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/08!BN,S!.-A!=,!0.=!(8D,I8!.!/,95D!,B!D,-=5A84.(N8!5-U<54)!Y82@2!1NN5,/!.-A!7I5/0!'G !

"F%F6!O8W!"F&G.(6!?05/8!.-A!MN.4X!"F*&6!1@@84!"F*E6!C<=/5-!"FEG6!`8@8-a=!.-A!'" !

b.XN.-A!"FE$6!H,N8!.-A!c,4A,-!"FE$6!`<9,!.-A!7I5/0!"FF&6!70.((.4!8/!.N2!#GG"6!'# !

V8NN)!.-A!d,=X5-=!#GG$6!7D0S584T!8/!.N2!#GG%6!?,,NN5-@=!8/!.N2!#G""6!3.=./,!8/!.N2!'$ !

#G"$6!Q.4-8=!8/!.N2!#G"%6!H.;5-5!8/!.N2!#G"%Z2!!C-,/084!B8./<48!./!/08!D8-/84!,B!=/<A58=!'%!

,B!08I5=90845D!D54D<N./5,-!;.45.(5N5/)!0.=!(88-!/08!D54D<I9,N.4!;,4/8W!YMV:Z!Y82@2!'& !

3.4X0.I!"FE&6!C-@8NN!"FFE6!H.;5=!.-A!Q8-X,;5D!"FF#6!Q<4-8//!"FF$6!>4.<8-B8NA!'' !

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
" !J45@5-.NN)!A8B5-8A!./!=8.LN8;8N!.=!/08!.;84.@8!@8,=/4,905D!S5-A!5-!/08!N./5/<A8!(8N/!
$&¡_!/,!&&¡_2!![/!5=!D,II,-N)!8;.N<./8A!.N,B/!.=!S8NN2!



! %!

.-A!H.;5=!#GG$6!O,0N5!8/!.N2!#GG&6!?4,-.!.-A!O,0N5!#GG*Z2!!C=!-,/8A!()!>4.<8-B8NA!'* !

.-A!H.;5=!Y#GG$Z6!.==8==I8-/!,B!;.45.(5N5/)!5-!/08!=5T86!=/48-@/0!.-A!S.;5-8==!,B!/08!'E !

D54D<N./5,-!D.-!.NN!(8!D,-=5A848A!5-!/84I=!,B!I8.=<4.(N8!D0.4.D/845=/5D=!,B!/08!MV:2!'F !

! R,!,<4!X-,SN8A@86!,-N)!/S,!=/<A58=!,B!/08!;.45.(5N5/)!,B!/08!MV:!0.;8!A548D/N)!*G!

.==8==8A!/08!S.;5-8==!,B!/08!I5AL/4,9,=90845D!BN,S2!!O,0N5!8/!.N2!Y#GG&Z!(,44,S8A!.!*" !

I8.=<48!B4,I!BN<;5.N!@8,I,490,N,@)!e!/08!D54D<N.45/)!4./5,!YRcZ!e!/,!U<.-/5B)!/08!*# !
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5A8-/5B58=!.-A!D0.4.D/845T8=!/08!=)-,9/5DL!.-A!N.4@8L=D.N8!8-;54,-I8-/=!.==,D5./8A!"GF!



! ' !

S5/0!05@0L.I9N5/<A8!S.;8!8;8-/=!=<D0!.=!./I,=90845D!(N,DX5-@!.-A!D,NA!.54!""G !

,</(48.X=!Yd<.-@!.-A!_.X.I<4.!#G"&6!M08-!8/!.N2!#G"&Z2!""" !

! [-!/08!948=8-/!9.984!S8!.994,945./8!.!I8.=<48!D,II,-!5-!@8,I,490,N,@)! e!""# !

sinuosity	
  e!/,!I8.=<48!/08!S.;5-8==!,B!/08!I5A L/4,9,=90845D!BN,S!<=5-@!&GG!0V.!""$ !
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5-DN<A5-@!=<@@8=/5,-=!B,4!B</<48!48=8.4D06!.48!,BB848A!5-!78D/5,-!%2!"$&!

-"#./&/#/%)#01&2()(3(45 #"$' !

! 3,490,N,@5D.N!.=98D/=!,B!/08!I8.-A84=!,B!45;84=!.-A!=/48.I=!5=!.!=<(h8D/!5-!"$* !

BN<;5.N!@8,I,490,N,@)2!!C!=5I9N8!I8.=<48!,B!=<D0!I8.-A84=!5=!X-,S-!.=!=5-<,=5/)!"$E!
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A5=/.-D8!(8/S88-!/08!8-A9,5-/=!,B!/08!=8@I8-/!Y`8,9,NA!8/!.N2!"F'%Z2!!C!=D08I./5D!"%G!

8W.I9N8!5=!@5;8-!5-!>5@2!"2!!R08!8W/8-=5,-!,B!/05=!5A8.!8I9N,)8A!5-!/08!948=8-/!=/<A)!"%"!

A898-A=!<9,-!D.ND<N./5,-!,B!/08!N8-@/0!,B6!.-A!/08!.48.!8-DN,=8A!()6!.!@5;8-!&GG!0V.!"%#!

@8,9,/8-/5.N!085@0/!D,-/,<4!Y5=,0)9=8Z2!!M</,BB!9,4/5,-=!,B!.-)!5=,0)9=8!Y5282!D</,BB!"%$!

N,S=!,4!05@0=Z!.48!8.=5N)!5-DN<A8A!5-!,<4!I8.=<48!,B!=5-<,=5/)!(8D.<=8!=<D0!B8./<48=!"%%!

,DD<9)!.!I8.=<4.(N8!.48.!.-A!/0854!9845I8/84=!0.;8!B5-5/8!N8-@/0=2!!?8!D,-=5A84!/08!"%&!

S.;5-8==!5-!.!@5;8-!I5ALN./5/<A8!BN,S!/,!(8!.!I8.=<48!,B!/08!A89.4/<48!,B!5/=!"%' !

=/48.IN5-8=!B4,I!T,-.N5/)2!!R0848B,486!A8/84I5-./5,-!,B!/08!=5-<,=5/)!,B!/08!BN,S!"%*!

.N,-@!.!@8,=/4,905D!=/48.IN5-8!Y52826!5=,0)9=8Z!(8@5-=!()!D.ND<N./5-@!/08!.48.!"%E!

8-DN,=8A!()!/08!@5;8-!5=,0)9=82!!_8W/6!S8!D,I9</8!.-!8U<5;.N8-/!N./5/<A8!B,4!/0./!"%F!

5=,0)9=82!!R08!8U<5;.N8-/!N./5/<A8!5=!/0./!N./5/<A8!9,N8S.4A!,B!S05D0!/08!.48.!5=!"&G!



! E!

8U<.N!/,!/08!.48.!8-DN,=8A!()!/08!@5;8-!5=,0)9=8$2!!>5-.NN)6!/08!=5-<,=5/)!5=!A8B5-8A!.=!"&" !

/08!4./5,!,B!/08!N8-@/0!,B!/08!@5;8-!&GG!0V.!5=,0)9=8!/,!/08!D54D<IB848-D8!,B!5/=!"&#!

8U<5;.N8-/!N./5/<A8!D54DN82!!C-!8W.I9N8!5=!=0,S-!5-!>5@2!#2!![/!B,NN,S=!B4,I!/08!"&$!

A8B5-5/5,-!/0./!/08!I5-5I<I!;.N<8!,B!=5-<,=5/)!5=!"2G!S05D0!A8=D45(8=!.!9<48N)!T,-.N!"&%!

=/48.I N5-8!Y52826!-,!S.;5-8==Z2!"&&!

! [/!0.=!(88-!=<@@8=/8A!/0./!=05B/5-@!5=,0)9=8=!9,N8S.4A!5-!.!S.4I84!DN5I./8!"&' !

I5@0/!@5;8!45=8!/,!/08!5NN<=5,-6!S08-!<=5-@!=5-<,=5/)!.=!.!I8/45D6!,B!.!D0.-@8!5-!"&* !

S.;5-8==!S08-!-,-8!5=!.D/<.NN)!,DD<445-@2!![-!,4A84!/,!8;.N<./8!/05=!D,-D84-!S8!"&E!

D,-A<D/8A!.!=8458=!,B!=5I9N8!-<I845D.N!8W9845I8-/=!5-!S05D0!/08!=5-<,=5/)!,B!"&F!

0)9,/08/5D.N!5=,0)9=8=6!D0.4.D/845T8A!()!.!;.4)5-@!-<I(84!,B!A889!.-A!=0.NN,S!"'G !

=U<.48!S.;8=6!S848!D.48B<NN)!8W.I5-8A2!!R08!=5I9N8=/!D.=8!,B!.!=5-@N8!I,A8=/!=U<.48!"'" !

S.;8!5=!=0,S-!5-!>5@2!$2!!i8895-@!/08!.=98D/!4./5,!,B!/08!=U<.48!S.;8!D,-=/.-/!<9,-!"'# !

I,;5-@!/08!5=,0)9=8!B4,I!$&g!/,!%Gg_!48=<N/=!5-!.-!E2Fg!N./5/<A5-.N!A89/0!./!%Gg_!"'$ !

D,I9.48A!/,!/08!,45@5-.N!"Gg!./!$Gg_2!!R08!9,N8S.4A!8-D4,.D0I8-/!,B!/05=!"'% !

S.;8B,4I!48=<N/=!5-!.!G2#%j!5-D48.=8!5-!=5-<,=5/)!./!/08!05@084!N./5/<A82!!?8!=<@@8=/!"'& !

/05=!5=!S8NN!=I.NN!8-,<@0!/,!8-=<48!/0./!/08!</5N5/)!,B!=5-<,=5/)!.=!.!I8/45D!,B!"'' !

S.;5-8==!5=!-,/!D,I94,I5=8A2!!?8!.N=,!-,/8!/0./!48D8-/!S,4X!()!Q8T8.<!8/!.N2!"'* !

Y#G"%Z!A8I,-=/4./8=!/0./!/08!A.5N)!DN5I./,N,@5D.N!;.45.(5N5/)!5-!_,4/084-!"'E !

d8I5=90848!&GG!0V.!085@0/!.-,I.N58=!5=!=5@-5B5D.-/N)!@48./84!/0.-!/08!N,-@!/84I!"'F !

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
$![B!C!5=!/08!.48.!8-DN,=8A!()!.!@5;8-!5=,0)9=86!/08-!/08!8U<5;.N8-/!N./5/<A86!

! 

" e6!5=!

@5;8-!()

€ 

φe = arcsin[1−
A

2πRe
2 ]6!S0848!Re!5=!/08!4.A5<=!,B!/08!1.4/02!!O8B848-D8!/,!.-!

8U<5;.N8-/!N./5/<A8!5=!48I5-5=D8-/!,B!.-!.=98D/!,B!/08!I8.=<48!,B!8AA)!.I9N5/<A8!
8I9N,)8A!()!_.X.I<4.!.-A!f0<!Y#G"GZ!.-A!_.X.I<4.!.-A!7,N,I,-!Y#G"G6!#G""Z!
5-!/0854!A8;8N,9I8-/!,B!.!A5.@-,=/5D!B,4I<N./5,-!B,4!B5-5/8L.I9N5/<A8!S.;8!.D/5;5/)2!



! F!

5-D48.=8!5-!085@0/=!48=<N/5-@!B4,I!C4D/5D!.I9N5B5D./5,-2!!CAA5/5,-.N!=<99,4/!B,4!"*G!

.NN.)5-@!/08!.B,48I8-/5,-8A!D,-D84-!A845;8=!B4,I!/08!B.D/!/0./!=5-<,=5/)!D.-!.N=,!(8!"*" !

A8=D45(8A!.=!.!B<-D/5,-!,B!N./5/<A8!Y=88!C998-A5WZ2!"*# !

! R0,<@0!I.-)!945,4!5-;8=/5@./5,-=!,B!/08!;.45.(5N5/)!,B!/08!I5AL/4,9,=90845D!"*$ !

D54D<N./5,-!0.;8!D,-=5A848A!/08!.48.!,B!/08!D54D<I9,N.4!;,4/8W6!,-N)!O,0N5!8/!.N2!"*%!

Y#GG&Z!.-A!?4,-.!.- A!O,0N5!Y#GG*Z!8W9N5D5/N)!D,-=5A848A!/08!S.;5-8==2!!R08)!A5A!=,!"*& !

<=5-@!.!I8.=<48!D.NN8A!/08!D54D<N.45/)!4./5,!YRcZ!A8B5-8A!.=!/08!.48.!8-DN,=8A!S5/05-!"*' !

.!@5;8-!5=,0)9=8!A5;5A8A!()!/08!.48.!9,N8S.4A!,B!.!T,-.N!45-@!S0,=8!9845I8/84!5=!"** !

5A8-/5D.NN)!/08!N8-@/0!,B!/08!@5;8-!5=,0)9=82!!R08)!.99N58A!/05=!I8.=<48!/,!.!=5-@N8!"*E !

&GG!0V.!5=,0)9=8!Y&%'!AIZ!B,4!%$!D,NA!=8.=,-=!YH+>Z!<=5-@!,(=84;8A!I8.-!I,-/0N)!"*F !

&GG!0V.!@8,9,/8-/5.N!085@0/!.-.N)=8=!,-!.!&g!W!&g!N./5/<A8kN,-@5/<A8!@45A!B4,I!"EG!

_MCO\=!3,-/0N)!_,4/084-!d8I5=90848!R4,9,=90845D!C-.N)=5=2%!!R0854!D0,5D8!,B!/08!"E" !

&%'G!I!5=,0)9=8!S.=!I,/5;./8A!()!/08!A8=548!/,!D,-=5=/8-/N)!=.I9N8!/08!=5T8!.-A!"E#!

=0.98!,B!/08!D54D<I9,N.4!;,4/8W!S5/05-!/08!I.5-!(8N/!,B!/08!S8=/84N58=2!!C=!A8=D45(8A!"E$!

(8N,S6!,<4!=/<A)!(<5NA=!,-!/08=8!95,-8845-@!8BB,4/=!/,!U<.-/5B)!./I,=90845D!"E%!

S.;5-8==!()!8W9.-A5-@!/08!.-.N)=5=!5-!/5I8!.-A!=9.D8!.-A!()!.99N)5-@!.!I,48!"E&!

90)=5D.NN)!(.=8A!I,490,I8/45D!9.4.I8/842!"E' !

! ?8!8I9N,)!/08!_M1Vk_MCO!48.-.N)=5=!Y_OCZ!A./.!Yi.N-.)!8/!.N2!"FF'Z2!!_,/8!"E* !

/0./!S05N8!A548D/!D,I9.45=,-=!,B!48.-.N)=5=!;.N<8=!/,!,(=84;./5,-=!5=!94,(N8I./5D!"EE!

,S5-@!/,!N.DX!,B!5-A898-A8-/!I8.=<48=6!/08!<9984LN8;8N!D54D<N./5,-!5-!/08!_OC!0.=!"EF!

(88-!B,<-A!/,!(8!;84)!=5I5N.4!/,!/0./!,B!/08!48.-.N)=5=!()!/08!1<4,98.-!M8-/48!B,4!"FG!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
%!R08=8!A./.!.48!.;.5N.(N8!./!0//9PkkA==k<D.4k8A<kA./.=8/=kA=GE&2"!



! "G!

38A5<I!O.-@8!?8./084!>,48D.=/=!YC4D084!.-A!M.NA854.6!#GGEZ!.-A!,/084!48.-.N)=8=!"F" !

()!H.;5-5!Y#G"$Z2!!R08=8!A./.!.48!.;.5N.(N8!%!/5I8=!A.5N)!,-!.!@N,(.N!#2&g!W!#2&g!@45A!"F# !

.-A!.48!A845;8A!B4,I!.!B4,T8-!=/./8L,BL/08L.4/!@N,(.N!.==5I5N./5,-!=)=/8I!5-!"F$ !

D,-h<-D/5,-!S5/0!.!A./.(.=8!/0./!5-DN<A8=!5-L=5/<!.-A!48I,/8N)!=8-=8A!A./.!YS08-!"F%!

.;.5N.(N8Z!(,/0!./!/08!=<4B.D8!.-A!./!N8;8N=!/04,<@0!/08!/4,9,=90848!.-A!"F&!

=/4./,=908482!!R08!948=8-/!=/<A)!D.ND<N./8=!/08!=5-<,=5/)!,B!.!D,NN8D/5,-!,B!5-A5;5A<.N!"F' !

&GG!0V.!5=,0)9=8=!5-!.!A,I.5-!D,;845-@!#Gg_!/,!FGg_6!<=5-@!A.5N)!.;84.@8!&GG!0V.!"F* !

085@0/=!D,-=/4<D/8A!B4,I!/08!B,<4!/5I8=!A.5N)!A./.6!B4,I!"!+.-<.4)!"F%E!/,!#E!"FE!

>8(4<.4)!#G"%2!![-!.AA5/5,-!/,!D.ND<N./5-@!/08!=5-<,=5/)!,B!5-A5;5A<.N!&GG!0V.!"FF!

5=,0)9=8=6!S8!.N=,!D.ND<N./8!/08!.@@48@./8!=5-<,=5/)!,B!.!=8/!,B!&!5=,0)9=8=!Y&*'6!&'%6!#GG!

&&#6!&%G6!.-A!&#E!AIZ!5-!S05D0!/08!I.W5I<I!&GG!0V.!@8,=/4,905D!S5-A!48=5A8=!#G"!

/04,<@0,</!/08!)8.42!!R08!.@@48@./8!=5-<,=5/)!./!.!@5;8-!/5I8!5=!=5I9N)!/08!4./5,!,B!#G#!

/08!=<I!,B!/08!N8-@/0=!,B!.NN!&!5=,0)9=8=!/,!/08!=<I!,B!/08!D54D<IB848-D8=!,B!/08!&!#G$!

8U<5;.N8-/!N./5/<A8!D54DN8=!./!/0./!/5I8&2!#G%!

! C!-,/8!48@.4A5-@!/08!A5BB848-D8=!(8/S88-!D54D<N.45/)!4./5,!.-A!=5-<,=5/)!.=!#G&!

=89.4./8!I8.=<48=!,B!/08!S.;5-8==!5=!S.44.-/8A2!!M.ND<N./5,-!,B!D54D<N.45/)!4./5,!B,4!#G' !

.!@5;8-!5=,0)9=8!48U<548=!A8/84I5-./5,-!,B!.!N./5/<A86!! P6!./!S05D0!/08!N8-@/0!,B!.!#G*!

T,-.N!=/48.IN5-8!5=!8U<.N!/,!/08!N8-@/0!,B!/08!5=,0)9=82!!75-D8!/08!areal	
  extent6!-,/!#GE!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
&!J-8!D.-!D0,,=8!.-)!=8/!,B!D,-=8D</5;8!5=,0)9=8=!/,!94,A<D8!.-!.@@48@./8!
=5-<,=5/)2!!R08!D0,5D8!I.A8!0848!5=!I,/5;./8A!()!.!A8=548!/,!=.I9N8!5-!/08!I.5-!(8N/!
,B!/08!S8=/84N58=2!!R08!.@@48@./8!=5-<,=5/)!0848!5=!@5;8-!()!

S0848!L!5=!/08!N8-@/0!,B!/08!5-A5D./8A!

5=,0)9=8!.-A!EL!5=!/08!N8-@/0!,B!5/=!D,448=9,-A5-@!8U<5;.N8-/!N./5/<A8!D54DN82!!C=!
,99,=8A!/,!.!=5I9N8!.45/0I8/5D!I8.-!,B!/08!5-A5;5A<.N!=5-<,=5/)!,B!/08!&!5=,0)9=8=6!
7&!A8=D45(8=!/08!5-/8@4./8A!S.;5-8==!,B!/08!@8,=/4,905D!BN,S!5-!/08!48@5,-!=9.--5-@!
/08!=8N8D/8A!5=,0)9=8=2!



! "" !

/08!N8-@/06!,B!.!@5;8-!5=,0)9=8!5=!A548D/N)!48N./8A!/,!.!B54=/!,4A84!./I,=90845D!#GF!

;.45.(N8!Y5282!.;84.@8!/8I984./<48!5-!/08!<-A84N)5-@!/4,9,=90848!;5.!/08!#"G!

0)9=,I8/45D!48N./5,-=059Z6!S8!=<(I5/!/0./!=5-<,=5/)!5=!.!I,48!90)=5D.NN)!48N8;.-/!#"" !

I8.=<48!,B!/08!S.;5-8==2!!><4/084I,486!/08!948=8-/!.-.N)=5=6!5-!D,-/4.=/!/,!/0,=8!()!#"# !

O,0N5!8/!.N2!Y#GG&Z!.-A!?4,-.!.-A!O,0N5!Y#GG*Z6!D,-=5A84=!.!D,I9N8/8!.--<.N!D)DN8!#"$ !

5-!S.;5-8==6!48N./8=!/08!S.;5-8==!I8/45D!/,!.-!5I9,4/.-/!I,A8!,B!N.4@8L=D.N8!#"%!

./I,=90845D!;.45.(5N5/)!Y/08!C4D/5D!J=D5NN./5,-Z6!.-A!5-D,49,4./8=!.!4.-@8!,B!#"&!

5=,0)9=8=!/,!I,48!D,I94808-=5;8N)!D0.4.D/845T8!/08!D,I9N8W5,-!,B!I5AAN8!#"' !

/4,9,=90845D!S.;8=!.D4,==!.!(4,.A84!8W/4./4,95D.N!A,I.5-2  R08!I./08I./5D.N!#"* !

48N./5,-=059!(8/S88-!/08!/S,!I8.=<48=!5=!948=8-/8A!5-!/08!C998-A5W2!#"E!

6"#718*3&8##"F !

# [-!,4A84!/,!8W.I5-8!/08!S.;5-8==!,B!/08!&GG!0V.!BN,S!5-!.=!D,I94808-=5;8!.!##G!

I.--84!.=!9,==5(N86!/08!B,NN,S5-@!.-.N)=5=!5=!=9N5/!5-/,!/S,!(4,.A!D./8@,458=2!!?8!##" !

B54=/!D,-=5A84!/08!48=<N/=!,B!/08!&!D,-/,<4!.@@48@./8!=5-<,=5/)!D.ND<N./5,-=!.-A!/08-!###!

I,;8!/,!8;.N<./5,-!,B!/08!D0.4.D/845=/5D=!,B!5-A5;5A<.N!5=,0)9=8=2!##$!

! a.	
  Aggregate	
  sinuosity	
  ##%!

! R08!&GG!0V.!.@@48@./8!=5-<,=5/)!.-.N)=5=!948=8-/8A!0848!D,-=5A84=!/08!&*'6!##&!

&'%6!&&#6!&%G6!.-A!&#E!AI!@8,9,/8-/5.N!085@0/!D,-/,<4=!.-A!S5NN!(8!48B8448A!/,!.=!##' !

S562!!1.D0!,B!/08=8!D,-/,<4=!8-DN,=8=!.!D84/.5-!.I,<-/!,B!.48.2!!1U<.N!.48.!5=!##* !

D,-/.5-8A!9,N8S.4A!,B!.-!8U<5;.N8-/!N./5/<A8!Y" 1l Z!.-A!/08!N8-@/0!,B!/08!T,-.N!45-@!./!##E!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
' !R08!D,448N./5,-!,B!/08!=8.=,-.N!YH+>Z!.;84.@8!T,-.N!5-A8W!S5/0!=8.=,-.N!.;84.@8!S5!

5=!LG2'&"2!



! "# !

" 1l !48948=8-/=!/08!=0,4/8=/!9,==5(N8!9845I8/84!/0./!D.-!8-DN,=8!/08!@5;8-!.I,<-/!,B!##F!

.48.2!!R08!D,-/,<4!N8-@/0!,B!.!@5;8-!5=,0)9=8!5=!A8/84I5-8A!()!=<II5-@!5/=!#$G!

=8@I8-/=!5-!8.D0!#2&g!W!#2&g!@45A!(,W!D.ND<N./8A!<=5-@!/08!790845D.N!`.S!,B!M,=5-8=!#$" !

B,4I<N.m!#$#!

! !

! 

L = arccos[sin" 1 sin" 2 +cos" 1 cos" 2 cos(#2 $ #1)]Re!#$$!

S0848!Y

€ 

φ1,λ1Z!.-A!Y

! 

" 2,#2Z!48948=8-/!/08!N./5/<A8!.-A!N,-@5/<A8!D,,4A5-./8=!S0848!#$%!

/08!@5;8-!5=,0)9=8!5-/84=8D/=!/08!(,<-A.458=!,B!.!@45A!(,W!.-A!Re	
  5=!/08!4.A5<=!,B!/08!#$&!

1.4/02!!!#$' !

! R08!.-.N)=5=!948=8-/8A!0848!B,D<=8=!,-!/08!S5-/84!YH+>Z!.=!5/!5=!A<45-@!/05=!#$* !

=8.=,-!/0./!/08!_,4/084-!d8I5=90848!I5A LN./5/<A8!BN,S!5=!./!5/=!8-84@8/5D!98.X2!!R08!#$E!

'' L)8.4!/5I8!=8458=!,B!H+>L.;84.@8!.@@48@./8!=5-<,=5/)!5=!=0,S-!5-!>5@2!%2!!J;84!/08!#$F!

D,<4=8!,B!/05=!/5I8!=8458=!-,!=)=/8I./5D!/48-A!5=!8;5A8-/!/0,<@0!=5-D8!n"FFG!.!=N5@0/6!#%G!

.-A!=/./5=/5D.NN)!5-=5@-5B5D.-/6!<9S.4A!/48-A!5-!/08!.@@48@./8!=5-<,=5/)!5=!.99.48-/2!!!!#%"!

! R08!8WD89/5,-.NN)!05@0!;.N<8=!,B!=5-<,=5/)!5-!#GGFL"G!.-A!#G"GL""6!=<@@8=/!.!#%#!

9,==5(N8!48N./5,-=059!S5/0!/08!C4D/5D!J=D5NN./5,-!YCJZ6!S05D0!48.D08A!5/=!=/4,-@8=/!#%$!

-8@./5;8!90.=8!5-!S5-/84!#GGFL"G2!!Q8D.<=8!I5ALN./5/<A8!D54D<N./5,-!A<45-@!/08!#%%!

9,=5/5;8!Y-8@./5;8Z!90.=8!,B!/08!CJ!/8-A=!/,!(8!.-,I.N,<=N)!T,-.N!YS.;)Z6!=5-<,=5/)!#%&!

=0,<NA!(8!.(N8!/,!D.9/<48!/05=!(80.;5,4!U<.-/5/./5;8N)2!!1I9N,)5-@!/08!A.5N)!C4D/5D!#%'!

J=D5NN./5,-!YCJZ!/5I8!=8458=!B4,I!"!H8D8I(84!"F&G!/,!948=8-/6!/08!D,448N./5,-!#%*!

(8/S88-!/08!A.5N)!.@@48@./8!=5-<,=5/)!,B!/08!&GG!0V.!BN,S!.-A!/08!CJ!5-A8W!B,4!8.D0!#%E!

H+>!=8.=,-!=5-D8!"F&GL&"!5=!=0,S-!5-!>5@2!&.2!!RS8-/)L/0488!,B!'%!)8.4=!8W05(5/!.!#%F!

=/4,-@!5-;84=8!48N./5,-=059!Y4!o!LG2'Z!(8/S88-!/08!CJ!5-A8W!.-A!,<4!I8.=<48!,B!#&G!



! "$ !

=5-<,=5/)2!![-!%$!,B!/08!'%!)8.4=!4!o!LG2%6!5-A5D./5-@!.!I,A84./8!48N./5,-=059!(8/S88-!#&"!

/08!/S,!/5I8!=8458=2!!R05=!48N./5,-=059!5=!B<4/084!5NN<=/4./8A!5-!>5@2!&(!S0848!A.5N)!CJ!#&#!

5=!D,I9.48A!.@.5-=/!A.5N)!.@@48@./8!=5-<,=5/)!B,4!8;84)!H+>!A.)!5-!/08!/5I8!=8458=2!!#&$!

R08!/S,!I8.=<48=!.48!D,448N./8A!./!LG2%$!./!/08!FF2Fj!=5@-5B5D.-D8!N8;8N2!!CAA5/5,-.N!#&%!

5-=5@0/!5-/,!/05=!48N./5,-=059!.45=8=!B4,I!D,-=5A84./5,-!,B!/08!=8.=,-.N!.;84.@8!CJ!#&&!

5-A8W!D,I9.48A!/,!/08!=8.=,-.N!.;84.@8!=5-<,=5/)6!.=!=0,S-!5-!>5@2!'2!![/!5=!DN8.4!/0./!#&' !

8-0.-D8A!S.;5-8==!5-!/08!&GG!0V.!BN,S!5=!.==,D5./8A!S5/0!.!-8@./5;8!CJ!.=!/08!/S,!#&*!

/5I8!=8458=!.48!D,448N./8A!./!4!p!LG2&#!Y=5@-5B5D.-/!.(,;8!/08!FFj!D,-B5A8-D8!N8;8NZ2!#&E!

! C-,/0846!N8==!A548D/6!5-B848-D8!48@.4A5-@!S.;5-8==!,B!/08!I5AAN8LN./5/<A8!BN,S!#&F!

D.-!(8!A5=D84-8A!B4,I!/08!T,-.N!5-A8W2!!>5@<48!*.!=0,S=!/08!/5I8!=8458=!,B!/08!#'G!

D,448N./5,-!(8/S88-!/08!A.5N)!.@@48@./8!=5-<,=5/)!Y7&Z!.-A!/08!T,-.N!5-A8W!Yf[Z!B,4!#'" !

8.D0!H+>!=8.=,-!=5-D8!"F%EL%F2!![-!#'!Y%&Z!,B!/08!''!)8.4=!/08!/S,!/5I8!=8458=!.48!#'# !

D,448N./8A!./!4!#!LG2'!YLG2%Z!/0,<@06!.=!S5/0!/08!CJ!D,448N./5,-!h<=/!A8=D45(8A6!5-!#'$ !

-8.4N)!"k$!,B!=8.=,-=!/08!48N./5,-=059!(8/S88-!/08!/S,!5=!4./084!S8.X2!H.5N)!f[!5=!#'%!

D,I9.48A!.@.5-=/!A.5N)!.@@48@./8!=5-<,=5/)!B,4!.NN!H+>!A.)=!5-!/08!/5I8!=8458=!5-!>5@2!#'& !

*(2!!R08!/S,!;.45.(N8=!.48!D,448N./8A!./!LG2&%!./!/08!FF2Fj!=5@-5B5D.-D8!N8;8N2!!#'' !

! b.	
  Annual	
  cycle	
  of	
  sinuosity	
  #'* !

! R08!.--<.N!D)DN8!,B!S.;5-8==!5=!.-,/084!.=98D/!,B!/08!N.4@8L=D.N8!(80.;5,4!,B!#'E !

/08!I5ALN./5/<A8!./I,=90848!/0./!D.-!(8!5-/844,@./8A!<=5-@!=5-<,=5/)2!C-!.--<.N!#'F !

D)DN8!,B!/08!.@@48@./8!=5-<,=5/)!S.=!D,-=/4<D/8A!()!/.X5-@!8.D0!D.N8-A.4!A.)\=!#*G!

.;84.@8!=5-<,=5/)!,;84!/08!'' L)8.4!/5I8!=8458=2!!R08!48=<N/=!,B!/05=!.-.N)=5=!.48!#*" !

=0,S-!5-!>5@2!E2!![II8A5./8N)!.99.48-/!5=!/08!B.D/!/0./!/08!.@@48@./8!=5-<,=5/)!#*# !



! "%!

48.D08=!5/=!I.W5I<I!5-!=<II84!.-A!5/=!I5-5I<I!5-!S5-/842!![-!B.D/6!/0848!5=!.!(4,.A!#*$ !

98.X!5-!S.;5-8==!/0./!D0.4.D/845T8=!/08!S.4I!=8.=,-!YC945N!/,!JD/,(84Z!S5/0!98.X!#*%!

;.N<8=!,B!S5!-8.4!"2F!5-!8.4N)!+<N)!.-A!.!B.54N)!BN./!9845,A!,B!I5-5I<I!;.N<8=!Yn"2%&Z!#*&!

,DD<445-@!5-!H+>2!!CN=,!,B!-,/8!5=!/08!=N5@0/!!.=)II8/4)!5-!=5-<,=5/)!,-!85/084!=5A8!,B!#*' !

/08!98.X!;.N<8!I.-5B8=/!5-!.!=8D,-A.4)!98.X!5-!8.4N)!789/8I(842!!>5-.NN)6!/08!.--<.N!#** !

D)DN8!,B!&GG!0V.!T,-.N!5-A8W!5=!,;84N.5A!S5/0!/08!A.5N)!.;84.@8!S5!5-!>5@2!E!5-A5D./5-@!#*E!

/08!-8.4N)!984B8D/!5-;84=8!48N./5,-=059!(8/S88-!.@@48@./8!=5-<,=5/)!.-A!&GG!0V.!#*F!

T,-.N!S5-A!=988A=!Y/08)!.48!D,448N./8A!./!4!p!LG2F&G'Z2!#EG!

! R08!.--<.N!D)DN8!,B!=5-<,=5/)!B,4!/08!&!5-A5;5A<.N!5=,0)9=8=!/0./!D,I9,=8!/08!#E"!

.@@48@./8!.48!=0,S-6!.N,-@!S5/0!/08!.@@48@./86!5-!>5@2!F2!!R0848!5=!.!DN8.4!#E#!

A5D0,/,I,<=!=/4<D/<48!8W05(5/8A!.I,-@=/!/08=8!&!/5I8!=8458=2!!R08!&*'!AI!5=,0)9=8!#E$!

Y48AZ!8W05(5/=!/08!=I.NN8=/!.--<.N!D)DN8!5-!S.;5-8==!S5/0!8;5A8-D8!,B!/S,!=89.4./8!#E%!

98.X=6!/08!I,=/!94,I5-8-/!,-8!-8.4!C<@<=/!"!.-A!.!=8D,-A.4)!98.X!-8.4!I5A L#E&!

JD/,(842!R08!&'%!AI!5=,0)9=8!Y,4.-@8Z!5=!D0.4.D/845T8A!()!/08!=0.498=/!98.X!#E' !

YI.W5I5T5-@!5-!8.4N)!+<N)Z!(</!/08!/.5N=!,B!5/=!.--<.N!D)DN8!.48!-,/!=)II8/45D2!!R08!#E*!

=5-<,=5/)!5=!I<D0!N,S84!Y-8.4!"2$Z!B4,I!+.-<.4)!n"&!3.4D0!S0848.=!5/!984=5=/=!S8NN!#EE!

.(,;8!"2$!B4,I!I5A LJD/,(84!/,!/08!8-A!,B!H8D8I(842!!C!(4,.A!S.4I L=8.=,-!98.X!#EF!

.N=,!D0.4.D/845T8=!/08!&&#!AI!5=,0)9=8!Y(N<8Z!/0,<@0!5/!48.D08=!5/=!98.X!;.N<8!5-!#FG!

I5A L+<-82!!R08!S.4I!=8.=,-!5-D48.=8!5-!=5-<,=5/)!,B!/05=!=/48.IN5-8!.N=,!#F" !

A8I,-=/4./8=!.!A,<(N8!98.X!S5/0!/08!=8D,-A.4)!I.W5I<I!D8-/848A!.4,<-A!C<@<=/!#F#!

"2!#F$!



! "&!

! [/!I<=/!(8!-,/8A!/0./!/08!D.ND<N./5,-!,B!A.5N)!.;84.@8!=5-<,=5/)!B,4!#F%!

5-A5;5A<.N!5=,0)9=8=!5-DN<A8=!,-N)!/0,=8!A.)=!,-!S05D0!.!;.N<8!8W5=/=2!!R05=!I8/0,A!#F&!

8- =<48=!/0./!S08-8;84!/08!D,-/,<4!A,8=!-,/!8W5=/!,-!.!@5;8-!A.)6!5/=!.(=8-D8!A,8=!#F' !

-,/!A5N</8!/08!.;84.@8!;.N<8!,B!=5-<,=5/)!B,4!/08!D.N8-A.4!A.)2!!R05=!5=!.-!5I9,4/.-/!#F*!

U<.N5B5D./5,-!S08-!D,-=5A845-@!/08!A4.I./5D.NN)!A5BB848-/!.--<.N!D)DN8=!8W05(5/8A!()!#FE!

/08!&%G!Y@488-Z!.-A!&#E!AI!YI.@8-/.Z!5=,0)9=8=!Y>5@2!FZ2!!R08!.48.N!8W/8-/!,B!(,/0!#FF!

,B!/08=8!;.N<8=!,B!@8,9,/8-/5.N!085@0/!=045-X=!A4.I./5D.NN)!5-!/08!S.4I!=8.=,-2!![-!$GG!

B.D/6!B,4!.!-<I(84!,B!D.N8-A.4!A.)=!5-!N./8!+<N)6!I,48!/0.-!0.NB!,B!.NN!)8.4=!0.A!.!$G"!

N,S84!/4,9,=90848!S.4I!8-,<@0!/,!948DN<A8!/08!8W5=/8-D8!,B!/08!&#E!AI!5=,0)9=82!!$G#!

R0,<@0!/05=!5=!-,/!/08!D.=8!B,4!/08!&%G!AI!5=,0)9=8*6!5/!A5=9N.)=!.!=5I5N.4!.--<.N!$G$!

D)DN8!,B!=5-<,=5/)2!!M.48B<N!8W.I5-./5,-!,B!5/=!.--<.N!A5=/45(</5,-!=0,S=!/0./!S5/0!/08!$G%!

.994,.D0!,B!=<II846!/08!&%G!AI!5=,0)9=86!D0.4.D/845T8A!5-!S5-/84!.-A!=945-@!()!.!$G&!

(4,.A!9,N.4!D.9!S5/0!,DD.=5,-.N!D</,BB!]=./8NN5/8=^!./!N,S!N./5/<A86!5=!/4.-=B,4I8A!$G' !

5-/,!.!D,NN8D/5,-!,B!=I.NN6!5=,N./8A!D</,BB=2!!R08!A.5N)!-<I(84!,B!A5=/5-D/!&%G!AI!$G*!

D</,BB=!98.X=!5-!N./8!3.)k8.4N)!+<-82!!?5/0!D,-/5-<8A!S.4I5-@!,B!/08!08I5=908486!$GE!

/08!-<I(84!.-A!.48.N!8W/8-/!,B!/08!&%G!AI!D</,BB=!5=!48A<D8A!/04,<@0!+<N)!.NI,=/!/,!$GF!

/08!9,5-/!,B!8W/5-D/5,-2!!R08!48A<D/5,-!5-!/08!-<I(84!.-A!=5T8!,B!&%G!AI!B8./<48=6!$"G!

S05D0!A4.=/5D.NN)!=045-X=!/08!/,/.N!&%G!AI!9845I8/846!@48./N)!48A<D8=!/08!=5-<,=5/)!$"" !

,B!/0./!=/48.IN5-8!5-!+<N)2!$"# !

	
   c.	
  Relation	
  of	
  the	
  annual	
  cycle	
  in	
  S5	
  to	
  morphological	
  features	
  of	
  the	
  NH	
  $"$ !

circulation!$"%!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
* !+<N)!#&!5=!/08!D.N8-A.4!A.)!S5/0!/08!05@08=/!-<I(84!Y$Z!,B!I5==5-@!&%G!AI!
5=,0)9=8=2!![-!/08!8-/548!''L)8.4!/5I8!=8458=6!/0848!.48!.!/,/.N!,B!,-N)!#E!=<D0!A.)=!
B,4!&%G!AI!S0848.=!/0848!.48!"F$%!=<D0!A.)=!B,4!&#E!AI2!



! "' !

	
   !!M</L,BB!N,S=!YMJ`=Z!.48!DN,=8A!D)DN,-5D!D54D<N./5,-=!5-!/08!<9984!$"&!

/4,9,=90848!/0./!0 .;8!(8D,I8!A8/.D08A!B4,I6!.-A!,B/8-!=<(=8U<8-/N)!I5@4./8!$"' !

8U<./,4S.4A!,B6!/08!I.5-!S8=/84N58=!Yc5I8-,!8/!.N2!#GG*Z2!!M,-;84=8N)6!D</,BB!05@0=!$"* !

YMJd=Z!.48!DN,=8A!.-/5D)DN,-5D!D54D<N./5,-=!/0./!I5@4./8!9,N8S.4A6!,B/8-!.=!.!48=<N/!$"E!

,B!S.;8!(48.X5-@6!.-A!D.-!94,I ,/8!/08!A8;8N,9I8-/!,B!(N,DX8A!BN,S=2!!C=!A8=D45(8A!$"F !

948;5,<=N)6!,<4!D.ND<N./5,-!,B!=5-<,=5/)!/.X8=!8W9N5D5/!.DD,<-/!,B!/08!D,-/45(</5,-=!$#G!

B4,I!MJ`=!.=!S8NN!.=!MJd=2!!7<D0!B8./<48=!5-;.45.(N)!5-D48.=8!/08!=5-<,=5/)!,B!.!$#" !

@5;8-!@8,9,/8-/5.N!085@0/!D,-/,<4!/,!.!A8@488!A898-A8-/!,-!/08!.48.N!8W/8-/!.-A!$##!

N./5/<A8!,B!/08!D</,BB!.-A!=,!D,-/45(</8!/,!5-D48.=8=!5-!S5!.=!S8NN2!$#$!

! R08!=8.=,-.N!D)DN8!,B!.@@48@./8!=5-<,=5/)!5=!D,-=5=/8-/!S5/0!/08!05@084!$#%!

5-D5A8-D8!,B!I5AL/4,9,=90845D!MJ`=!/0./!D0.4.D/845T8=!/08!_,4/084-!d8I5=90848!$#&!

S.4I!=8.=,-!YV.4X84!8/!.N2!"FEF6!Q8NN!.-A!Q,=.4/!"FEF6!?84-N5!.-A!7948-@84!#GG*6!$#' !

_58/,!8/!.N2!#GGEZ2!![-!B.D/6!_58/,!8/!.N2!Y#GGEZ!B,<-A!/0./!%"j!,B!.NN!MJ`=!5A8-/5B58A!5-!$#* !

/08!_M1V!O8.-.N)=5=!A./.!B4,I!"F%EL#GG'!,DD<448A!5-!++C!S05N8!,-N)!"*j!,DD<448A!$#E!

5-!H+>2!!CAA5/5,-.NN)!/08)!B,<-A!/0./!/08!B48U<8-D)!,B!.</<I-!Y7J_Z!MJ`=!=N5@0/N)!$#F!

8WD88A=!/0./!,B!=945-@!Y=88!/0854!>5@2!"%Z2!!R05=!5=!D,-=5=/8-/!S5/0!/08!=8D,-A.4)!98.X!$$G!

5-!S5	
  /0./!.998.4=!5-!789/8I(84kJD/,(84!5-!/08!948=8-/!.-.N)=5=!Y=88!>5@2!'Z2!$$" !

! V.4X84!8/!.N2!Y"FEFZ!.N=,!D,-=5A848A!/08!A5=/45(</5,-!,B!&GG!0V.!DN,=8A!$$#!

.-/5D)DN,-8=!5-!/0854!$'!)8.4!DN5I./,N,@)2!!7<D0!B8./<48=!.48!=<(=/.-/5.NN)!N8==!$$$!

B48U<8-/!/0.-!MJ`=2!!R0,<@0!.-/5D)DN,-8=!-88A-\/!(8!DN,=8A!/,!0.;8!.!=<(=/.-/5.N!$$%!

5I9.D/!,-!=5-<,=5/)!Y82@2!05@0!.I9N5/<A86!,98-!45A@8=!@48./N)!5-D48.=8!S5Z6!/08)!B,<-A!$$&!



! "* !

/0./!/08=8!A5=/<4(.-D8=!.48!I,=/!B48U<8-/!,;84!/08!=<(/4,95D=!S5/0!05@08=/!$$' !

5-D5A8-D8!5-!/08!S.4I!=8.=,-2!!$$* !

! [-!,4A84!/,!U<.-/5B)!/08!D,-/45(</5,-!,B!D</,BB!5=,0)9=8=!/,!/08!.--<.N!D)DN8!,B!$$E!

7&6!MJ`=!.-A!MJd=!5-!8.D0!,B!/08!&!/048=0,NA!5=,0)9=8=!S848!,(h8D/5;8N)!5A8-/5B58A!$$F!

,;84!/08!8-/548!/5I8!=8458=2!!?8!/08-!48D.ND<N./8A!7&6!8WDN<A5-@!/08!5-BN<8-D8!,B!/08!$%G!

D</,BB=2!!75-D8!MJ`=!.48!=89.4./8A!B4,I!/08!(4,.A84!9,N.4!D.9!,B!085@0/=!(8N,S!.!$%"!

@5;8-!/048=0,NA!Y>5@2!"G.Z6!/08!.48.N!8W/8-/!,B!=<D0!B8./<48=!S.=!8WDN<A8A!B4,I!/08!$%#!

48D.ND<N./5,-!,B!8U<5;.N8-/!N./5/<A8!.-A!/08!D,-/,<4!N8-@/0!.4,<-A!/08I!S.=!$%$!

8WDN<A8A!B4,I!/08!48D.ND<N./5,-!,B!/08!/,/.N!D,-/,<4!N8-@/0E2!!!75-D8!.!MJd!5=!.NS.)=!$%%!

9,N8S.4A!,B!/08!=,</084-I,=/!8A@8!,B!/08!A5=/45(</5,-!,B!.!@5;8-!5=,0)9=8!Y>5@2!$%&!

"G(Z6!5/=!948=8-D8!D,-/45(</8=!-,/05-@!/,!/08!.48.!8-DN,=8A!()!/0./!5=,0)9=82!!$%'!

M,-=8U<8-/N)6!B,4!MJd=!-,!.Ah<=/I8-/!/,!8U<5;.N8-/!N./5/<A8!S.=!48U<548A!L!5-=/8.A6!$%*!

,-N)!/08!N8-@/0!.4,<-A!MJd=!S.=!8WDN<A8A!5-!/08!48D.ND<N./5,-!,B!7&2!!R08!.--<.N!$%E!

D)DN8!,B!/08!48D.ND<N./8A!7&!5=!=0,S-!.N,-@!S5/0!/08!.D/<.N!.--<.N!D)DN8!5-!>5@2!""2!!$%F!

R08!.-.N)=5=!A8I,-=/4./8=!/0./!/08!948=8-D8!,B!D</,BB=!5-!/08!S.4I!=8.=,-!94,A<D8=!$&G!

.!=<(=/.-/5.N!5-D48.=8!5-!=5-<,=5/)2!![-!B.D/6!<=5-@!/08!S5-/84/5I8!I5-5I<I!5-!$&"!

.;84.@8!7&!Y"2%"Z!.=!.!(.=8N5-86!D</,BB=!D,-/45(</8!n$"j!/,!S.;5-8==!./!/08!98.X!,B!$&#!

/08!S.4I!=8.=,-!Yn+<N)!"Z2F!!R05=!5-BN<8-D8!5=!D,-=5=/8-/!S5/0!/08!I<D0!05@084!$&$!

B48U<8-D)!,B!(,/0!=98D58=!,B!D</,BB=!A<45-@!/08!S.4I!=8.=,-2!!CAA5/5,-.NN)6!4,</5-8!$&%!

984<=.N!,B!&GG!0V.!I.9=!I.X8=!DN8.4!/0./!D</,BB=!-8.4N)!.NS.)=!A8;8N,9!S5/05-!$&&!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
E![-!.AA5/5,-6!.-)!5=,N./8A6!D,-/5-<,<=!958D8!,B!/08!.48.!8-DN,=8A!()!.!@5;8-!5=,0)9=8!
/0./!S.=!N8==!/0.-!'#j!,B!/08!/,/.N!.48.!8-DN,=8A!()!/0./!5=,0)9=8!,-!.!@5;8-!A.)!
S.=!D,-=5A848A!.!MJ`2!
F!R05=!5-BN<8-D8!S.=!D.ND<N./8A!.=!Y7&!e!7&!Sk,</!D</,BB=ZkY7&!e!"2%"Z!S05D06!B,4!98.X!
;.N<8=!-8.4!+<N)!"6!S.=!G2"&kG2%F2!



! "E!

BN,S=!D0.4.D/845T8A!()!8N8;./8A!;.N<8=!,B!948LD</,BB!S.;5-8==2!!R0<=6!/08!8;5A8-D8!$&' !

948=8-/8A!5-!>5@2!""!=<@@8=/=!/0./!/08!A8;8N,9I8-/!,B!D</,BB=!8-0.-D8=!/08!S.;5-8==!$&*!

,B!/08!.N48.A)!S.;584!BN,S!/0./!D0.4.D/845T8=!/08!S.4I!=8.=,-2!$&E!

! R08!D,5-D5A8-D8!,B!/08=8!;.45,<=!=)-,9/5DLDN5I./,N,@5D.N!B8./<48=!=<@@8=/=!$&F!

/08!B,NN,S5-@!8W9N.-./5,-!B,4!/08!=8.=,-.N!D)DN8!5-!=5-<,=5/)2!!C=!/08!I5-5I.NN)!S.;)!$'G !

S5-/84/5I8!D54D<I9,N.4!;,4/8W!=045-X=!S5/0!/08!D,I5-@!=945-@6!D</,BB!N,(8=!,B!N,S!$'" !

@8,9,/8-/5.N!085@0/!.48!,490.-8A!./!N,S!N./5/<A8=!S0848!5-D48.=5-@N)!5-/8-=8!$'# !

5-=,N./5,-!U<5DXN)!48N.W8=!/0854!.==,D5./8A!/4,9,=90845D!D,NA!.-,I.N58=!.-A!$'$ !

D,448=9,-A5-@!-8@./5;8!&GG!0V.!085@0/!.-,I.N58=2!!R08!S.4I!=8.=,-!I.W5I<I!5-!$'%!

MJ`=!.-A!MJd=!.DD,<-/=!B,4!.!=<(=/.-/5.N!9,4/5,-!,B!/08!=<II84/5I8!I.W5I<I!5-!$'& !

S5.!!R08!N./8!=<II84k8.4N)!.</<I-!948=8-D8!,B!/4,95D.N!D)DN,-8=6!.-A!/0854!$'' !

5-8;5/.(N8!48D<4;./<48!/,!I5AAN8LN./5/<A8=6!94,;5A8=!.!=8.=,-.NN)!<-5U<8!I8D0.-5=I!$'* !

B,4!/08!@4,S/0!,B!I5ALN./5/<A8!45A@8=!5-!/0./!=8.=,-!/0./!.DD,<-/=!B,4!/08!=8D,-A.4)!$'E !

.</<I-.N!98.X!5-!=5-<,=5/)!948;5,<=N)!-,/8A2!!>5-.NN)6!5/!5=!0)9,/08=5T8A!/0./!/08!$'F !

A8DN5-8!,B!=5-<,=5/)!5-!/08!.</<I-!/4.-=5/5,-!/,!S5-/84!5=!.!B<-D/5,-!,B!/08!.(=,49/5,-!$*G!

,B!D</,BB=!/0./!48=<N/=!B4,I!/08!8W9.-=5,-!,B!/08!D54D<I9,N.4!;,4/8W!.=!/08!$*" !

08I5=90848!D,,N=2!$*# !

9"#.,8+*88,(%#/%)#:(%+3*8,(%8#$*$ !

! H8=95/8!/08!B.D/!/0./!.!=<(=/.-/5.N!B4.D/5,-!,B!05@0L5I9.D/6!I5ALN./5/<A8!$*%!

S8./084!8;8-/=!.-A!48@5I8=!5=!.==,D5./8A!S5/0!N.4@8L.I9N5/<A8!9N.-8/.4)!S.;8=!$*&!

Y7D488-!.-A!75II,-A=!#G"%Z6!-,!9.4/5D<N.4!I8/45D!B,4!U<.-/5B)5-@!/08!S.;5-8==!,B!$*' !

/08!D54D<N./5,-!5=!S5A8N)!<=8A2!![-!/05=!9.984!S8!0.;8!5-/4,A<D8A!/08!D,-D89/!,B!$** !



! "F !

=5-<,=5/)!.=!.!-8S!/,,N!B,4!I8.=<45-@!S.;5-8==!.-A!.99N58A!5/!/,!.!=8/!,B!&GG!0V.!$*E!

@8,9,/8-/5.N!085@0/!D,-/,<4=!/0./!D,-/.5-!/08!I.W5I<I!S5-A!/04,<@0,</!/08!)8.42!!!$*F!

! C!=8.=,-.N5/)!5-!/08!=5-<,=5/)!,B!/08!BN,S!0.=!(88-!A8I,-=/4./8A6!S5/0!.!$EG!

I.W5I<I!5-!=<II84!.-A!I5-5I<I!5-!S5-/842!!R05=!B5-A5-@!5=!D,-=5=/8-/!S5/0!/08!$E"!

I8/45D!,B!05@0L.I9N5/<A8!S.;8!9.//84-=!5-/4,A<D8A!()!>4.-D5=!.-A!:.;4<=!Y#G"&Z6!$E#!

S05D0!8W05(5/=!.!=5I5N.4!.--<.N!D)DN8!/,!/0./!,B!7&2!!!R0,<@0!D,-D89/<.N!=5I5N.45/58=!$E$!

8W5=/!(8/S88-!=5-<,=5/)!.-A!;.45,<=!,/084!I8/45D=!,B!S.;5-8==6!/0854!48=98D/5;8!$E%!

D0.4.D/845T./5,-=!,B!/08!-./<48!,B!/08!I5ALN./5/<A8!BN,S!.48!-,/!.NS.)=!D,-@4<8-/2!!$E&!

>,4!5-=/.-D86!/0,<@0!`?C6!N5X8!=5-<,=5/)6!5=!5-;84=8N)!D,448N./8A!S5/0!T,-.N!S5-A!$E' !

=988A6!5/!8W05(5/=!.!I.W5I<I!A<45-@!S5-/84!S05N8!8BB8D/5;8!A5BB<=5;5/)6!N5X8!=5-<,=5/)6!$E*!

5=!N.4@8=/!A<45-@!=<II842!$EE!

! [/!0.=!.N=,!(88-!A8I,-=/4./8A!/0./!.!S8.X8-5-@!,B!/08!I5A L/4,9,=90845D!$EF!

T,-.N!S5-A!5=!,B/8-!.==,D5./8A!S5/0!.-!5-D48.=8!5-!=5-<,=5/)2!!!CAA5/5,-.NN)6!.!=/4,-@!$FG!

-8@./5;8!D,448N./5,-!8W5=/=!(8/S88-!/08!,(=84;8A!A.5N)!=5-<,=5/)!.-A!/08!A.5N)!C4D/5D!$F" !

J=D5NN./5,-!YCJZ!5-A8W!5-!/08!D,NA!=8.=,-2!!><4/0846!/08!S5-/84!YH+>Z!.;84.@8!$F#!

=5-<,=5/)!5=!=0,S-!/,!(8!05@0N)!D,448N./8A!S5/0!/08!=8.=,-.N!.;84.@8!CJ!.-A!/08!$F$!

T,-.N!5-A8W!Yf[Z6!=<@@8=/5-@!/0./!/08!90)=5D.N!I8D0.-5=I=!/0./!48A<D8!Y5-D48.=8Z!/08!$F%!

9, N8S.4A!085@0/!@4.A58-/!.-A!D,448=9,-A5-@N)!S8.X8-!Y=/48-@/08-Z!/08!I5AL$F&!

N./5/<A8!S8=/84N58=6!I.)!.N=,!B,=/84!5-D48.=8A!Y48A<D8AZ!S.;5-8==2!$F' !

! ?8!0.;8!D.ND<N./8A!=5-<,=5/)!(.=8A!,-!&GG!0V.!085@0/!D,-/,<4=!5-!/05=!=/<A)!$F*!

.=!.!I8.-=!,B!D0.4.D/845T5-@!/08!S.;5-8==!,B!/08!(4,.A6!I5AAN8!/4,9,=90845D!BN,S2!!$FE!

C-!8W/8-=5,-!,B!/08!I8/0,A!,</N5-8A!08486!/0./!S,<NA!I,48!=98D5B5D.NN)!.==8==!/08!$FF!



! #G!

S.;5-8==!,B!/08!/4,9,9.<=8 LN8;8N!h8/!=/48.I6!S,<NA!(8!/,!D.ND<N./8!/08!=5-<,=5/)!,B!%GG!

D,-/,<4=!,B!D,-=/.-/!9,/8-/5.N!;,4/5D5/)!YV:Z!Y48B8448A!/,!.=!isertels!()!3,4@.-!.-A!%G"!

_58N=8-Lc.II,-!"FFEZ2!!75-D8!/08!/4,9,9.<=8 LN8;8N!h8/!5=!D,5-D5A8-/!S5/0!=/4,-@!%G#!

@4.A58-/=!5-!V:!.-A!5=!B,<-A!,-!/08!N,S!V:!8A@8!,B!=<D0!.!@4.A58-/6!D.ND<N./5,-!,B!/08!%G$!

=5-<,=5/)!,B6!B,4!5-=/.-D86!/08!#!V:K!5=84/8N!S,<NA!48-A84!.!DN8.4!95D/<48!,B!/08!%G%!

S.;5-8==!,B!/08!/4,9,9.<=8 LN8;8N!h8/!=/48.I!5/=8NB2!!M,I9N5D./5-@!I.//84=!5=!/08!B.D/!%G&!

/0./!/S,!A5=/5-D/!=98D58=!,B!/4,9,9.<=8LN8;8N!h8/=6!/08!9,N.4!.-A!=<(/4,95D.N!h8/6!.48!%G'!

948=8-/!/04,<@0!I<D0!,B!/08!)8.42!![=,N./5,-!,B!,-8!B4,I!/08!,/084!D.-!(8!%G*!

.DD,I9N5=08A!/04,<@0!D,-=5A84./5,-!,B!/08!5=84/8N=!5-!=89.4./8!5=8-/4,95D!N.)84=!/0./!%GE!

D,-/.5-!/08!=89.4./8!h8/=2!!?8!9N.-!/,!9<4=<8!/05=!5==<8!5-!B</<48!S,4X2!%GF!

! O8D8-/!=/<A58=!()!>4.-D5=!.-A!:.;4<=!Y#G"#6!#G"&Z6!Q.4-8=!Y#G"$Z6!.-A!%"G!

7D488-!.-A!75II,-A=!Y#G"$Z!0.;8!8W.I5-8A!/08!U<8=/5,-!,B!S08/084!C4D/5D!%""!

.I9N5B5D./5,-!0.=!D.<=8A!9N.-8/.4)L=D.N8!S.;8=!/,!(8D,I8!S.;584!.-A!N8==!%"#!

94,@48==5;8!48=<N/5-@!5-!I,48!B48U<8-/!(N,DX5-@!.-A!.==,D5./8A!984=5=/8-/!S8./084!%"$!

48@5I8=2!!R08!U<8=/5,-!48I.5-=!.-!,98-!,-8!./!948=8-/2!!M,-/5-<8A!48B5-8I8-/!,B!/08!%"%!

=5-<,=5/)!I8/45D!5-/4,A<D8A!0848!94,I5=8=!/,!8-N5@0/8-!/0./!A8(./8!.=!S8NN!.=!,/084!%"&!

U<8=/5,-=!48@.4A5-@!/08!D,I9N8W5,-!,B!/08!I5AAN8L/4,9,=90845D!BN,S!5-!.!D0.-@5-@!%"' !

DN5I./82!!R,!/0./!8-A6!S8!.48!D<448-/N)!8W9N,45-@!/08!-./<48!,B!/08!48=9,-=8!5-!%"*!

=5-<,=5/)!/,!.!;.458/)!,B!DN5I./8!D0.-@8!=D8-.45,=!<=5-@!,</9</!B4,I!/08!M3[V&!=<5/8!%"E!

,B!I,A8N=!.-A!/.4@8/8A!I,A8N5-@!8W9845I8-/=2!%"F!

AcknowledgementsP!R05=!S,4X!S.=!=<99,4/8A!()!/08!_./5,-.N!7D58-D8!>,<-A./5,-!%#G!

<-A84!.!-< I(84!,B!@4.-/=2!!+2!3.4/5-!S.=!=<99,4/8A!_7>!c4.-/!CR3L"#'&"E#2!!72!%#"!



! #" !

:.;4<=!.-A!>2!?.-@!S848!=<99,4/8A!()!_7>!c4.-/!COM77L"$G%$FE!.-A!+2!>4.-D5=!%##!

S.=!=<99,4/8A!()!_7>!c4.-/!COM77L"$G%GF*2 %#$!

%#%!



! ##!

!%#%!

7;<;7;=:;> #%#&!

!%#'!

C-@8NN6!+2!i26!"FFEP!M,-/4.D/5,-!,B!/08!$GG!I(.4!-,4/0!D54D<I9,N.4!;,4/8W!A<45-@!%#*!

! "F'$ L"FF*!.-A!5/=!I,;8I8-/!5-/,!/08!1.=/84-!d8I5=908482! J.	
  Geophys.	
  Res26!%#E!

! !?6 6!#&EE*L#&EF$2!%#F!

C<=/5-6!+2!>26!"FEGP!R08!(N,DX5-@!,B!I5AAN8!N./5/<A8!S8=/84N)!S5-A=!()!9N.-8/.4)!%$G!

! S.;8=2!Quart.	
  J.	
  Roy.	
  Meteor.	
  Soc26!!?@6!$#*L$&G2!%$"!

C4D0846!M2!`26!.-A!i2!M.NA854.6!#GGEP!d5=/,45D.N!/48-A=!5-!/08!h8/!=/48.I=2!Geophys.	
  Res.	
  %$#!

	
   Lett26!6A6!`GEEG$6!A,5P"G2"G#Fk#GGEc`G$$'"%2!%$$!

Q.4-8=6!12!C26!12!H<--L75@,<5-6!c2!3.=./,6!.-A!R2!?,,NN5-@=6!#G"%P!1W9N,45-@!48D8-/!%$%!

! /48-A=!5-!_,4/084-!d8I5=90848!(N,DX5-@2!Geophys.	
  Res.	
  Lett26!9! 6!%$&!

! A,5P"G2"GG#k#G"$c`G&E*%&2!%$'!

Q.4-8=6!12!C26!#G"$P!O8;5=5/5-@!/08!8;5A8-D8!N5-X5-@!C4D/5D!.I9N5B5D./5,-!/,!8W/48I8!%$*!

! S8./084!5-!I5AN./5/<A8=2!Geophys.	
  Res.	
  Lett26!9?6!"L'6!%$E!

! A,5P"Gk"GG#kcO`2&GEEG2!%$F!

Q8NN6!c2!H26!.-A!`2!>2!Q,=.4/6!"FEFP!C!"&L)8.4!DN5I./,N,@)!,B!_,4/084-!d8I5=90848!%%G!

! &GG!I(!DN,=8A!D)DN,-8!.-A!.-/5D)DN,-8!D8-/84=2!Mon.	
  Wea.	
  Rev26!!!B 6!#"%"L%%"!

! #"'$2 !%%#!

Q8T8.<6!V26!32!70.496!.-A!c2!c.=D,-6!#G"%P!:.45.(5N5/)!5-!=<II84!.-/5D)DN,-5D!%%$!

! D54D<N./5,-!,;84!/08!M.-.A5.-!C4D/5D!C4D0598N.@,!.-A!S8=/!c488-N.-A!5-!/08!%%%!



! #$!

! N./8!#G/0k8.4N)!#"=/!D8-/<458=!.-A!5/=!8BB8D/!,-!@N.D584!I.==!(.N.-D82!Int.	
  J.	
  of	
  %%&!

	
   Clim26!A,5P"G2"GG#kh,D2%GGG2!%%'!

Q<4-8//6!C2!?26!"FF$P!75T8!;.45./5,-=!.-A!N,-@LS.;8!D54D<N./5,-!S5/05-!/08!+.-<.4)!%%*!

! _,4/084-!d8I5=90848!D54D<I9,N.4!;,4/8WP!"F%'LEF2!J.	
  Climate6!@6!"F"%L"F#G2!%%E!

M08-6!c26!+2!`<6!C2!Q<44,S=6!.-A!`2!O2!`8<-@6!#G"&P!`,D.N!B5-5/8L.I9N5/<A8!S.;8!%%F!

! .D/5;5/)!.=!.-!,(h8D/5;8!A5.@-,=/5D!,B!I5AN./5/<A8!8W/48I8!S8./084,	
  Geophys.	
  %&G!

	
   Res.	
  Lett.,	
  9- ,	
  "G6F&#–"G6F'G2!%&"!

H.;5-56!V26!M2!M.@-.TT,6!.-A!+2!C2!C-=/8)6!#G"%P!C!(N,DX5-@!;58S!,B!/08!=/4./,=90848L%&#!

! /4,9,=90848!D,<9N5-@2!J.	
  Geophys.	
  Res26!!!CD!CE6!"""GGL""""&2 !%&$!

H.;5-56!R2!H26!#G"$P!C/I,=90845D!(N,DX5-@!.-A!I5ALN./5/<A8!DN5I./8!;.45.(5N5/)2!V02!H2!%&%!

! A5==84/./5,-6!Programme	
  in	
  Science	
  and	
  Management	
  of	
  Climate	
  Change6!%&&!

! K-5;84=5/)!,B!>,=D.456![/.N)2!%&'!

H.;5=6!O2!126!.-A!72!O2!Q8-X,;5D6!"FF#P!MN5I./,N,@5D.N!;.45./5,-=!5-!/08!_,4/084-!%&*!

! d8I5=90848!D54D<I9,N.4!;,4/8W!5-!+.-<.4)2!Theoretical	
  and	
  Applied	
  %&E!

	
   Climatology6!9@6!'$L*$2!%&F!

H,N86!O2!326!.-A!_2!H2!c,4A,-6!"FE$P!V84=5=/8-/!.-,I.N58=!,B!/08!8W/4./4,95D.N!%'G!

! _,4/084-!d8I5=90848!S5-/84/5I8!D54D<N./5,-P!c8,@4.905D.N!A5=/45(</5,-!.-A!%'" !

! 48@5,-.N!984=5=/8-D8!D0.4.D/845=/5D=2!Mon.	
  Wea.	
  Rev26!!!! 6!"&'* L"&E'2!%'#!

1@@846!+26!"F*EP!H)-.I5D=!,B!(N,DX5-@!05@0=2!J.	
  Atmos.	
  Sci26!6A6!"*EEL"EG"2!%'$!



! #%!

1NN5,/6!O2!H26!.-A!R2!Q2!7I5/06!"F%FP!C!=/<A)!,B!/08!8BB8D/!,B!N.4@8!(N,DX5-@!05@0=!,-!/08!%'%!

! @8-84.N!D54D<N./5,-!5-!/08!-,4/084-!08I5=90848!S8=/84N58=2!J.	
  Meteor26!@6!'*L%'&!

! E&2!%'' !

>4.-D5=6!+2!C26!.-A!72!+2!:.;4<=6!#G"#P!1;5A8-D8!N5-X5-@!C4D/5D!.I9N5B5D./5,-!/,!8W/48I8!%'* !

! S8./084!5-!I5ALN./5/<A8=2!Geophys.	
  Res.	
  Lett26!6CD@E6!`G'EG"6!%'E!

! A,5P"Gk"G#Fk#G"#c`G&"GGG2!%'F!

qqqqq6!.-A!qqqqq6!#G"&P!1;5A8-D8!B,4!.!S.;584!h8/!=/48.I!5-!48=9,-=8!/,!4.95A!.4D/5D!%*G!

! S.4I5-@2!Environ.	
  Res.	
  Lett26!!? 6!G"%GG&6!A,5P"G2"GEEk"*%EL%*"!

! F$#'k"Gk"kG"%GG&2!%*#!

>4.<8-B8NA6!J2!?26!.-A!O2!12!H.;5=6!#GG$P!_,4/084-!d8I5=90848!D54D<I9,N.4!;,4/8W!%*$!

! /48-A=!.-A!DN5I./8!D0.-@8!5I9N5D./5,-=2!J.	
  Geophys.	
  Res26!!?F 6!%%#$L!!%*%!

! A,5P"G2"G#Fk#GG#k+HGG#F&E2!%*&!

c5I8-,6!`26!O2!32!R458@,6!V2!O5(84.6!.-A!+2!C2!c.4D5.6!#GG*P!1A5/,45.NP!798D5.N!5==<8!,-!%*' !

! D</L,BB!N,S!=)=/8I=!YMJ`Z2!Meteorol.	
  Atmos.	
  Phys26!C@6!"L#6!%**!

! A,5P"G2"GG*k=GG*G$LGG'LG#"' L&2!%*E!

d.)-8=6!V26!.-A!12!70<DX(<4@06!#GGG.P!1BB8D/5;8!A5BB<=5;5/)!.=!.!A5.@-,=/5D!,B!%*F!

! ./I,=90845D!/4.-=9,4/P!"2!7/4./,=908482!J.	
  Geophys.	
  Res26!!?A 6!##***L##*F%2!!%EG!

qqqqq6!.-A!qqqqq6!#GGG(P!1BB8D/5;8!A5BB<=5;5/)!.=!.!A5.@-,=/5D!,B!./I,=90845D!/4.-=9,4/P!%E"!

! #2!R4,9,=90848!.-A!N,S84!=/4./,=908482!J.	
  Geophys.	
  Res26!!?A 6!##*F&L##E"G2!%E#!

d<.-@6!M2!72!r26!.-A!_2!_.X.I<4.6!#G"'P!`,D.N!B5-5/8L.I9N5/<A8!S.;8!.D/5;5/)!.=!.!%E$!

! A5.@-,=/5D!,B!.-,I.N,<=!S8./084!8;8-/=2!J.	
  Atmos.	
  Sci26!B66!#""L##F2!%E%!



! #&!

i.N-.)6!12!8/!.N26!"FF'P!R08!_M1Vk_MCO!%GL)8.4!48.-.N)=5=!94,h8D/2!Bull.	
  Amer.	
  %E&!

	
   Meteor.	
  Soc.6!BB6!%$*L%*"2!%E'!

`8h8-a=6!d26!.-A!d2!b.XN.-A6!"FE$P!M0.4.D/845=/5D=!,B!-,4/084-!08I5=90848!(N,DX5-@!%E*!

! .=!A8/84I5-8A!B4,I!N,-@!/5I8!=8458=!,B!,(=84;./5,-.N!A./.2!Tellus6!6AG6!$&GL%EE!

! $'#2!%EF!

`8,9,NA2!`2!Q26!32!c2!?,NI.-6!.-A!+2!35NN846!"F'%P!Fluvial	
  processes	
  in	
  geomorphology2!%FG!

! ?2!d2!>488I.-!s!M,26!7.-!>4.-D5=D,6!&##!92!%F"!

`<9,6!C2!O26!.-A!V2!+2!7I5/06!"FF&P!MN5I./,N,@5D.N!B8./<48=!,B!(N,DX5-@!.-/5D)DN,-8=!5-!%F#!

! /08!_,4/084-!d8I5=908482!Tellus6!9BG6!%$FL%&'2!%F$!

3.4X0.I6!M2!c26!"FE&P!C!U<5DX!.-A!A548D/!I8/0,A!B,4!8=/5I./5-@!I8.-!I,-/0N)!%F%!

! @N,(.N!/8I984./<48=!B4,I!&GG!I(!A./.2!Professional	
  Geographer6!6B6!*#L*%2!%F&!

3.4/5-6!+2!126!#G"&P!M,-/4.D/5,-!,B!/08!_,4/084-!d8I5=908486!N,S84!/4,9,=90845D6!%F'!

! S5-/84/5I8!D,NA!9,,N!,;84!/08!N.=/!''!)8.4=2!J.	
  Climate6!-F 6!$*'%L$**E2!%F*!

3.=./,6!c26!Q2!+2!d,=X5-=6!.-A!R2!+2!?,,NN5-@=6!#G"$P!?5-/84!.-A!=<II84!_,4/084-!%FE!

! d8I5=90848!(N,DX5-@!5-!M3[V&!I,A8N=2!J.	
  Climate6!-@6!*G%%L*G&F2!%FF!

3,4@.-6!32!M26!.-A!+2!?2!_58N=8-Lc.II,-6!"FFEP!K=5-@!/4,9,9.<=8!I.9=!/,!A5.@-,=8!&GG!

! I5AN./5/<A8!S8./084!=)=/8I=2!Mon.	
  Wea.	
  Rev26!!-@ 6!#&&&L#&*F2!&G"!

_.X.I<4.6!_26!"FF'P!RS, LA5I8-=5,-.N!I5W5-@6!8A@8!B,4I./5,-6!.-A!984I8.(5N5/)!&G#!

! A5.@-,=8A!5-!.-!.48.!D,,4A5-./82!J.	
  Atmos.	
  Sci26!A66!"&#%L"&$*2!&G$!



! #' !

qqqqq6!.-A!H2!f0<6!#G"GP!>5-5/8L.I9N5/<A8!S.;8!.D/5;5/)!.-A!A5BB<=5;8!BN<W!,B!&G%!

! 9,/8-/5.N!;,4/5D5/)!5-!8AA)LI8.-!BN,S!5-/84.D/5,- .	
  	
  J.	
  Atmos.	
  Sci26!@B6!#*G"L&G&!

! #*"'2 !&G'!

qqqqq6!.-A!C2!7,N,I,-6!#G"GP!>5-5/8L.I9N5/<A8!S.;8!.D/5;5/)!.-A!I8.-!BN,S!&G*!

! .Ah<=/I8-/=!5-!/08!./I,=90845D!@8-84.N!D54D<N./5,-2!V.4/![P!l<.=5@8,=/4,905D!&GE!

! /08,4)!.-A!.-.N)=5=2!J.	
  Atmos.	
  Sci26!@B6!$F'*L$FE$2!&GF!

qqqqq6!.-A!qqqqq6!#G""P!>5-5/8L.I9N5/<A8!S.;8!.D/5;5/)!.-A!I 8.-!BN,S!.Ah<=/I8-/=!5-!&"G!

! /08!./I,=90845D!@8-84.N!D54D<N./5,-2!V.4/![[P!C-.N)=5=!5-!/08!5=8-/4,95D!&"" !

! D,,4A5-./82!J.	
  Atmos.	
  Sci26!@F6!#*E$L#*FF2!&"#!

_.I5.=6!+26!"F&GP!R08!5-A8W!D)DN8!.-A!5/=!4,N8!5-!/08!@8-84.N!D54D<N./5,-2!J.	
  Meteor26!B6!&"$!

! "$GL"$F2!&"%!

qqqqq6!"F%*.P!V0)=5D.N!-./<48!,B!=,I8!BN<D/<./5,-=!5-!/08!=988A!,B!/08!T,-.N!&"&!

! D54D<N./5,-2!J.	
  Meteor26!96!"#&L"$$2!&"' !

qqqqq6!"F%*(P!M0.4.D/845=/5D=!,B!/08!@8-84.N!D54D<N./5,-!,;84!/08!-,4/084-!&"* !

! 08I5=90848!A<45-@!/08!.(-,4I.N!S5-/84!,B!"F%'L%*2!Mon.	
  Wea.	
  Rev26!BA6!"%&L&"E!

! "&#2!&"F!

_58/,6!O26!32!7948-@846!d2!?84-N56!O2!32!R458@,6!.-A!`2!c5I8-,6!#GGEP![A8-/5B5D./5,-!&#G!

! .-A!DN5I./,N,@)!,B!D</L,BB!N,S=!-8.4!/08!/4,9,9.<=82!Trends	
  and	
  Directions	
  in	
  &#"!

	
   Climate	
  Research:!C--2!_2!r2!CD.A2!7D52!""%'P!#&'L#FG6!&##!

! A,5P"G""F'k.--.N=2"%%'2G"'2!&#$!



! #* !

V.4X846!72!726!+2!R2!d.S8=6!72!+2!M,N<DD56!.-A!Q2!V2!d.)A8-6!"FEFP!MN5I./,N,@)!,B!&GG!I(!&#%!

! D)DN,-8=!.-A!.-/5D)DN,-8=6!"F&GLE&2!Mon.	
  Wea.	
  Rev26!!!B 6!&&EL&*G2!&#&!

V8NN)6!+26!.-A!Q2!+2!d,=X5-=6!#GG$P!C!-8S!984=98D/5;8!,-!(N,DX5-@2!J.	
  Atmos.	
  Sci26!@?6!&#' !

! *%$L*&&2!&#*!

O8W6!H2!>26!"F&G.P!QN,DX5-@!.D/5,-!5-!/08!I5AAN8!/4,9,=90848!.-A!5/=!8BB8D/!<9,-!&#E!

! 48@5,-.N!DN5I./82!V.4/![P!C-!.84,N,@5D.N!=/<A)!,B!(N,DX5-@!.D/5,-2!Tellus6!- 6!"F'L&#F!

! #""2!&$G!

qqqqq6!"F&G(P!QN,DX5-@!.D/5,-!5-!/08!I5AAN8!/4,9,=90848!.-A!5/=!8BB8D/!<9,-!&$"!

! 48@5,-.N!DN5I./82!V.4/![[P!R08!DN5I./,N,@)!,B!(N,DX5-@!.D/5,-2!Tellus6!- 6!#*&L&$#!

! $G"2!&$$!

O,0N56!O2!:26!i2!32!?4,-.6!.-A!32!+2!3Dd<@06!#GG&P!+.-<.4)!-,4/084-!08I5=90848!&$%!

! D54D<I9,N.4!;,4/8W!;.45.(5N5/)!.-A!5/=!48N./5,-=059!S5/0!08I5=90845D!&$&!

! /8I984./<48!.-A!48@5,-.N!/8N8D,--8D/5,-=2!Int.	
  J.	
  Climatol26!-A 6!"%#"L"%$'2!&$' !

O,==()6!M2Lc26!.-A!D,NN.(,4./,4=6!"F$FP!O8N./5,-=!(8/S88-!;.45./5,-=!5-!/08!5-/8-=5/)!&$*!

! ,B!/08!T,-.N!D54D<N./5,-!,B!/08!./I,=90848!.-A!/08!A5=9N.D8I8-/=!,B!/08!=8I5L&$E!

! 984I.-8-/!D8-/84=!,B!.D/5,-2!J.	
  Marine	
  Res26!- 6!$EL&%2!&$F!

7D0S584T6!M26!32!M4,D5L3.=9,N56!.-A!d2!M2!H.;58=6!#GG%P!V84=95D.D5,<=!5-A5D./,4=!,B!&%G!

! ./I,=90845D!(N,DX5-@2!Geophys.	
  Res.	
  Lett26!6! 6!`G'"#&6!&%"!

! A,5P"G2"G#Fk#GG$c`G"F$%"2!&%#!



! #E!

7D488-6!+2!C26!.-A![2!75II,-A=6!#G"$P!1W9N,45-@!N5-X=!(8/S88-!C4D/5D!.I9N5B5D./5,-!&%$!

! .-A!I 5ALN./5/<A8!S8./0842!Geophys.	
  Res.	
  Lett26!9?6!"L'6!&%%!

! A,5P"G2"GG#kcO`2&G"*%2!&%&!

qqqqq6!.-A!qqqqq6!#G"%P!CI9N5B58A!I5ALN./5/<A8!9N.-8/.4)!S.;8=!B.;,<4!9.4/5D<N.4!&%'!

! 48@5,-.N!S8./084!8W/48I8=2!Nat.	
  Clim.	
  Change6!96!*G%L*GF2!&%*!

70.((.46!C26!+2!d<.-@6!.-A!i2!d5@<D056!#GG"P!R08!48N./5,-=059!(8/S88-!/08!S5-/84/5I8!&%E!

! _,4/0!C/N.-/5D!J=D5NN./5,-!.-A!(N,DX5-@!895=,A8=!5-!/08!_,4/0!C/N.-/5D2!Int.	
  J.	
  &%F!

	
   Climatol26!-! 6!$&&L$'F2!&&G!

?84-N56!d26!.-A!32!7948-@846!#GG*P![A8-/5B5D./5,-!.-A!1OCL"&!DN5I./,N,@)!,B!&&"!

! 9,/8-/5.N!;,4/5D5/)!=/48.I84=!.-A!D</,BB=!-8.4!/08!8W/4./4,95D.N!/4,9,9.<=8.	
  J.	
  &&#!

	
   Atmos.	
  Sci.6!@96!"&'FL"&E'2!&&$!

?8WN846!d26!"F%EP!C!-,/8!,-!/08!48D,4A!N,S!/8I984./<48!5-!/08!r<X,-!R8445/,4)!&&%!

! +.-<.4) L>8(4<.4)!"F%*2!Bull.	
  Amer.	
  Meteor.	
  Soc26!-C6!&%*L&&G2!&&&!

?05/86!?2!Q26!.-A!_2!12!MN.4X6!"F*&P!J-!/08!A8;8N,9I8-/!,B!(N,DX5-@!45A@8!.D/5;5/)!&&' !

! ,;84!/08!D8-/4.N!_,4/0!V.D5B5D2!J.	
  Atmos.	
  Sci26!6- 6!%EFL&G#2!&&*!

?5NN8//6!d2!M26!"F%EP!V.//84=-!,B!S,4NA!S8./084!D0.-@8=2!Trans.	
  Amer.	
  Geophys.	
  Union6!&&E!

! -C6!EG$LEGF2!&&F!

?5-/84=6!i2!Q26!.-A!12!C2!H\C=.4,6!"FF'P!H5.=D<N.4!BN<W!.-A!/08!4./8!,B!BN<5A!I5W5-@2!J.	
  &'G!

	
   Fluid.	
  Mech26!6!B 6!"*FL"F$2!&'" !



! #F!

?,,NN5-@=6!R26!+2!c2!V5-/,6!.-A!+2!C2!7.-/,=6!#G""P!H)-.I5D.N!8;,N</5,-!,B!-,4/0!C/N.-/5D!&'# !

! 45A@8=!.-A!9,N8S.4A!h8/!=/48.I!A5=9N.D8I8-/=2!J.	
  Atmos.	
  Sci26!@F6!F&%LF'$2!&'$ !

?4,-.6!i2!326!.-A! O2!:2!O,0N56!#GG*P!78.=,-.N5/)!,B!/08!-,4/084-!08I5=90848!&'%!

! D54D<I9,N.4!;,4/8W2!Int.	
  J.	
  Climatol26!-B 6!'F*L*"$2!&'& !

&'' !



! $G!

!&'' !

GHH1%),I#&'* !

! M54D<N.45/)!4./5,!YRCZ!5=!A8B5-8A!.=! 6!S0848!A!5=!/08!.48.!8-DN,=8A!()!&'E !

.!@5;8-!5=,0)9=86!.-A!EQA!5=!/08!.48.!,B!/08!D54DN8!S5/0!/08!=.I8!9845I8/84!.=!/08!&'F !

5=,0)9=82!&*G!

! 75-<,=5/)!YSZ!5=!A8B5-8A!.= 6!S0848!L!5=!/08!N8-@/0!,B!/08!@5;8-!&*" !

5=,0)9=86!.-A!EQL!5=!/08!D54D<IB848-D8!,B!/08!D54DN8!/0./!8-DN,=8=!/08!=.I8!.48.!.=!&*#!

/08!5=,0)9=82!&*$!

! 1W948==5,-=!B,4!(,/0!,B!/08!X-,S-!U<.-/5/58=!YA!.-A! L6!S05D0!.48!D.ND<N./8A!&*%!

B4,I!A./.Z!5-!/84I=!,B!,/084!48N8;.-/!;.45.(N8=!D.-!(8!B,4I<N./8A2!!>,4!5-=/.-D86!&*&!

! ! ! ! !

€ 

L = 2πRe cosφp!!&*' !

S0848!

€ 

φp !5=!/08!N./5/<A8!./!S05D0!/08!D54D<IB848-D8!,B!.!D54DN8!.4,<-A!/08!9,N8!&** !

8U<.N=!/08!N8-@/0!,B!/08!@5;8-!5=,0)9=82!!R0<=6!/08!;.45.(N8!EQA!5=!@5;8-!()!&*E!

! ! ! !

! 

EQA= 2" Re
2[1# sin$p]!&*F!

.-A!/08!.D/<.N!.48.!8-DN,=8A!()!/08!5=,0)9=8!5=!@5;8-!()!&EG!

! ! ! !

! 

A = 2" Re
2[1# sin$e ]6!!&E"!

S0848!

€ 

φe !5=!/08!8U<5;.N8-/!N./5/<A8!A845;8A!B4,I!/08!5-5/5.N!D.ND<N./5,-!,B!/08!.48.!&E#!

8-DN,=8A!()!/08!5=,0)9=82!&E$!

! M,-=8U<8-/N)6!D54D<N.45/)!4./5,!D.-!(8!48S45//8-!.=!&E%!



! $" !

! ! !

! 

C =
A

EQA
=

2" Re
2[1# sin$e]

2" Re
2[1# sin$p]

=
[1# sin$e]
[1# sin$p]

2! ! YC"Z!&E&!

!&E' !

! 75-<,=5/)!D.-!.N=,!(8!48S45//8-!5-!/84I=!,B!/08=8!/S,!A5BB848-/!N./5/<A8=!.=!&E*!

! ! !

€ 

S=
L

EQL
=

2πRe cosφp

2πRe cosφe

=
cosφp

cosφe

! ! ! YC#Z!&EE!

=5-D8!

€ 

EQL = 2πRe cosφe!()!A8B5-5/5,-2!!R0<=6!/08!48N./5,-=059!(8/S88-!RC!.-A! S!5=!&EF!

! ! ! ! !&FG!

! ! ! !

€ 

S2Rc =
1+ sinφp

1+ sinφe

2! ! ! ! YC$Z!&F"!

! V,4/4.)5-@!=5-<,=5/)!.=!.!B<-D/5,-!,B!N./5/<A8!48U<548=!/4.-=N./5,-!,B!/08!&F#!

I8/45D!B4,I!085@0/!D,,4A5-./8=!/,!N./5/<A8!D,,4A5-./8=2!!R05=!/4.-=N./5,-!5=!&F$!

.DD,I9N5=08A!5-!/0488!=/89=2!!>54=/6!,-8!B54=/!D.ND<N./8=!A.5N)!.;84.@8!7[_!B,4!.!=8458=!&F%!

,B!5-A5;5A<.N!@8,9,/8-/5.N!085@0/!YfZ!D,-/,<4=!B4,I!%'GGI!/,!'GGGI!./!"GI!&F&!

5-/84;.N=!8=/.(N5=05-@!7[_!.=!.!B<-D/5,-!,B!f!B,4!8.D0!A.)!,B!/08!''!)8.4!_M1V!&F' !

O8.-.N)=5=!/5I8!=8458=2!!_8W/6!/08!A.5N)!.;84.@8!@8,9,/8-/5.N!085@0/!./!8.D0!N./5/<A8!&F*!

YB4,I!#Gg_!/,!FGg_Z!B,4!8.D0!A.)!5=!D.ND<N./8A2!!R08-!/08!A.5N)!7[_!B,4!.!@5;8-!f!D.-!&FE!

(8!.==5@-8A!/,!.!9.4/5D<N.4!N./5/<A82!!>5-.NN)!/08!'' L)8.4!.;84.@8!7[_!Y./!8.D0!&FF!

N./5/<A8Z!5=!D.ND<N./8A2!!R08!48=<N/=!,B!=<D0!.!/4.-=N./5,-!.48!=0,S-!5-!>5@2!C"2!'GG!

!'G" !



! $#!

!'G# !

!'G$ !

!'G%!

!'G&!

'G' !



! $$!

!'G' !

>[cKO1!MCVR[J_7!'G* !

>5@2!"!!7D08I./5D!5NN<=/4./5-@!/08!D,-D89/!,B!=5-<,=5/)2!!SAB!5=!/08!4./5,!,B!/08!N8-@/0!,B!'GE!

/08!(N<8!D,-/,<4!/, !/08!N8-@/0!,B!/08!48A!N5-8!=8@I8-/!CQ2!'GF!

>5@2!#!!QN<8!N5-8!5=!/08!A.5N)!.;84.@8!&&#!AI!@8,9,/8-/5.N!085@0/!D,-/,<4!./!&GG!0V.!'"G !

,-!"E!+.-<.4)!#G"%2!!R08!.48.!8-DN,=8A!()!/0./!N5-8!5=!8U<.N!/,!/08!.48.!8-DN,=8A!()!'"" !

/08!48A!D54DN8!Y/08!8U<5;.N8-/!N./5/<A8Z2!!S552!5=!8U<.N!/,!/08!4./5,!,B!/08!N8-@/0!,B!/08!'"# !

(N<8!N5-8!/,!/08!N8-@/0!,B!/08!48A!N5-8!Y"2#*"FZ2!'"$ !

>5@2!$!!7D08I./5D!5NN<=/4./5,-!,B!/08!-8@N5@5(N8!8BB8D/!/0./!9,N8S.4A!I5@4./5,-!,B!'"% !

5=,0)9=8=!0.=!,-!=5-<,=5/)!,B!.!@5;8-!D,-/,<42!!J45@5-.N!D,-/,<4!Y5-!48AZ!5=!T,-.N!./!'"& !

$&_!S5/0!.!=U<.48!S.;8!,B!N./5/<A5-.N!A89/0!"G2!!H5=9N.D8!D,-/,<4!Y5-!(N<8Z!5=!T,-.N!'"' !

./!%G_!S5/0!=U<.48!S.;8!S0,=8!.=98D/!4./5,!YN,-@5/<A5-.N!8W/8-/kN./5/<A5-.N!8W/8-/Z!'"* !

5=!5A8-/5D.N!/,!,45@5-.N!S.;82!!R08!A5=9N.D8A!D,-/,<4!0.=!=5-<,=5/)!"2GG#%!/5I8=!/0./!'"E !

,B!,45@5-.N!D,-/,<42!'"F !

>5@2!%!!R5I8!=8458=!,B!H+>!=8.=,-!.;84.@8A6!.@@48@./8!=5-<,=5/)!B4,I!"F%EL%F!/,!'#G!

#G"$L"%2!'#" !

>5@2!&!!Y.Z!R5I8!=8458=!,B!D,448N./5,-!D,8BB5D58-/6!46!(8/S88-!/08!A.5N)!CJ!5-A8W!.-A!'## !

/08!A.5N)!;.N<8!,B!&GG!0V.!=5-<,=5/)!YS5Z!B4,I!"F&GL&"!/,!#G"$ L"%2!!c488-!Y(N<8Z!'#$ !

A,/=!48948=8-/!=8.=,-=!S5/0!4!t!LG2%!YLG2'Z2!Y(Z!7D.//849N,/!,B!A.5N)!7[_&!.-A!A.5N)!CJ!'#%!

5-A8W!B,4!8;84)!H+>!A.)!B4,I!"F&GL&"!/,!#G"$ L"%2!!O8A!N5-8!5=!/08!48@48==5,-!N5-8!'#& !

.-A!/08!/S,!;.45.(N8=!.48!D,448N./8A!./!LG2%$"2!'#' !



! $%!

>5@2!'!!R5I8!=8458=!,B!H+>!=8.=,-.N!.;84.@8A!CJ!5-A8W!Y48AZ!D,I9.48A!/,!H+>!'#* !

=8.=,-.N!.;84.@8A!=5-<,=5/)!YS5Z!Y(N<8Z2!!R08!/S,!/5I8!=8458=!.48!D,448N./8A!S5/0!4!p!'#E !

LG2&#G6!=5@-5B5D.-/!.(,;8!/08!FFj!N8;8N2!'#F !

>5@2!*!!Y.Z!Time series of correlation coefficient, r, between daily zonal index (ZI) and the '$G!

daily value of 500 hPa aggregate sinuosity (S5) from 1948-49 to 2013-14.  Green (blue) '$" !

dots represent seasons with r < -0.4 (-0.6). (b) Scatterplot of daily SIN5 and daily ZI for '$# !

every DJF day in the 66-year NCEP Reanalysis time series.  Red line is the regression '$$ !

line and the two variables are correlated at -0.542. '$%!
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Fig. 10 Schematic of an isohypse characterized by (a) a cutoff low (COL) and (b) a cutoff '%$!

high (COH).  The total area enclosed by the given isohypse in both panels is shaded blue.  '%%!

For the COL in (a), that area is the sum of A and B while the total contour length is the '%&!

sum of the perimeters of A and B.  Recalculation of S5 in this case requires subtraction of '%' !

area B from the total area and subtraction of perimeter B from the total contour length. '%* !



! $&!

For the COH in (b), the total area is smaller.  Recalculation of S5 in this case requires '%E!

only that the perimeter of C be subtracted from the total contour length. '%F!

 >5@2!""!Solid black line is the daily average aggregate sinuosity derived from 66-year  '&G!

NCEP Reanalysis time series.  Gray line represents the daily average sinuosity calculated '&" !

upon excluding the contribution of cutoff lows and highs in the threshold isohypses.  See '&# !

text for explanation.!'&$ !
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Fig. 1 Schematic illustrating the concept of sinuosity.  SAB is the ratio 
of the length of the blue contour to the length of the red line segment AB.	
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500 hPa  18 January 2014
Fig. 2  Blue line is the daily average 552 dm geopotential height contour at 500 hPa on 18 January 2014. 
The area enclosed by that line is equal to the area enclosed by the red circle (the equivalent latitude). S552 
is equal to the ratio of the length of the blue line to the length of the red line (1.2719). 	
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Fig. 3  Schematic illustration of the negligible effect that poleward migration of isohypses has 
  
  

aspect ratio (longitudinal extent/latitudinal extent) is identical to original wave.  The displaced  
contour has sinuosity 1.0024 times that of original contour. 	
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Fig. 5 (a) Time series of correlation coefficient, r, between the daily AO index and the daily 
value of 500 hPa sinuosity from 1950-51 to 2013-14.  Green (blue) dots represent seasons 
with r < -0.4 (-0.6). (b) Scatterplot of daily SIN5 and daily AO index for every DJF day from  
1950-51 to 2013-14.  Red line is the regression line and the two variables are correlated at  
-0.431.
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Fig. 6 Time series of DJF seasonal averaged AO index (red) compared to the DJF seasonal averaged sinuosity  
(blue).  The two time series are correlated with r = -0.520, significant above the 99% level.
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Fig. 7  (a) Time series of correlation coefficient,r, between daily zonal index (ZI) and the daily  
value of 500 hPa aggregate sinuosity (S5) from 1948-49 to 2013-14.  Green (blue) dots  
represent seasons with r < -0.4 (-0.6). (b) Scatterplot of daily SIN5 and daily ZI for every DJF 
day in the 66-year NCEP Reanalysis time series.  Red line is the regression line and the two  
variables are correlated at -0.542.
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Fig. 8  Daily average aggregate sinuosity (solid black line) derived from 66-year NCEP Reanalysis  
time series.  Gray shaded region represents +/- 1 around the daily mean.  Daily average 500 hPa  
zonal index (ZI in ms-1, blue solid line) derived from the same data set. 
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Fig. 9  Solid black line is the daily average aggregate sinuosity derived from 66-year NCEP  
Reanalysis time series.  Daily average sinuosity of individual geopotential height contours in 
the set of 5 used in the aggregate calculation are indicated by the labeled colored lines. 	
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(a)

(b)

A

B

COL

COH
Fig. 10 Schematic of an isohypse characterized by (a) a cutoff low (COL) and (b) a cutoff high (COH). 
The total area enclosed by the given isohypse in both panels is shaded blue.  For the COL in (a), that  
area is the sum of A and B while the total contour length is the sum of the perimeters of A and B.  
Recalculation of S5 in this case requires subtraction of area B from the total area and subtraction of 
perimeter B from the total contour length. For the COH in (b), the total area is smaller.  Recalculation  
of S5 in this case requires only that the perimeter of C be subtracted from the total contour length. 
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Fig. 11  Solid black line is the daily average aggregate sinuosity derived from 66-year  
NCEP Reanalysis time series.  Gray line represents the daily average sinuosity calculated 
upon excluding the contribution of cutoff lows and highs in the threshold isohypses.  See 
text for explanation. 	
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