�M-
.X :X UkyReVX P+2�M 7Q`+BM; Q7 ;H�+B2` `2i`2�i BM i?2 r2bi2`M �Mi�`+iB+ S2MBMbmH�X a+B2M+2-
j8jUekNeV,k3jĜk3eX 

*`�p2M- JX- �HHBbQM- AX- "`�M/- _X- 1H+?2BF?- �X- >mMi2`- CX- >2K2`- JX- �M/ .QMQ;?m2- aX 
Ukyy9VX AMBiB�H #Q`2?QH2 `2bmHib 7`QK i?2 �K2`v A+2 a?2H7 ?Qi@r�i2` /`BHHBM; T`QD2+iX �MM�Hb 
Q7 :H�+BQHQ;v- jN,8jRĜ8jNX 

*`�p2M- JX- �HHBbQM- AX- 6`B+F2`- >X �X- �M/ q�`M2`- �X _X UkyyNVX S`QT2`iB2b Q7 � K�`BM2 B+2 
H�v2` mM/2` i?2 �K2`v A+2 a?2H7- 1�bi �Mi�`+iB+�X CQm`M�H Q7 :H�+BQHQ;v- 88URNkV,dRdĜdk3X 

*`�p2M- JX- q�`M2`- _X *X- oQ;2H- aX qX- �M/ �HHBbQM- AX UkyR9VX SH�i2H2i B+2 �ii�+?K2Mi iQ 
BMbi`mK2Mi bi`BM;b #2M2�i? i?2 �K2`v A+2 a?2H7 - 1�bi �Mi�`+iB+�X eyUkkyV,j3jĜjNjX 

.�Mb2`2�m- oX- >2BK#�+?- SX- �M/ GQb+?- JX UkyR9VX aBKmH�iBQM Q7 bm#B+2 b?2H7 K2Hi `�i2b BM 
� ;2M2`�H +B`+mH�iBQM KQ/2H, o2HQ+Bivɢ/2T2M/2Mi i`�Mb72` �M/ i?2 `QH2 Q7 7`B+iBQMX CQm`M�H Q7 
:2QT?vbB+�H _2b2�`+?, P+2�Mb- RRNUjV,Rde8ĜRdNyX 

.�pBb- SX 1X �M/ LB+?QHHb- EX qX UkyRNVX hm`#mH2M+2 P#b2`p�iBQMb #2M2�i? G�`b2M * A+2 a?2H7-
�Mi�`+iB+�X CQm`M�H Q7 :2QT?vbB+�H _2b2�`+?, P+2�Mb- Rk9U3V,88kNĜ888yX 

.2 G�p2`;M2- *X- S�Hi2`- CX "X- :�H#`�Bi?- 1X .X- "2`M�`/2HHQ- _X- �M/ J�`BMQp- AX UkyR9VX *2b@ 
b�iBQM Q7 /22T +QMp2+iBQM BM i?2 QT2M aQmi?2`M P+2�M mM/2` �Mi?`QTQ;2MB+ +HBK�i2 +?�M;2X 
L�im`2 *HBK�i2 *?�M;2- 9U9V,kd3X 

.2TQQ`i2`- JX �X- "�K#2`- CX GX- :`B;;b- CX �X- G2M�2`ib- CX hX JX- GB;i2M#2`;- aX _X JX- "`Q2F2-
JX _X oX .X- �M/ JQ?QH/i- :X UkyRjVX *�HpBM; ~mt2b �M/ #�b�H K2Hi `�i2b Q7 �Mi�`+iB+ B+2 
b?2Hp2bX L�im`2- 8yk,3NĜNkX 

.2i2`K�MM- CX �M/ :2`/2b- _X URNN9VX J2HiBM; �M/ 7`22xBM; #2M2�i? B+2 b?2Hp2b, BKTHB+�iBQMb 
7`QK � i?`22@/BK2MbBQM�H Q+2�M@+B`+mH�iBQM KQ/2HX �MM�Hb Q7 :H�+BQHQ;v- ky,9RjĜ9RNX 

.2mb2#BQ- 1X- "`2i?Qmr2`- :X- a+?H�ii2`- SX- �M/ GBM/#Q`;- 1X UkyR9VX � MmK2`B+�H bim/v Q7 
i?2 mMbi`�iB}2/ �M/ bi`�iB}2/ 1FK�M H�v2`X CQm`M�H Q7 6HmB/ J2+?�MB+b- d88,edkĜdy9X 

.2mb2#BQ- 1X- *�mH}2H/- *X- �M/ h�vHQ`- CX _X UkyR8VX h?2 BMi2`KBii2M+v #QmM/�`v BM bi`�iB@ 
}2/ TH�M2 *Qm2ii2 ~QrX CQm`M�H Q7 6HmB/ J2+?�MB+b- d3R,kN3ĜjkNX Sm#HBb?2`, *�K#`B/;2 
lMBp2`bBiv S`2bbX 

.BMMBK�M- JX- �b�v@.�pBb- sX- :�HiQM@62MxB- "X- >QHH�M/- SX- C2MFBMb- �X- �M/ hBKK2`K�MM-
_X UkyReVX JQ/2HBM; B+2 b?2H7fQ+2�M BMi2`�+iBQM BM �Mi�`+iB+�, � `2pB2rX P+2�MQ;`�T?v-
kNU9V,R99ĜR8jX 

.QiiQ- hX aX- L�p2B`� :�`�#�iQ- �X *X- "�+QM- aX- >QHH�M/- SX _X- EBKm`�- aX- 6B`BM;- uX GX-
hb�K�/Qb- JX- q ?HBM- �X EX- �M/ C2MFBMb- �X UkyRNVX qBM/@/`Bp2M T`Q+2bb2b +QMi`QHHBM; 
Q+2�MB+ ?2�i /2HBp2`v iQ i?2 �KmM/b2M a2�- �Mi�`+iB+�X CQm`M�H Q7 S?vbB+�H P+2�MQ;`�T?v-
9NURRV,k3kNĜk39NX 

Rj3 
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.Qr/2br2HH- CX �X UkyyeVX h?2 :`22MH�M/ B+2 b?22i �M/ ;HQ#�H b2�@H2p2H `Bb2X a+B2M+2-
jRRU8dejV,NejĜNe9X 

.mTQMi- hX EX �M/ �HH2v- _X "X Ukyy8VX �bb2bbK2Mi Q7 i?2 BKTQ`i�M+2 Q7 B+2@b?2H7 #mii`2bbBM; 
iQ B+2@b?22i ~QrX :2QT?vbB+�H _2b2�`+? G2ii2`b- jkU9VX 

.mi`B2mt- SX- ai2r�`i- *X- C2MFBMb- �X- LB+?QHHb- EX qX- *Q``- >X 6X- _B;MQi- 1X- �M/ ai2z2M-
EX UkyR9VX "�b�H i2``�+2b QM K2HiBM; B+2 b?2Hp2bX :2QT?vbB+�H _2b2�`+? G2ii2`b- 9RUR8V,88yeĜ 
88RjX 

62`M�M/Q- >X CX aX URN3dVX h?2 7Q`K�iBQM Q7 � H�v2`2/ bi`m+im`2 r?2M � bi�#H2 b�HBMBiv ;`�/B2Mi 
Bb ?2�i2/ 7`QK #2HQrX CQm`M�H Q7 6HmB/ J2+?�MB+b- R3k,8k8Ĝ89RX 

6HQ`2b- PX �M/ _BH2v- CX UkyRRVX �M�HvbBb Q7 im`#mH2M+2 +QHH�Tb2 BM i?2 bi�#Hv bi`�iB}2/ bm`@ 
7�+2 H�v2` mbBM; /B`2+i MmK2`B+�H bBKmH�iBQMX "QmM/�`v@G�v2` J2i2Q`QHQ;v- RjNUkV,k9RĜk8NX 
Sm#HBb?2`, aT`BM;2`X 

6Q7QMQz- LX SX �M/ JBHH�`/- _X *X URN3jVX �H;Q`Bi?Kb 7Q` +QKTmi�iBQM Q7 7mM/�K2Mi�H T`QT2`iB2b 
Q7 b2�r�i2`X lL1a*PX h2+?B+�H S�T2`b BM J�`BM2 a+B2M+2- 99X 

6Qbi2`- hX .X URN3jVX h?2 i2KT2`�im`2 �M/ b�HBMBiv }M2 bi`m+im`2 Q7 i?2 Q+2�M mM/2` i?2 _Qbb 
A+2 a?2H7X CQm`M�H Q7 :2QT?vbB+�H _2b2�`+?, P+2�Mb- 33U*9V,k88eĜk8e9X 

6Qt@E2KT2`- "X- �/+`Q7i- �X- "ƺMBM;- *X qX- *?�bbB;M2i- 1X SX- *m`+?Bib2`- 1X- .�M�#�bQ;Hm-
:X- 1/2M- *X- 1M;H�M/- JX >X- :2`/2b- _X- :`2�i#�i+?- _X CX- �M/ Qi?2`b UkyRNVX *?�HH2M;2b 
�M/ T`QbT2+ib BM Q+2�M +B`+mH�iBQM KQ/2HbX 6`QMiB2`b BM J�`BM2 a+B2M+2- e,e8X 

6`2ir2HH- SX- S`Bi+?�`/- >X .X- o�m;?�M- .X :X- �M/ �HX- 1X UkyRj�VX "2/K�Tk, AKT`Qp2/ B+2 
#2/- bm`7�+2 �M/ i?B+FM2bb /�i�b2ib 7Q` �Mi�`+iB+�X *`vQbT?2`2- dURV,jd8ĜjNjX 

6`2ir2HH- SX- S`Bi+?�`/- >X .X- o�m;?�M- .X :X- "�K#2`- CX GX- "�``�M/- LX 1X- "2HH- _X- "B�M+?B-
*X- "BM;?�K- _X- "H�MF2Mb?BT- .X .X- *�b�bb�- :X- �M/ Qi?2`b UkyRj#VX "2/K�Tk, BKT`Qp2/ 
B+2 #2/- bm`7�+2 �M/ i?B+FM2bb /�i�b2ib 7Q` �Mi�`+iB+�X h?2 *`vQbT?2`2- dURV,jd8ĜjNjX 

6`B+F2`- >X �X- SQTQp- aX- �HHBbQM- AX- �M/ uQmM;- LX UkyyRVX .Bbi`B#miBQM Q7 K�`BM2 B+2 #2M2�i? 
i?2 �K2`v A+2 a?2H7X :2QT?vbB+�H _2b2�`+? G2ii2`b- k3URRV,kk9RĜkk99X 

6Ƀ`bi- CX CX- .m`�M/- :X- :BHH2i@*?�mH2i- 6X- h�p�`/- GX- _�MFH- JX- "`�mM- JX- �M/ :�;HB�`/BMB-
PX UkyReVX h?2 b�72iv #�M/ Q7 �Mi�`+iB+ B+2 b?2Hp2bX L�im`2 *HBK�i2 *?�M;2- eU8V,9dNĜ93kX 

:�/2- >X :X URNdNVX J2HiBM; Q7 B+2 BM b2� r�i2`, � T`BKBiBp2 KQ/2H rBi? �TTHB+�iBQM iQ i?2 
�Mi�`+iB+ B+2 b?2H7 �M/ B+2#2`;bX CQm`M�H Q7 S?vbB+�H P+2�MQ;`�T?v- NURV,R3NĜRN3X 

:�/2- >X :X URNNjVX q?2M B+2 K2Hib BM b2� r�i2`, � `2pB2rX �iKQbT?2`2@P+2�M- jRURV,RjNĜRe8X 

:�HiQM@62MxB- "X EX- >mMi2`- CX _X- *QH2K�M- _X- J�`bH�M/- aX CX- �M/ q�`M2`- _X *X UkyRkVX 
JQ/2HBM; i?2 #�b�H K2HiBM; �M/ K�`BM2 B+2 �++`2iBQM Q7 i?2 �K2`v A+2 a?2H7X CQm`M�H Q7 
:2QT?vbB+�H _2b2�`+?, P+2�Mb- RRdUNV,RĜRNX 

RjN 

mailto:CX-.m`�M/-:X-:BHH2i@*?�mH2i-6X-h�p�`/-GX-_�MFH-JX-"`�mM-JX-�M


_161_1L*1a 

:�`/M2`- �X aX- JQ?QH/i- :X- a+�K#Qb- hX- 6�?MbiQ+F- JX- GB;i2M#2`;- aX- o�M .2M "`Q2F2-
JX- �M/ LBHbbQM- CX UkyR3VX AM+`2�b2/ q2bi �Mi�`+iB+ �M/ mM+?�M;2/ 1�bi �Mi�`+iB+ B+2 
/Bb+?�`;2 Qp2` i?2 H�bi d v2�`bX *`vQbT?2`2- RkUkV,8kRĜ89dX 

:�``�ii- CX URN3kVX P#b2`p�iBQMb BM i?2 MQ+im`M�H #QmM/�`v H�v2`X "QmM/�`v@G�v2` J2i2Q`QHQ;v-
kkURV,kRĜ93X 

:�v2M- "X- :`B{i?b- _X qX- �M/ E2``- _X *X UkyReVX aBKmH�iBQM Q7 +QMp2+iBQM �i � p2`iB+�H B+2 
7�+2 /BbbQHpBM; BMiQ b�HBM2 r�i2`X CQm`M�H Q7 6HmB/ J2+?�MB+b- dN3,k39ĜkN3X 

:�v2M- "X- >m;?2b- :X PX- �M/ :`B{i?b- _X qX UkyRjVX *QKTH2iBM; i?2 K2+?�MB+�H 2M2`;v 
T�i?r�vb BM im`#mH2Mi _�vH2B;?@"ûM�`/ +QMp2+iBQMX S?vbB+�H `2pB2r H2ii2`b- RRRURkV,Rk9jyRX 

:�v2M- "X- a�`F�`- aX- �M/ h�vHQ`- CX _X UkyRyVX G�`;2 2//v bBKmH�iBQM Q7 � bi`�iB}2/ #QmM/�`v 
H�v2` mM/2` �M Qb+BHH�iQ`v +m``2MiX CQm`M�H Q7 6HmB/ J2+?�MB+b- e9j,kjjĜkeeX 

:2`K�MQ- JX- SBQK2HHB- lX- JQBM- SX- �M/ *�#Qi- qX >X URNNRVX � /vM�KB+ bm#;`B/@b+�H2 2//v 
pBb+QbBiv KQ/2HX S?vbB+b Q7 6HmB/b �, 6HmB/ .vM�KB+b- jUdV,RdeyĜRde8X 

:`22M2- *X �X- "H�MF2Mb?BT- .X .X- :rvi?2`- .X 1X- aBHp�MQ- �X- �M/ p�M qBDF- 1X UkyRd�VX 
qBM/ +�mb2b hQii2M A+2 a?2H7 K2Hi �M/ �++2H2`�iBQMX a+B2M+2 �/p�M+2b- jURRVX 

:`22M2- *X �X- :rvi?2`- .X 1X- �M/ "H�MF2Mb?BT- .X .X UkyRd#VX �Mi�`+iB+ K�TTBM; iQQHb 7Q` 
J�hG�"X *QKTmi2`b � :2Qb+B2M+2b- Ry9,R8RĜR8dX 

:rvi?2`- .X 1X- *Qm;MQM- 1X �X- :�HiQM@62MxB- "X EX- _Q#2`ib- CX GX- >mMi2`- CX _X- �M/ 
.BMMBK�M- JX aX UkyReVX JQ/2HHBM; i?2 `2bTQMb2 Q7 B+2 b?2H7 #�b�H K2HiBM; iQ /Bz2`2Mi Q+2�M 
+�pBiv 2MpB`QMK2Mi�H `2;BK2bX �MM�Hb Q7 :H�+BQHQ;v- 8dUdjV,RjRĜR9RX 

:rvi?2`- .X 1X- :�HiQM@62MxB- "X EX- .BMMBK�M- JX aX- _Q#2`ib- CX GX- �M/ >mMi2`- CX _X 
UkyR8VX h?2 2z2+i Q7 #�b�H 7`B+iBQM QM K2HiBM; �M/ 7`22xBM; BM B+2 b?2H7@Q+2�M KQ/2HbX P+2�M 
JQ/2HHBM;- N8,j3Ĝ8kX 

:rvi?2`- .X 1X- Emb�?�`�- EX- �b�v@.�pBb- sX aX- .BMMBK�M- JX aX- �M/ :�HiQM@62MxB- "X EX 
Ukyky�VX o2`iB+�H T`Q+2bb2b �M/ `2bQHmiBQM BKT�+i B+2 b?2H7 #�b�H K2HiBM;, � KmHiB@KQ/2H 
bim/vX P+2�M JQ/2HHBM;- R9dX 

:rvi?2`- .X 1X- aT�BM- 1X- EBM;- SX- :mB?2M- .X- qBHHB�Kb- :X .X- 1p�Mb- 1X- *QQF- aX- _B+?i2`-
PX- :�HiQM@62MxB- "X EX- �M/ *QH2K�M- _X Ukyky#VX *QH/ Q+2�M +�pBiv �M/ r2�F #�b�H 
K2HiBM; Q7 i?2 aǠ`b/�H B+2 b?2H7 `2p2�H2/ #v bm`p2vb mbBM; �miQMQKQmbTH�i7Q`KbX CQm`M�H Q7 
:2QT?vbB+�H _2b2�`+?, P+2�Mb- T�;2 2kyRNC*yR833kX 

>�ii2`K�MM- hX- LǠbi- PX �X- GBHHv- CX JX- �M/ aK2/b`m/- GX >X UkyRkVX hrQ v2�`b Q7 Q+2�MB+ 
Q#b2`p�iBQMb #2HQr i?2 6BK#mH A+2 a?2H7- �Mi�`+iB+�X :2QT?vbB+�H _2b2�`+? G2ii2`b- jNURkVX 

>2HHK2`- >X >X �M/ PH#2`b- .X URN3NVX � irQ@/BK2MbBQM�H KQ/2H 7Q` i?2 i?2`KQ?�HBM2 +B`+mH�iBQM 
mM/2` �M B+2 b?2H7X �Mi�`+iB+ a+B2M+2- RU9V,jk8ĜjjeX 

R9y 
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>2K2`- JX- >mMi2`- CX- �M/ *QH2K�M- _X UkyyeVX "�`Qi`QTB+ iB/2b #2M2�i? i?2 �K2`v A+2 a?2H7X 
CQm`M�H Q7 :2QT?vbB+�H _2b2�`+?, P+2�Mb- RRRX 

>2``�Bx@"Q``2;m2`Q- GX- �HHBbQM- AX- *`�p2M- JX- LB+?QHHb- EX qX- �M/ _Qb2M#2`;- JX �X UkyRjVX 
A+2 b?2H7fQ+2�M BMi2`�+iBQMb mM/2` i?2 �K2`v A+2 a?2H7, a2�bQM�H p�`B�#BHBiv �M/ Bib 2z2+i QM 
K�`BM2 B+2 7Q`K�iBQMX CQm`M�H Q7 :2QT?vbB+�H _2b2�`+?, P+2�Mb- RR3URkV,dRRdĜdRjRX 

>2``�Bx@"Q``2;m2`Q- GX- *QH2K�M- _X- �HHBbQM- AX- _BMiQmH- aX _X- *`�p2M- JX- �M/ qBHHB�Kb-
:X .X UkyR8VX *B`+mH�iBQM Q7 KQ/B}2/ *B`+mKTQH�` .22T q�i2` �M/ #�b�H K2Hi #2M2�i? i?2 
�K2`v A+2 a?2H7- 1�bi �Mi�`+iB+�X CQm`M�H Q7 :2QT?vbB+�H _2b2�`+? *, P+2�Mb- RkyU9V,jyN3Ĝ 
jRRkX 

>2``�Bxɢ"Q``2;m2`Q- GX- *?m`+?- CX �X- �HHBbQM- AX- S2Ƣ�ɢJQHBMQ- "X- *QH2K�M- _X- hQK+x�F-
JX- �M/ *`�p2M- JX UkyReVX "�b�H K2Hi- b2�bQM�H r�i2` K�bb i`�Mb7Q`K�iBQM- Q+2�M +m``2Mi 
p�`B�#BHBiv- �M/ /22T +QMp2+iBQM T`Q+2bb2b �HQM; i?2 �K2`v A+2 a?2H7 +�HpBM; 7`QMi- 1�bi 
�Mi�`+iB+�X CQm`M�H Q7 :2QT?vbB+�H _2b2�`+?, P+2�Mb- RkRUdV,9N9eĜ9Ne8X 

>2rBii- AX CX UkykyVX am#;H�+B�H SHmK2bX �MMm�H _2pB2r Q7 6HmB/ J2+?�MB+b- 8k,R98ĜReNX 

>2vrQQ/- EX CX �M/ EBM;- "X �X UkyykVX q�i2` K�bb2b �M/ #�`Q+HBMB+ i`�MbTQ`ib BM i?2 aQmi? 
�iH�MiB+ �M/ aQmi?2`M Q+2�MbX CQm`M�H Q7 J�`BM2 _2b2�`+?- eyU8V,ejNĜedeX 

>B`�MQ- .X- h�Km`�- hX- Emb�?�`�- EX- P?b?BK�- EX AX- LB+?QHHb- EX qX- lb?BQ- aX- aBKBxm-
.X- PMQ- EX- 6mDBB- JX- LQ;B- uX- �M/ �QFB- aX UkykyVX ai`QM; B+2@Q+2�M BMi2`�+iBQM #2M2�i? 
a?B`�b2 :H�+B2` hQM;m2 BM 1�bi �Mi�`+iB+�X L�im`2 *QKKmMB+�iBQMb- RRURV,9kkRX 

>QH7Q`/- CX JX �M/ GBM/2M- SX URNNNVX hm`#mH2Mi KBtBM; BM � bi`�iB}2/ ~mB/X .vM�KB+b Q7 
�iKQbT?2`2b �M/ Q+2�Mb- jyUk@9V,RdjĜRN3X 

>QHH�M/- .X JX �M/ C2MFBMb- �X URNNNVX JQ/2HBM; h?2`KQ/vM�KB+ A+2ĜP+2�M AMi2`�+iBQMb �i 
i?2 "�b2 Q7 �M A+2 a?2H7X CQm`M�H Q7 S?vbB+�H P+2�MQ;`�T?v- kNU3V,Rd3dĜR3yyX 

C�+FbQM- SX _X �M/ _2?K�MM- *X _X UkyR9VX 1tT2`BK2Mib QM /Bz2`2MiB�H b+�H�` KBtBM; BM 
im`#mH2M+2 BM � b?2�`2/- bi`�iB}2/ ~QrX CQm`M�H Q7 S?vbB+�H P+2�MQ;`�T?v- 99URyV,keeRĜ 
ke3yX 

C�+Q#b- aX aX �M/ :BmHBpB- *X 6X UkyRyVX G�`;2 KmHiB/2+�/�H b�HBMBiv i`2M/b M2�` i?2 S�+B}+Ĝ 
�Mi�`+iB+ +QMiBM2Mi�H K�`;BMX CQm`M�H Q7 *HBK�i2- kjURdV,98y3Ĝ98k9X 

C�+Q#b- aX aX- >2HK2`- >X >X- .Q�F2- *X aX JX- C2MFBMb- �X- �M/ 6`QHB+?- _X JX URNNkVX J2HiBM; 
Q7 B+2 b?2Hp2b �M/ i?2 K�bb #�H�M+2 Q7 �Mi�`+iB+�X CQm`M�H Q7 :H�+BQHQ;v- j3URjyV,jd8Ĝj3dX 

C�+Q#b- aX aX- C2MFBMb- �X- :BmHBpB- *X 6X- �M/ .mi`B2mt- SX UkyRRVX ai`QM;2` Q+2�M +B`+mH�iBQM 
�M/ BM+`2�b2/ K2HiBM; mM/2` SBM2 AbH�M/ :H�+B2` B+2 b?2H7X L�im`2 :2Qb+B2M+2- 9U3V,8RNĜ8kjX 

C2MFBMb- �X URNNRVX � QM2@/BK2MbBQM�H KQ/2H Q7 B+2 b?2H7@Q+2�M BMi2`�+iBQMX CQm`M�H Q7 :2Q@ 
T?vbB+�H _2b2�`+?, P+2�Mb- Ne,kyedRĜkyeddX 

R9R 
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C2MFBMb- �X- .mi`B2mt- SX- C�+Q#b- aX aX- J+S?�BH- aX .X- S2``2ii- CX _X- q2##- �X hX- �M/ q?Bi2-
.X UkyRy�VX P#b2`p�iBQMb #2M2�i? SBM2 AbH�M/ :H�+B2` BM q2bi �Mi�`+iB+� �M/ BKTHB+�iBQMb 
7Q` Bib `2i`2�iX L�im`2 :2Qb+B2M+2- jUdV,9e3Ĝ9dkX 

C2MFBMb- �X- LB+?QHHb- EX qX- �M/ *Q``- >X 6X UkyRy#VX P#b2`p�iBQM �M/ T�`�K2i2`Bx�iBQM 
Q7 �#H�iBQM �i i?2 #�b2 Q7 _QMM2 A+2 a?2H7- �Mi�`+iB+�X CQm`M�H Q7 S?vbB+�H P+2�MQ;`�T?v-
9yURyV,kkN3ĜkjRkX 

C2MFBMb- �X- a?QQbKBi?- .X- .mi`B2mt- SX- C�+Q#b- aX- EBK- hX qX- G22- aX >X- >�- >X EX- �M/ 
ai�KK2`DQ?M- aX UkyR3VX q2bi �Mi�`+iB+ A+2 a?22i `2i`2�i BM i?2 �KmM/b2M a2� /`Bp2M #v 
/2+�/�H Q+2�MB+ p�`B�#BHBivX L�im`2 :2Qb+B2M+2- RRURyV,djjĜdj3X 

CQb#2`;2`- 1X :X �M/ J�`iBM- aX URN3RVX � H�#Q`�iQ`v �M/ i?2Q`2iB+�H bim/v Q7 i?2 #QmM/�`v 
H�v2` �/D�+2Mi iQ � p2`iB+�H K2HiBM; B+2 r�HH BM b�Hi r�i2`X CQm`M�H Q7 6HmB/ J2+?�MB+b-
RRRU@RV,9jNĜ9djX 

CQm`/�BM- LX *X- J�i?BQi- SX- J2`BMQ- LX- .m`�M/- :X- aQKK2`- CX GX- aT2M+2- SX- .mi`B2mt- SX-
�M/ J�/2+- :X UkyRdVX P+2�M +B`+mH�iBQM �M/ b2�@B+2 i?BMMBM; BM/m+2/ #v K2HiBM; B+2 b?2Hp2b 
BM i?2 �KmM/b2M a2�X CQm`M�H Q7 :2QT?vbB+�H _2b2�`+?, P+2�Mb- RkkUjV,k88yĜk8djX 

E�/2`- "X �M/ u�;HQK- �X URNdkVX >2�i �M/ K�bb i`�Mb72` H�rb 7Q` 7mHHv im`#mH2Mi r�HH ~QrbX 
AMi2`M�iBQM�H CQm`M�H Q7 >2�i �M/ J�bb h`�Mb72`- R8URkV,kjkNĜkj8RX 

E�/2`- "X �X �M/ u�;HQK- �X JX URNNyVX J2�M }2H/b �M/ ~m+im�iBQM KQK2Mib BM mMbi�#Hv 
bi`�iB}2/ im`#mH2Mi #QmM/�`v H�v2`bX CQm`M�H Q7 6HmB/ J2+?�MB+b- kRk,ejdĜeekX 

E2BixH- hX- J2HH�/Q- CX SX- �M/ LQix- .X UkyRe�VX AKT�+i Q7 h?2`K�HHv .`Bp2M hm`#mH2M+2 QM 
i?2 "QiiQK J2HiBM; Q7 A+2X CQm`M�H Q7 S?vbB+�H P+2�MQ;`�T?v- 9eU9V,RRdRĜRR3dX 

E2BixH- hX- J2HH�/Q- CX SX- �M/ LQix- .X UkyRe#VX _2+QM+BHBM; 2biBK�i2b Q7 i?2 `�iBQ Q7 ?2�i �M/ 
b�Hi ~mt2b �i i?2 B+2@Q+2�M BMi2`7�+2X CQm`M�H Q7 :2QT?vbB+�H _2b2�`+? , P+2�Mb- RkR,RyejĜ 
Ry39X 

E2HH2v- .X- 62`M�M/Q- >X- :�`;2ii- �X- h�MMv- CX- �M/ ƹxbQv- 1X UkyyjVX h?2 /BzmbBp2 `2;BK2 Q7 
/Qm#H2@/BzmbBp2 +QMp2+iBQMX S`Q;`2bb BM P+2�MQ;`�T?v- 8eUj@9V,9eRĜ93RX 

E2``- _X *X �M/ J+*QMMQ+?B2- *X .X UkyR8VX .BbbQHmiBQM Q7 � p2`iB+�H bQHB/ bm`7�+2 #v im`#mH2Mi 
+QKTQbBiBQM�H +QMp2+iBQMX CQm`M�H Q7 6HmB/ J2+?�MB+b- de8,kRRĜkk3X 

E?�x2M/�`- �X- a+?Q/HQF- JX SX- 62Miv- AX- GB;i2M#2`;- aX _X JX- _B;MQi- 1X- �M/ p�M /2M 
"`Q2F2- JX _X UkyRjVX P#b2`p2/ i?BMMBM; Q7 hQii2M :H�+B2` Bb HBMF2/ iQ +Q�bi�H TQHvMv� 
p�`B�#BHBivX L�im`2 *QKKmMB+�iBQMb- 9URV,RĜNX 

EBKm`�- aX- >QHH�M/- SX _X- C2MFBMb- �X- �M/ SB;;Qii- JX UkyR9VX h?2 1z2+i Q7 J2Hir�i2` SHmK2b 
QM i?2 J2HiBM; Q7 � o2`iB+�H :H�+B2` 6�+2X CQm`M�H Q7 S?vbB+�H P+2�MQ;`�T?v- 99URkV,jyNNĜ 
jRRdX 

R9k 
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EBKm`�- aX- C2MFBMb- �X- .mi`B2mt- SX- 6Q``v�M- �X- L�p2B`� :�`�#�iQ- �X *X- �M/ 6B`BM;- uX 
UkyReVX P+2�M KBtBM; #2M2�i? SBM2 AbH�M/ :H�+B2` B+2 b?2H7- q2bi �Mi�`+iB+�X CQm`M�H Q7 
:2QT?vbB+�H _2b2�`+?, P+2�Mb- RkRURkV,39NeĜ38RyX 

EBKm`�- aX- C2MFBMb- �X- _2;�M- >X- >QHH�M/- SX _X- �bbK�MM- EX JX- q?Bii- .X "X- o�M q2bb2K-
JX- p�M /2 "2`;- qX CX- _2BDK2`- *X >X- �M/ .mi`B2mt- SX UkyRdVX P+2�MQ;`�T?B+ +QMi`QHb QM 
i?2 p�`B�#BHBiv Q7 B+2@b?2H7 #�b�H K2HiBM; �M/ +B`+mH�iBQM Q7 ;H�+B�H K2Hir�i2` BM i?2 �KmM/b2M 
a2� 1K#�vK2Mi- �Mi�`+iB+�X CQm`M�H Q7 :2QT?vbB+�H _2b2�`+?, P+2�Mb- RkkURkV,RyRjRĜ 
RyR88X 

EBKm`�- aX- LB+?QHHb- EX qX- �M/ o2M�#H2b- 1X UkyR8VX 1biBK�iBQM Q7 A+2 a?2H7 J2Hi _�i2 BM i?2 
S`2b2M+2 Q7 � h?2`KQ?�HBM2 ai�B`+�b2X CQm`M�H Q7 S?vbB+�H P+2�MQ;`�T?v- 98URV,RjjĜR93X 

EBM;- JX .X- >Qr�i- AX JX- C2QM;- aX- LQ?- JX CX- qQmi2`b- "X- LQďH- "X- �M/ p�M /2M "`Q2F2-
JX _X UkyR3VX a2�bQM�H iQ /2+�/�H p�`B�#BHBiv BM B+2 /Bb+?�`;2 7`QK i?2 :`22MH�M/ A+2 a?22iX 
h?2 *`vQbT?2`2- RkURkV,j3RjX 

EQM`�/- >X- :BH#2`i- GX- *Q`M7Q`/- aX GX- S�vM2- �X- >Q;;- �X- JmB`- �X- �M/ a?2T?2`/- �X 
UkyRdVX lM2p2M QMb2i �M/ T�+2 Q7 B+2@/vM�KB+�H BK#�H�M+2 BM i?2 �KmM/b2M a2� 1K#�vK2Mi-
q2bi �Mi�`+iB+�X :2QT?vbB+�H _2b2�`+? G2ii2`b- 99UkV,NRyĜNR3X 

G2rBb- 1X �M/ S2`FBM- _X URN3eVX A+2 TmKTb �M/ i?2B` `�i2bX CQm`M�H Q7 :2QT?vbB+�H _2b2�`+?, 
P+2�Mb- NRU*RyV,RRd8eĜRRdekX 

GBM/2M- SX 6X �M/ a?B`i+HBz2- hX :X GX URNd3VX h?2 /BzmbBp2 BMi2`7�+2 BM /Qm#H2@/BzmbBp2 +QM@ 
p2+iBQMX CQm`M�H Q7 6HmB/ J2+?�MB+b- 3dUjV,9RdX 

J�+�v2�H- .X _X URN39VX h?2`KQ?�HBM2 +B`+mH�iBQM #2HQr i?2 _Qbb A+2 a?2H7, � +QMb2[m2M+2 Q7 
iB/�HHv BM/m+2/ p2`iB+�H KBtBM; �M/ #�b�H K2HiBM;X CQm`M�H Q7 :2QT?vbB+�H _2b2�`+?, P+2�Mb-
3NU*RV,8NdĜeyeX 

J�Hv�`2MFQ- �X- q2HHb- �X CX- G�M;?Q`M2- SX CX- _Q#BMbQM- LX CX- qBHHB�Kb- JX CX- �M/ LB+?QHHb-
EX qX UkykyVX � bvMi?2bBb Q7 i?2`KQ/vM�KB+ �#H�iBQM �i B+2@Q+2�M BMi2`7�+2b 7`QK i?2Q`v-
Q#b2`p�iBQMb �M/ KQ/2HbX P+2�M JQ/2HHBM;- R89,RyReNkX 

J�Mm+?�`v�M- :X �M/ *�mH}2H/- *X UkyR8VX 1Mi`�BMK2Mi �M/ KBt2/ H�v2` /vM�KB+b Q7 � bm`7�+2@ 
bi`2bb@/`Bp2M bi`�iB}2/ ~mB/X CQm`M�H Q7 6HmB/ J2+?�MB+b- de8,e8jĜeedX 

J�`iBM- aX �M/ E�mzK�M- SX URNddVX �M 2tT2`BK2Mi�H �M/ i?2Q`2iB+�H bim/v Q7 i?2 im`#mH2Mi 
�M/ H�KBM�` +QMp2+iBQM ;2M2`�i2/ mM/2` � ?Q`BxQMi�H B+2 b?22i ~Q�iBM; QM r�`K b�Hiv r�i2`X 
CQm`M�H Q7 S?vbB+�H P+2�MQ;`�T?v- dUkV,kdkĜk3jX 

J+*QMMQ+?B2- *X �M/ E2``- _X UkyRd�VX h2biBM; � +QKKQM B+2@Q+2�M T�`�K2i2`Bx�iBQM rBi? 
H�#Q`�iQ`v 2tT2`BK2MibX CQm`M�H Q7 :2QT?vbB+�H _2b2�`+?, P+2�Mb- RkkUdV,8Ny8Ĝ8NR8X 

J+*QMMQ+?B2- *X .X �M/ E2``- _X *X UkyRe�VX h?2 2z2+i Q7 � b�HBMBiv ;`�/B2Mi QM i?2 /BbbQHmiBQM 
Q7 � p2`iB+�H B+2 7�+2X CQm`M�H Q7 6HmB/ J2+?�MB+b- dNR,83NĜeydX 

R9j 
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J+*QMMQ+?B2- *X .X �M/ E2``- _X *X UkyRe#VX h?2 im`#mH2Mi r�HH THmK2 7`QK � p2`iB+�HHv 
/Bbi`B#mi2/ bQm`+2 Q7 #mQv�M+vX CQm`M�H Q7 6HmB/ J2+?�MB+b- d3d,kjdĜk8jX 

J+*QMMQ+?B2- *X .X �M/ E2``- _X *X UkyRd#VX 1M?�M+2/ �#H�iBQM Q7 � p2`iB+�H B+2 r�HH /m2 iQ 
�M 2ti2`M�H 7`2b?r�i2` THmK2X CQm`M�H Q7 6HmB/ J2+?�MB+b- 3Ry,9kNĜ99dX 

J+*QMMQ+?B2- *X .X �M/ E2``- _X *X UkyR3VX .BbbQHmiBQM Q7 � bHQTBM; bQHB/ bm`7�+2 #v im`#mH2Mi 
+QKTQbBiBQM�H +QMp2+iBQMX CQm`M�H Q7 6HmB/ J2+?�MB+b- 39e,8ejĜ8ddX 

J+.Qm;�HH- hX CX �M/ "�`F2`- SX JX UkyRRVX :2iiBM; bi�`i2/ rBi? h1Pa@Ry �M/ i?2 :B##b 
a2�r�i2` U:aqV P+2�MQ;`�T?B+ hQQH#QtX a+Q`fA�TbQ q;Rkd- T�;2 k3X 

J+.Qm;�HH- hX CX- "�`F2`- SX JX- 62Bbi2H- _X- �M/ :�HiQM@62MxB- "X EX UkyR9VX J2HiBM; Q7 A+2 
�M/ a2� A+2 BMiQ a2�r�i2` �M/ 6`�xBH A+2 6Q`K�iBQMX CQm`M�H Q7 S?vbB+�H P+2�MQ;`�T?v-
99UdV,Rd8RĜRdd8X 

J+S?22- JX Ukyy3VX �B`@B+2@Q+2�M BMi2`�+iBQM, hm`#mH2Mi Q+2�M #QmM/�`v H�v2` 2t+?�M;2 T`Q@ 
+2bb2bX aT`BM;2` a+B2M+2 � "mbBM2bb J2/B�X 

J+S?22- JX :X URN3RVX �M �M�HviB+ bBKBH�`Biv i?2Q`v 7Q` i?2 TH�M2i�`v #QmM/�`v H�v2` bi�#BHBx2/ 
#v bm`7�+2 #mQv�M+vX "QmM/�`v@G�v2` J2i2Q`QHQ;v- kRUjV,jk8ĜjjNX 

J+S?22- JX :X URNNkVX hm`#mH2Mi ?2�i ~mt BM i?2 mTT2` Q+2�M mM/2` b2� B+2X CQm`M�H Q7 
:2QT?vbB+�H _2b2�`+?- NdU*9V,8je8X 

J+S?22- JX :X URNN9VX PM i?2 im`#mH2Mi KBtBM; H2M;i? BM i?2 Q+2�MB+ #QmM/�`v H�v2`X CQm`M�H 
Q7 S?vbB+�H P+2�MQ;`�T?v- k9UNV,kyR9ĜkyjRX 

J+S?22- JX :X- EQiiK2B2`- *X- �M/ JQ`BbQM- CX >X URNNNVX P+2�M ?2�i ~mt BM i?2 +2Mi`�H 
q2//2HH a2� /m`BM; rBMi2`X CQm`M�H Q7 S?vbB+�H P+2�MQ;`�T?v- kNUeV,RReeĜRRdNX 

J+S?22- JX :X- J�vFmi- :X �X- �M/ JQ`BbQM- CX >X URN3dVX .vM�KB+b �M/ i?2`KQ/vM�KB+b 
Q7 i?2 B+2fmTT2` Q+2�M bvbi2K BM i?2 K�`;BM�H B+2 xQM2 Q7 i?2 :`22MH�M/ a2�X CQm`M�H Q7 
:2QT?vbB+�H _2b2�`+?- NkU*dV,dyRdX 

J+qBHHB�Kb- CX *X- >m+FH2- 1X- �M/ a?+?2T2iFBM- �X 6X UkyyNVX "mQv�M+v 2z2+ib BM � bi`�iB}2/ 
1FK�M H�v2`X CQm`M�H Q7 S?vbB+�H P+2�MQ;`�T?v- jNURyV,k83RĜk8NNX 

J2HHQ`- :X GX- J+S?22- JX :X- �M/ ai22H2- JX URN3eVX A+2@a2�r�i2` hm`#mH2Mi "QmM/�`v G�v2` 
AMi2`�+iBQM rBi? J2HiBM; Q` 6`22xBM;X CQm`M�H Q7 S?vbB+�H P+2�MQ;`�T?v- ReURRV,R3kNĜR39eX 

J2`2/Bi?- JX- aQKK2`FQ`M- JX- *�bbQii�- aX- .2`Fb2M- *X- 1F�vFBM- �X- >QHHQr2/- �X- EQ}M�b-
:X- J�+FBMiQb?- �X- J2H#Qm`M2@h?QK�b- CX- Jm2H#2`i- JX JX *X- Pii2`b2M- :X- S`Bi+?�`/-
>X- �M/ a+?mm`- 1X �X :X UkyRNVX SQH�` _2;BQMbX AM AS** aT2+B�H _2TQ`i QM i?2 P+2�M 
�M/ *`vQbT?2`2 BM � *?�M;BM; *HBK�i2X (>X@PX Sƺ`iM2`- .X*X _Q#2`ib- oX J�bbQM@.2HKQii2-
SX w?�B- JX hB;MQ`- 1X SQHQ+x�MbF�- EX JBMi2M#2+F- �X �H2;`ő�- JX LB+QH�B- �X PF2K- CX 
S2ixQH/- "X _�K�- LXJX q2v2` U2/bXV) AM T`2bbX 

R99 

mailto:J�bbQM@.2HKQii2


_161_1L*1a 

JBM+?2r- "X JX- :m/KmM/bbQM- :X >X- :�`/M2`- �X aX- S�QHQ- 6X aX- �M/ 6`B+F2`- >X �X UkyR3VX 
JQ/2HBM; i?2 /vM�KB+ `2bTQMb2 Q7 QmiH2i ;H�+B2`b iQ Q#b2`p2/ B+2@b?2H7 i?BMMBM; BM i?2 "2HHBM;@ 
b?�mb2M a2� a2+iQ`- q2bi �Mi�`+iB+�X CQm`M�H Q7 :H�+BQHQ;v- e9Uk99V,jjjĜj9kX 

JQM/�H- JX- :�v2M- "X- :`B{i?b- _X qX- �M/ E2``- _X *X UkyRNVX �#H�iBQM Q7 bHQTBM; B+2 7�+2b 
BMiQ TQH�` b2�r�i2`X CQm`M�H Q7 6HmB/ J2+?�MB+b- 3ej,898Ĝ8dRX 

JQMBM- �X aX �M/ P#mF?Qp- �X JX URN89VX "�bB+ H�rb Q7 im`#mH2Mi KBtBM; BM i?2 bm`7�+2 H�v2` 
Q7 i?2 �iKQbT?2`2X *QMi`B#X :2QT?vbX AMbiX �+�/X a+BX laa_- R8RURejVX 

JQ``BbQM- �X- >Q;;- �X JX- 1M;H�M/- JX- �M/ aT2M+2- SX UkykyVX q�`K *B`+mKTQH�` .22T 
q�i2` i`�MbTQ`i iQr�`/ �Mi�`+iB+� /`Bp2M #v HQ+�H /2Mb2 r�i2` 2tTQ`i BM +�MvQMbX a+B2M+2 
�/p�M+2b- eUR3V,2��pk8ReX 

L�m;?i2M- EX �X- J2BbbM2`- EX CX- :�HiQM@62MxB- "X EX- 1M;H�M/- JX >X- hBKK2`K�MM- _X- �M/ 
>2HHK2`- >X >X UkyR3�VX 6mim`2 T`QD2+iBQMb Q7 �Mi�`+iB+ B+2 b?2H7 K2HiBM; #�b2/ QM *JAS8 
b+2M�`BQbX CQm`M�H Q7 *HBK�i2- jRURjV,8k9jĜ8keRX 

L�m;?i2M- EX �X- J2BbbM2`- EX CX- :�HiQM@62MxB- "X EX- 1M;H�M/- JX >X- hBKK2`K�MM- _X-
>2HHK2`- >X >X- >�ii2`K�MM- hX- �M/ .2#2`M�`/- CX "X UkyR3#VX AMi2`+QKT�`BbQM Q7 �Mi�`+iB+ 
B+2@b?2H7- Q+2�M- �M/ b2�@B+2 BMi2`�+iBQMb bBKmH�i2/ #v J2i_PJa@B+2b?2H7 �M/ 61aPJ RX9X 
:2Qb+B2MiB}+ JQ/2H .2p2HQTK2Mi- RRU9V,Rk8dĜRkNkX 

L2r2HH- hX URN39VX *?�`�+i2`BbiB+b Q7 � /Qm#H2@/BzmbBp2 BMi2`7�+2 �i ?B;? /2MbBiv bi�#BHBiv `�iBQbX 
CQm`M�H Q7 6HmB/ J2+?�MB+b- R9N,j38Ĝ9yRX 

LB+?QHHb- EX qX UkyR3VX h?2 bim/v Q7 B+2 b?2H7@Q+2�M BMi2`�+iBQM Ĝ i2+?MB[m2b �M/ `2+2Mi `2bmHibX 

LQ#H2- hX- _Q?HBM;- 1X- �BiF2M- �X- "QbiQ+F- >X- *?�b2- wX- :QK2x- LX- CQM;- GX- EBM;- JX-
J�+FBMiQb?- �X- J+*Q`K�+F- 6X- �M/ Qi?2`b UkykyVX h?2 b2MbBiBpBiv Q7 i?2 �Mi�`+iB+ A+2 a?22i 
iQ � +?�M;BM; +HBK�i2, S�bi- T`2b2Mi �M/ 7mim`2X _2pB2rb Q7 :2QT?vbB+b- 83,2kyRN_:yyyeejX 

P#mF?Qp- �X URN9eVX hm`#mH2M+2 BM �M �iKQbT?2`2 rBi? BM?QKQ;2M2Qmb i2KT2`�im`2- h`X AMbiX 
h2Q`X :2Q}bX �F�/X L�mFX aaa_- R,N8ĜRR8X 

P#mF?Qp- �X URNdRVX hm`#mH2M+2 BM �M �iKQbT?2`2 rBi? � MQM@mMB7Q`K i2KT2`�im`2X "QmM/�`v@ 
H�v2` K2i2Q`QHQ;v- kURV,dĜkNX 

P2`i2`- >X- EBT7bim?H- CX- .2i2`K�MM- CX- JBHH2`- >X- q�;2M#�+?- .X- JBMBFBM- �X- �M/ :`�7i- qX 
URNNkVX 1pB/2M+2 7Q` #�b�H K�`BM2 B+2 BM i?2 6BH+?M2`Ĝ_QMM2 A+2 a?2H7X L�im`2- j83Uej38V,jNNĜ 
9yRX 

P`bB- �X >X �M/ q?BirQ`i?- hX Ukyy8VX >v/`Q;`�T?B+ �iH�b Q7 i?2 qQ`H/ P+2�M *B`+mH�iBQM 
1tT2`BK2Mi UqP*1V, oQHmK2 R, aQmi?2`M P+2�MX qP*1 AMi2`M�iBQM�H S`QD2+i P{+2 
aQmi?�KTiQM- lEX 

S�QHQ- 6X aX- 6`B+F2`- >X �X- �M/ S�/K�M- GX UkyR8VX oQHmK2 HQbb 7`QK �Mi�`+iB+ B+2 b?2Hp2b Bb 
�++2H2`�iBM;X a+B2M+2- j93UekjkV,jkdĜjjRX 

R98 
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S�rHQrB+x- _X- "2�`/bH2v- "X- �M/ G2Mix- aX UkyykVX *H�bbB+�H iB/�H ?�`KQMB+ �M�HvbBb BM+Hm/BM; 
2``Q` 2biBK�i2b BM J�hG�" mbBM; h hA.1X k3,NkNĜNjdX 

SQT2- aX "X UkyyRVX hm`#mH2Mi ~QrbX APS Sm#HBb?BM;X 

SQbi- �X- :�HiQM@62MxB- "X- _B//H2- JX- >2``�Bx@"Q``2;m2`Q- GX- PǶ"`B2M- SX- >2K2`- JX-
J+JBMM- �X- _�b+?- .X- �M/ *`�p2M- JX UkyR9VX JQ/2`M b2/BK2Mi�iBQM- +B`+mH�iBQM �M/ 
HB72 #2M2�i? i?2 �K2`v A+2 a?2H7- 1�bi �Mi�`+iB+�X *QMiBM2Mi�H a?2H7 _2b2�`+?- d9,ddĜ3dX 

S`Bi+?�`/- >X .X- GB;i2M#2`;- aX _X JX- 6`B+F2`- >X �X- o�m;?�M- .X :X- /2M "`Q2F2- JX _X- �M/ 
S�/K�M- GX UkyRkVX �Mi�`+iB+ B+2@b?22i HQbb /`Bp2M #v #�b�H K2HiBM; Q7 B+2 b?2Hp2bX L�im`2-
939UdjN8V,8ykĜ8y8X 

Sm`F2v- aX :X �M/ CQ?MbQM- :X *X UkyRjVX �Mi�`+iB+ "QiiQK q�i2` q�`KBM; �M/ 6`2b?2MBM;, 
*QMi`B#miBQMb iQ a2� G2p2H _Bb2- P+2�M 6`2b?r�i2` "m/;2ib- �M/ :HQ#�H >2�i :�BMX CQm`M�H 
Q7 *HBK�i2- keUReV,eRy8ĜeRkkX 

_�/FQ- hX UkyRjVX .Qm#H2 /BzmbBp2 +QMp2+iBQMX *�K#`B/;2 lMBp2`bBiv S`2bbX 

_�Dm- >X oX �M/ L�`�bBK?�- _X UkyyjVX GBKBiBM; +`Qbb@~Qr p2HQ+Biv #2HQr r?B+? ?2�i ~mt Bb 
/2i2`KBM2/ #v M�im`�H +QMp2+iBQM H�rbX AMi2`M�iBQM�H CQm`M�H Q7 >2�i �M/ J�bb h`�Mb72`-
9eUk8V,9Nd8Ĝ9Nd3X 

_22b2- _X- :m/KmM/bbQM- :X >X- G2p2`K�MM- �X- �M/ qBMF2HK�MM- _X UkyR3VX h?2 7�` `2�+? 
Q7 B+2@b?2H7 i?BMMBM; BM �Mi�`+iB+�X L�im`2 *HBK�i2 *?�M;2- 3URV,8jĜ8dX 

_B;MQi- 1X- C�+Q#b- aX- JQm;BMQi- CX- �M/ a+?2m+?H- "X UkyRjVX A+2 a?2H7 J2HiBM; �`QmM/ 
�Mi�`+iB+�X a+B2M+2- j9R,keeĜkdyX 

_B;MQi- 1X- JQm;BMQi- CX- a+?2m+?H- "X- p�M /2M "`Q2F2- JX- p�M q2bb2K- JX CX- �M/ JQ`HB;?2K-
JX UkyRNVX 6Qm` /2+�/2b Q7 �Mi�`+iB+ A+2 a?22i K�bb #�H�M+2 7`QK RNdNĜkyRdX S`Q+22/BM;b 
Q7 i?2 L�iBQM�H �+�/2Kv Q7 a+B2M+2b- RReU9V,RyN8ĜRRyjX 

_Q#2`ib- CX- :�HiQM@62MxB- "X EX- S�QHQ- 6X aX- .QMM2HHv- *X- :rvi?2`- .X 1X- S�/K�M- GX-
uQmM;- .X- q�`M2`- _X- :`22M#�mK- CX- 6`B+F2`- >X �X- S�vM2- �X CX- *Q`M7Q`/- aX- "`Q+[-
�X GX- PKK2M- hX pX- "H�MF2Mb?BT- .X- �M/ aB2;2`i- JX CX UkyR3VX P+2�M 7Q`+2/ p�`B�#BHBiv Q7 
hQii2M :H�+B2` K�bb HQbbX :2QHQ;B+�H aQ+B2iv- GQM/QM- aT2+B�H Sm#HB+�iBQMb- 9eRURV,Rd8ĜR3eX 

_Q#2`ibQM- _X- S�/K�M- GX- �M/ G2pBM2- JX .X URNN8VX 6BM2 bi`m+im`2- KB+`Qbi`m+im`2- �M/ p2`@ 
iB+�H KBtBM; T`Q+2bb2b BM i?2 mTT2` Q+2�M BM i?2 r2bi2`M q2//2HH a2�X CQm`M�H Q7 :2QT?vbB+�H 
_2b2�`+?, P+2�Mb- RyyU*NV,R38RdĜR38j8X 

_Q#BMbQM- LX CX- ai2p2Mb- *X GX- �M/ J+S?22- JX :X UkyRdVX P#b2`p�iBQMb Q7 �KTHB}2/ `Qm;?M2bb 
7`QK +`vbi�H �++`2iBQM BM i?2 bm#@B+2 Q+2�M #QmM/�`v H�v2`X :2QT?vbX _2bX G2iiX- 99,R3R9Ĝ 
R3kkX 

_Q#BMbQM- LX CX- qBHHB�Kb- JX CX JX- "�``2ii- SX CX- �M/ SvM2- �X _X UkyRyVX P#b2`p�iBQMb 
Q7 ~Qr �M/ B+2@Q+2�M BMi2`�+iBQM #2M2�i? i?2 J+Jm`/Q A+2 a?2H7- �Mi�`+iB+�X CQm`M�H Q7 
:2QT?vbB+�H _2b2�`+?, P+2�Mb- RR8U*jVX 

R9e 



_161_1L*1a 

_m//B+F- "X- J+.Qm;�HH- hX- �M/ hm`M2`- CX URN3NVX h?2 7Q`K�iBQM Q7 H�v2`b BM � mMB@ 
7Q`KHv biB``2/ /2MbBiv ;`�/B2MiX .22T a2� _2b2�`+? S�`i �X P+2�MQ;`�T?B+ _2b2�`+? S�T2`b-
jeU9V,8NdĜeyNX 

a�HQM- aX- �`K2MBQ- oX- �M/ *`Bb2- �X UkyydVX � MmK2`B+�H BMp2biB;�iBQM Q7 i?2 aiQF2b #QmM/�`v 
H�v2` BM i?2 im`#mH2Mi `2;BK2X CQm`M�H Q7 6HmB/ J2+?�MB+b- 8dy,k8jĜkNeX 

a?�?- aX EX �M/ "Qm@w2B/- 1X UkyR9VX .B`2+i MmK2`B+�H bBKmH�iBQMb Q7 im`#mH2Mi 1FK�M H�v@ 
2`b rBi? BM+`2�bBM; bi�iB+ bi�#BHBiv, KQ/B}+�iBQMb iQ i?2 #mHF bi`m+im`2 �M/ b2+QM/@Q`/2` 
bi�iBbiB+bX CQm`M�H Q7 6HmB/ J2+?�MB+b- dey,9N9Ĝ8jNX 

a?+?2`#BM�- �X uX- _m/MB+F- .X GX- �M/ h�HH2v- GX .X Ukyy8VX A+2@/`�7i T`Q}HBM; 7`QK #QiiQK@ 
KQmMi2/ �.*S /�i�X CQm`M�H Q7 �iKQbT?2`B+ �M/ P+2�MB+ h2+?MQHQ;v- kkU3V,Rk9NĜRkeeX 

a?2T?2`/- �X- ApBMb- 1X- _B;MQi- 1X- aKBi?- "X- p�M /2M "`Q2F2- JX- o2HB+Q;M�- AX- q?Bi2?Qmb2-
SX- "`B;;b- EX- CQm;?BM- AX- E`BMM2`- :X- �M/ Qi?2`b UkyR3VX J�bb #�H�M+2 Q7 i?2 �Mi�`+iB+ 
A+2 a?22i 7`QK RNNk iQ kyRdX L�im`2- 88e,kRNĜkkkX 

a?B#H2v- LX- hBKK2`K�Mb- JX@GX- *�`T2Mi2`- CX- �M/ hQQH2- CX UkyRdVX aT�iB�H p�`B�#BHBiv Q7 
i?2 �`+iB+ P+2�MǶb /Qm#H2@/BzmbBp2 bi�B`+�b2X CQm`M�H Q7 :2QT?vbB+�H _2b2�`+?, P+2�Mb-
RkkUkV,N3yĜNN9X 

aB`2p��;- �X UkyyNVX hm`#mH2Mi 2t+?�M;2 +Q2{+B2Mib 7Q` i?2 B+2fQ+2�M BMi2`7�+2 BM +�b2 Q7 `�TB/ 
K2HiBM;X :2QT?vbB+�H _2b2�`+? G2ii2`b- jeU9VX 

aKBi?- "X- 6`B+F2`- >X �X- :�`/M2`- �X aX- J2/H2v- "X- LBHbbQM- CX- S�QHQ- 6X aX- >QHb+?m?- LX-
�/mbmKBHHB- aX- "`mMi- EX- *b�i?Q- "X- >�`#2+F- EX- J�`Fmb- hX- L2mK�MM- hX- aB2;7`B2/-
JX _X- �M/ wr�HHv- >X CX UkykyVX S2`p�bBp2 B+2 b?22i K�bb HQbb `2~2+ib +QKT2iBM; Q+2�M �M/ 
�iKQbT?2`2 T`Q+2bb2bX a+B2M+2- je3Ue9NeV,RkjNĜRk9kX 

aKvi?- qX �M/ EBKm`�- aX UkyRRVX JBtBM; BM � KQ/2`�i2Hv b?2�`2/ b�Hi@}M;2`BM; H�v2`X CQm`M�H 
Q7 S?vbB+�H P+2�MQ;`�T?v- 9RUdV,Rje9ĜRj39X 

ai�MiQM- hX- a?�r- qX- h`mz2`- JX- *Q``- >X- S2i2`b- GX- _Bp2`K�M- EX- "BM/b+?�/H2`- _X-
>QHH�M/- .X- �M/ �M�M/�F`Bb?M�M- aX UkyRjVX *?�MM2HBx2/ B+2 K2HiBM; BM i?2 Q+2�M #QmM/�`v 
H�v2` #2M2�i? SBM2 AbH�M/ :H�+B2`- �Mi�`+iB+�X a+B2M+2- j9RUeR8RV,RkjeĜRkjNX 

ai2`M- �X- >QHH�M/- .X- >QHH�M/- SX- C2MFBMb- �X- �M/ aQKK2`B�- CX UkyR9VX h?2 2z2+i Q7 
;2QK2i`v QM B+2 b?2H7 Q+2�M +�pBiv p2MiBH�iBQM, � H�#Q`�iQ`v 2tT2`BK2MiX 1tT2`BK2Mib BM 
~mB/b- 88U8V,RdRNĜRdj3X 

ai2p2Mb- *X- >mH#2- *X- "`2r2`- JX- ai2r�`i- *X- _Q#BMbQM- LX- P?M2Bb2`- *X- �M/ C2M/2`bB2- aX 
UkykyVX P+2�M KBtBM; �M/ ?2�i i`�MbTQ`i T`Q+2bb2b Q#b2`p2/ mM/2` i?2 _Qbb A+2 a?2H7 +QMi`QH 
Bib #�b�H K2HiBM;X S`Q+22/BM;b Q7 i?2 L�iBQM�H �+�/2Kv Q7 a+B2M+2b- RRdUkNV,RedNNĜRe3y9X 

ai2p2Mb- *X GX- _Q#BMbQM- LX CX- qBHHB�Kb- JX CX JX- �M/ >�bF2HH- hX :X UkyyNVX P#b2`p�iBQMb 
Q7 im`#mH2M+2 #2M2�i? b2� B+2 BM bQmi?2`M J+Jm`/Q aQmM/- �Mi�`+iB+�X P+2�M a+B2M+2 
.Bb+mbbBQMb- eUkV,R9ydĜR9jeX 
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ai2r�`i- *X GX UkyR3VX A+2@Q+2�M BMi2`�+iBQMb #2M2�i? i?2 MQ`i?@r2bi2`M _Qbb A+2 a?2H7- �Mi�`+@ 
iB+�X S?. h?2bBb- lMBp2`bBiv Q7 *�K#`B/;2X 

ai2r�`i- *X GX- *?`BbiQz2`b2M- SX- LB+?QHHb- EX qX- qBHHB�Kb- JX CX JX- �M/ .Qr/2br2HH- CX �X 
UkyRNVX "�b�H K2HiBM; Q7 _Qbb A+2 a?2H7 7`QK bQH�` ?2�i �#bQ`TiBQM BM �M B+2@7`QMi TQHvMv�X 
L�im`2 :2Qb+B2M+2- RkUeV,9j8Ĝ99yX 

ai`�M2Q- 6X- >2BK#�+?- SX- a2`;B2MFQ- PX- >�KBHiQM- :X- *�i�MB�- :X- :`B{2b- aX- >�HH#2`;- _X-
C2MFBMb- �X- CQm;?BM- AX- JQivF�- _X- �M/ Qi?2`b UkyRjVX *?�HH2M;2b iQ mM/2`bi�M/BM; i?2 
/vM�KB+ `2bTQMb2 Q7 :`22MH�M/Ƕb K�`BM2 i2`KBM�iBM; ;H�+B2`b iQ Q+2�MB+ �M/ �iKQbT?2`B+ 
7Q`+BM;X "mHH2iBM Q7 i?2 �K2`B+�M J2i2Q`QHQ;B+�H aQ+B2iv- N9U3V,RRjRĜRR99X 

h�vHQ`- CX _X �M/ a�`F�`- aX UkyydVX AMi2`M�H ;`�pBiv r�p2b ;2M2`�i2/ #v � im`#mH2Mi #QiiQK 
1FK�M H�v2`X CQm`M�H Q7 6HmB/ J2+?�MB+b- 8Ny,jjRĜj89X 

h�vHQ`- CX _X �M/ a�`F�`- aX Ukyy3�VX .B`2+i �M/ H�`;2 2//v bBKmH�iBQMb Q7 � #QiiQK 1FK�M H�v2` 
mM/2` �M 2ti2`M�H bi`�iB}+�iBQMX AMi2`M�iBQM�H CQm`M�H Q7 >2�i �M/ 6HmB/ 6HQr- kNUjV,dkRĜ 
djkX 

h�vHQ`- CX _X �M/ a�`F�`- aX Ukyy3#VX ai`�iB}+�iBQM 2z2+ib BM � #QiiQK 1FK�M H�v2`X CQm`M�H 
Q7 S?vbB+�H Q+2�MQ;`�T?v- j3URRV,k8j8Ĝk888X 

h2H2/vM2- _X UkyyeVX AMbi`mK2MibX �+QmbiB+ .QTTH2` *m``2Mi S`Q}H2` S`BM+BTH2b Q7 PT2`�iBQM, 
� S`�+iB+�H S`BK2`X SX h2+?MB+�H `2TQ`i- L N8R@eyeNX 

h?QK�- JX- C2MFBMb- �X- >QHH�M/- .X- �M/ C�+Q#b- aX Ukyy3VX JQ/2HHBM; +B`+mKTQH�` /22T r�i2` 
BMi`mbBQMb QM i?2 �KmM/b2M a2� +QMiBM2Mi�H b?2H7- �Mi�`+iB+�X :2QT?vbB+�H _2b2�`+? G2ii2`b-
j8UR3VX 

h?QKTbQM- �X 6X �M/ >2vrQQ/- EX CX Ukyy3VX 6`QMi�H bi`m+im`2 �M/ i`�MbTQ`i BM i?2 MQ`i?r2bi@ 
2`M q2//2HH a2�X .22T a2� _2b2�`+? S�`i A, P+2�MQ;`�T?B+ _2b2�`+? S�T2`b- 88URyV,RkkNĜ 
Rk8RX 

h?QKTbQM- �X 6X- ai2r�`i- �X GX- aT2M+2- SX- �M/ >2vrQQ/- EX CX UkyR3VX h?2 �Mi�`+iB+ aHQT2 
*m``2Mi BM � +?�M;BM; +HBK�i2X _2pB2rb Q7 :2QT?vbB+b- 8eU9V,d9RĜddyX 

hBKK2`K�Mb- JX@GX- hQQH2- CX- E`Bb?}2H/- _X- �M/ qBMbQ`- SX Ukyy3VX A+2 h2i?2`2/ S`Q}H2` 
Q#b2`p�iBQMb Q7 i?2 /Qm#H2@/BzmbBp2 bi�B`+�b2 BM i?2 *�M�/� "�bBM i?2`KQ+HBM2X CQm`M�H Q7 
:2QT?vbB+�H _2b2�`+?, P+2�Mb- RRjU*RVX 

hm`M2`- CX URNd9VX .Qm#H2@/BzmbBp2 T?2MQK2M�X �MMm�H _2pB2r Q7 6HmB/ J2+?�MB+b- eURV,jdĜ89X 

hm`M2`- CX aX URNe3VX h?2 #2?�pBQm` Q7 � bi�#H2 b�HBMBiv ;`�/B2Mi ?2�i2/ 7`QK #2HQrX CQm`M�H 
Q7 6HmB/ J2+?�MB+b- jjURV,R3jĜkyyX 

hm`M2`- CX aX URNdNVX "mQv�M+v 2z2+ib BM ~mB/bX *�K#`B/;2 mMBp2`bBiv T`2bbX 
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p�M /2 q�H- _X- PTT2M?2BK2`- JX- :H�pQpB+- "X *X- >BMF2H- CX- *�B- _X- J�;M�M- �X- .2*QMiQ-
_X- AbH�- 6X- :?Qb?- hX- J�`x2BQM- "X- �M/ Qi?2`b UkykyVX a2� G2p2H _Bb2 �M/ AKTHB+�iBQMb 
7Q` GQr GvBM; AbH�M/b- *Q�bib �M/ *QKKmMBiB2bX AM AS** aT2+B�H _2TQ`i QM i?2 P+2�M �M/ 
*`vQbT?2`2 BM � *?�M;BM; *HBK�i2X 

o�M /2M "`Q2F2- JX _X- 1M/2`HBM- 1X JX- >Qr�i- AX JX- EmBT2`b JmMM2F2- SX- LQďH- "X SX- C�M 
o�M .2 "2`;- qX- o�M J2BD;��`/- 1X- �M/ qQmi2`b- "X UkyReVX PM i?2 `2+2Mi +QMi`B#miBQM 
Q7 i?2 :`22MH�M/ B+2 b?22i iQ b2� H2p2H +?�M;2X h?2 *`vQbT?2`2- RyU8V,RNjjĜRN9eX 

o2M�#H2b- 1X- LB+?QHHb- EX- qQHF- 6X- J�FBMbQM- EX- �M/ �MF2`- SX UkyR9VX J2�bm`BM; im`#m@ 
H2Mi /BbbBT�iBQM `�i2b #2M2�i? �M �Mi�`+iB+ B+2 b?2H7X J�`BM2 h2+?MQHQ;v aQ+B2iv CQm`M�H-
93U8V,R3Ĝk9X 

o`2m;/2M?BH- *X �X �M/ h�vHQ`- CX _X UkyR3VX G�`;2@2//v bBKmH�iBQMb Q7 bi`�iB}2/ TH�M2 *Qm2ii2 
~Qr mbBM; i?2 �MBbQi`QTB+ KBMBKmK@/BbbBT�iBQM KQ/2HX S?vbB+b Q7 6HmB/b- jyU3V,y38Ry9X 

o`2m;/2M?BH- *X �X �M/ h�vHQ`- CX _X UkyRNVX ai`�iB}+�iBQM 2z2+ib BM i?2 im`#mH2Mi #QmM/�`v 
H�v2` #2M2�i? � K2HiBM; B+2 b?2H7, BMbB;?ib 7`QK `2bQHp2/ H�`;2@2//v bBKmH�iBQMbX CQm`M�H Q7 
S?vbB+�H P+2�MQ;`�T?v- 9NUdV,RNy8ĜRNk8X 

q2�i?2`Hv- :X GX �M/ J�`iBM- SX CX URNd3VX PM i?2 ai`m+im`2 �M/ .vM�KB+b Q7 i?2 P+2�MB+ 
"QiiQK "QmM/�`v G�v2`X CQm`M�H Q7 S?vbB+�H P+2�MQ;`�T?v- 3U9V,88dĜ8dyX 

q22`iK�M- CX URNd9VX ai�#BHBiv Q7 i?2 DmM+iBQM Q7 �M B+2 b?22i �M/ �M B+2 b?2H7X CQm`M�H Q7 
:H�+BQHQ;v- RjUedV,jĜRRX 

q2HHb- �X CX �M/ qQ`bi2`- JX :X Ukyy3VX � ;2QT?vbB+�H@b+�H2 KQ/2H Q7 p2`iB+�H M�im`�H +QMp2+iBQM 
#QmM/�`v H�v2`bX CQm`M�H Q7 6HmB/ J2+?�MB+b- eyN,RRRĜRjdX 

q2HHb- JX :X �M/ :`B{i?b- _X qX UkyyjVX AMi2`�+iBQM Q7 b�Hi }M;2` +QMp2+iBQM rBi? BMi2`KBii2Mi 
im`#mH2M+2X CQm`M�H Q7 :2QT?vbB+�H _2b2�`+?, P+2�Mb- Ry3U*jVX 

q2M- CX- q�M;- uX- q�M;- qX- C2x2F- EX *X- GBm- >X- �M/ �HHBbQM- AX UkyRyVX "�b�H K2HiBM; �M/ 
7`22xBM; mM/2` i?2 �K2`v A+2 a?2H7- 1�bi �Mi�`+iB+�X CQm`M�H Q7 :H�+BQHQ;v- 8eURN8V,3RĜNyX 

qBHHB�Kb- :X- >2``�Bx@"Q``2;m2`Q- GX- _Q[m2i- 6X- h�Km`�- hX- P?b?BK�- EX- 6mF�K�+?B- uX-
6`�b2`- �X- :�Q- GX- *?2M- >X- J+J�?QM- *X- �M/ Qi?2`b UkyReVX h?2 bmTT`2bbBQM Q7 �Mi�`+iB+ 
#QiiQK r�i2` 7Q`K�iBQM #v K2HiBM; B+2 b?2Hp2b BM S`v/x "�vX L�im`2 *QKKmMB+�iBQMb-
dURV,RĜNX 

qBHHB�Kb- JX CX JX- :`Qb72H/- EX- q�`M2`- _X *X- :2`/2b- _X- �M/ .2i2`K�MM- CX UkyyRVX P+2�M 
+B`+mH�iBQM �M/ B+2@Q+2�M BMi2`�+iBQM #2M2�i? i?2 �K2`v A+2 a?2H7- �Mi�`+iB+�X CQm`M�H Q7 
:2QT?vbB+�H _2b2�`+?, P+2�Mb- RyeU*RyV,kkj3jĜkkjNNX 

qBHHB�Kb- JX CX JX- C2MFBMb- �X- �M/ .2i2`K�MM- CX URN38VX S?vbB+�H *QMi`QHb QM P+2�M *B`+m@ 
H�iBQM "2M2�i? A+2 a?2Hp2b _2p2�H2/ #v LmK2`B+�H JQ/2HbX AM P+2�M- A+2- �M/ �iKQbT?2`2, 
AMi2`�+iBQMb �i i?2 �Mi�`+iB+ *QMiBM2Mi�H J�`;BM- T�;2b k38ĜkNNX �K2`B+�M :2QT?vbB+�H 
lMBQMX 
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qQ`bi2`- JX :X Ukyy9VX hBK2@/2T2M/2Mi ~mt2b �+`Qbb /Qm#H2@/BzmbBp2 BMi2`7�+2bX CQm`M�H Q7
6HmB/ J2+?�MB+b- 8y8,k3dĜjydX

q ?HBM- �X- um�M- sX- "Dƺ`F- :X- �M/ LQ?`- *X UkyRyVX AM~Qr Q7 r�`K *B`+mKTQH�` .22T
q�i2` BM i?2 +2Mi`�H �KmM/b2M b?2H7X CQm`M�H Q7 S?vbB+�H P+2�MQ;`�T?v- 9yUeV,R9kdĜR9j9X

um- CX- GBm- >X- C2x2F- EX *X- q�`M2`- _X *X- �M/ q2M- CX UkyRyVX �M�HvbBb Q7 p2HQ+Biv }2H/-
K�bb #�H�M+2- �M/ #�b�H K2Hi Q7 i?2 G�K#2`i :H�+B2`Ĝ�K2`v A+2 a?2H7 bvbi2K #v BM+Q`TQ@
`�iBM; _�/�`b�i a�_ BMi2`72`QK2i`v �M/ A*1a�i H�b2` �HiBK2i`v K2�bm`2K2MibX CQm`M�H Q7
:2QT?vbB+�H _2b2�`+?, aQHB/ 1�`i?- RR8U"RRVX

wBHBiBMF2pB+?- aX URNdkVX PM i?2 /2i2`KBM�iBQM Q7 i?2 ?2B;?i Q7 i?2 1FK�M #QmM/�`v H�v2`X
"QmM/�`v@G�v2` J2i2Q`QHQ;v- jUkV,R9RĜR98X

wQiBFQp- AX �X- w�;Q`Q/MQp- oX aX- �M/ _�BFQpbFv- CX oX URN3yVX *Q`2 /`BHHBM; i?`Qm;? i?2 _Qbb
A+2 a?2H7 U�Mi�`+iB+�V +QM}`K2/ #�b�H 7`22xBM;X a+B2M+2- kydU99j3V,R9ejĜR9e8X
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