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SINUOSITY AS A MEASURE OF MIDDLE TROPOSPHERIC WAVINESS
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"%A  8-DN,=8Al()//08!@5;8-15=,0)9=82!1_8W/6!S8!ID,19</8!.-18U<5;.N8-/IN./5/<A8!B,4/0./!

"&G  5=,0)9=82!IR08!8U<5;.N8-/IN./5/<A8!5=!/0./!N./5/<A8!9,N8S.4A!,B!S05D0!/08!.48.15=!



"&" 1
"&#!
"&$!
"&%

"&&!

"&' !
"&* 1
"&E!

"&F!

"% !

"& !

8U<.N!/,1/08!.48.18-DN,=8A!()!/08! @5;8-!5=,0)928>5-.NN)6!/08!=5-<,=5/)|5=|ABBS-8A!.
/0814./5,!,Bl/08IN8-@/0!,B!/08!@5;8-!&GG!0V.15=,0)9=8/,1/08!D54D<IB848-D8!,B!5/=!

8U<5;.N8-/IN./5/<A8!D54DN82!IC-I8W.I9N8!I5=1=0,S-I5-1>5@21#2!1[/1B,NN,S=!B4,11/08!
A8B5-5/5,-1/0./1/08!15-51<I!;.N<8!,B!=5-<,=5/)15=I"2G!S05D0! A8=D45(8=!.19<48N)!T,-.N!

=/48.1 N5-8!Y52826!-,!S.;5-8-=72

! [/'0.=1(88-1=<@@8=/8A!/0./!'=05B/5-@!5=,0)9=8=19,N8S.4A!5-1.1S.4184!DN5I./8!

S.:5-8==1S08-I- -8!5=!1.D/<.NN)!,DD<445-@2!![-|,4A841/,18;.N<./8!/05-DB4-!S8!
D,-A<D/8A!.!=8458=!,BI=5|9N8!-<I845D.N!8W9845|8-/=15-1S05D0!/08!=5-<,=5/)!,B!
0)9,/08/5D.N!5=,0)9=8=6!D0.4.D/845T8AI()\.!;.4)5-@!-<I(84! BIA889!.-A!=0.NN,S!
=U<.48!S.;8=6!S848!D.48B<NN)!8W.I5-8A2!IR08!=5|9N8=/!D.=8!,B!.!=5-@N8!I,A8=/1=U<.48!
S.:815=1=0,S-15-1>5@2!$2!1i8895-@!/08!.=98D/!4./5,!,B1/081=U<.48!S;8!D,-=/.-/1<9,-!
1,;5-@!/08!5=,0)9=8!B4,1!$&g!/,!%Gg_!48=<N/=15-1.-IE2Fg!N./5/<A5-.N!A89/0!./1%Gg_!
D,19.48A1/,1/08!,45@5-.N!"Gg!./!'$Gg_2!!R08!9,N8S.4Al8-D4,.DOI8-/!,B!/05=!

S.;8B,41148=<N/=!5-1.1G2#4%-D48.=8!5-1=5-<,=5/)!./1/08!05@084!N./5/<A82!!?8!=<@ @8=/!

S.;5-8==15=!-/ID,194,15=8A2!178!.N=,!-,/8!/0./148D8-/!S,4X!()!Q8T8.<!8/1.N2!
Y#G"%Z!A8I,-=/4./8=1/0./'/08!A.5N)!DNBI, @5D.N!;.45.(5N5/)!5-!_,4/084-!

d815=90848!&GG!0V.!1085@0/!.-,1.N58=I5=!=5@-5B5D.-/N)!@48./84!/0.-!/08!N,-@!/84l!

SI[BIC!5=1/08!.48.18-DN,=8A!()!.|@5;8-!5=,0)9=86!/08-1/08!8U<5;.N8-/IN../5/8 586!
@5;8-()¢, =arcsinl- ”/;e _161S0848,15=1/0814.A5<=!,B1/08!1.4/02!8288D8!/,!.-!
8U<5:.N8-/IN./5/<A8!5=14815-5=D8-/!,B!.-.=98D/!, B!/08!I8.=<48!,BISAA)!.I9N5/<AS!
8ION,)8AI()!_.X.I<4.1.-AO<IY#G"GZ!.-Al . X.I<4.l.-Al7,N, |-l Y#G"GBI#G"Z!
5-1/0854!A8;8N,9I18-/!,B!.IA5.@-,=/5D!B,4I<N./5,-1B,4|B5L5EBI5/<A8!S..:8!.D/5;5/)2

! E



"Gl

T

ll*$ !
"*%!

&

k|

" |
" |

"EG

"E#!
"E$!
"E%

"E&!

"EX
"EE!
"EF!

"FG!

5-D48.=8!5-1085@0/=148=<N/5-@!B4,I!C4D/5D!.I9N5B5D./5,-21'1CAA5/5,-.N!=<99,4/1B,4!

.NN.)5-@!/08!.B,48I8-/5,-8A!D,-D84-1A845;8=!B4,1!/08!B.D/!lI=5-<,=5/)!D.-1.N=,1(8!

! RO,<@0!l.-)!945,415-,8=/5@./5,-=!,B!/08!;.45.(5N5/)!,B!/08!134,9,=90845D!
D54D<N./5,-10.;8!D,-=5A848A!/08!.48.!,B!/08!D54D<I9,N.4!;,4/8W6!,-N)!O,0N5!8/I.N2!
Y#GG&Z!.-Al?4,-.1.- AIO,0N5!Y#GG*ZI8WINS5D5/N)!D,-=5A848A!/08!S.;5-8==2IIR08)!A5A!=,!
<=5-@!.!18.=<48!D.NN8A!/08!D54D<N.45/R&Z/3\8B5-8A!.=!/08!.48.!8-DN,=8A!S5/05-!
1@5;8-15=,0)9=8!A5;5A8A!()!/08!.48.19,N8S.4A! B!.IT,-.N!45-@!S0,=8!9845|8/84!5=!
5A8-/5D.NN)!/08!N8-@/0BB®5;8-15=,0)9=82!'R08)!.99N58A!/05=!18.=<48!/,!.!=5-@N8!

&GG!0V.15=,0)9=8!Y&%'IAIZ!B,4!%$!D,NA!=8.=,-=IYH+>Z!<=5-@!,(=84,;8A!18.-!1,-/ON)!

_MCO\=13,-/0N)!_,4/084-1d815=90848!R49,=90845D!C-.N)=54R0854!D0,5D8!,B!/08!
&%'G!115=,0)9=81S.=11,/5;./8Al()!/08!A8=548/,1D,-=5=/8-/N)!=.19N8!/08!=5T8!.-Al
=0.98!,B!/08!D54D<I9,N.4!;,4/8W!S5/05-1/08!1.5-1(8N/!,BI/08!S8=/84N58=21IC=IA8=D45(8A!
(8N,S6!,<41=/<A)!(<5NA=!,-1/08=8195,-8845- @4BBRIU<.-/5B)!./,=90845D!
S.:5-8==1()!8W9.-A5-@!/08!.-.N)=5=15-1/58!.-Al=9.D8!.-Al()|.99N)5-@!.!1,48!

90)=5D.NN)!(.=8A!1,490,18/45D!9.4.18/842!

! ?8!8I19N,)!/08!_M1Vk_MCO!48.-.N)=5=!Y_OCZ!A./.'Yi.N-.)I8/I.N2!"FF'Z2!!_,/8!
/0./'"SO5N8!A548D/'D,19.45=,-=1,Bl48)=5=!;.N<8=!/,!,(=84,./5,-=15=194,(N8I./5D!
,S5-@!/,!N.DX!,B!5-A898-A8-/!18.=<48=6!/08!<99R8;8N!D54D<N./5,-15-1/08!_OC!0.=!

(88-1B,<-Al/,1(8!;84)!=5I5N.41/,1/0./!,B1/08!48.-.N)=5=1()!/081 1<4,98.-IM8-/48!B, 4!

“RO8=8!A./.1.48!.;.5N.(N8!./10//9PkkA==k<D.4k8A<kA./.=8/=kA=GE&2"

! F



"E" | 38A5<IIO.-@8!78./084!>,48D.=/=1YCA4D084!.-AINA854.6#GGEZ!.-Al /084148 - N)=8=!

"F#!  ()IH.;5-5!Y#G"$Z2!IR08=8!A./.1.481.;.5N.(N8!%!/5I8=IA.5N)!,-1.|@N,(.N#2&g!W!#2&g! @45A!
"F$! .-AlL48IAB45;8AIB4,I1.1B4,T8-1=/./4,BLO8LA/!!@N,(.N!.==5|5N./5,-1=)=/8I!5-!

"Fo4  D,-h<-D/5,-IS5/0!.IA./.(.=8!/0./'5-DN<A8=15=5/<!.-Al48,/8N)!=8-=8AIA./.1YSO8-!

"F&! .;.5N.(N8Z!(,/0!./'/08!=<4B.D8!.-Al./IN8;8N=!/04,<@0!/08!/4,9,=90848!.-Al

"E' | =/4./,=908482!1R08!948=8-/1=/<A)!D.ND<N./8=1/08!=5-<,=5/)!,Bl.ID,NN8D/5,-!,BI5-A5;5A<.N!
"Fx 1 &GGIOV.I5=,0)9=8=!5-1.1A 1.5-ID,;845-@#Gg_!/,IFGg_6!<=5-@!A.5N@B&GG!0V.!

"FE!  085@0/=!D,-=/4<D/8A!B4,//08!B,<4!/518=1A.5N)!A./.6!B4,I!"l+.-<.4)I"F%E!/, HE!

"FEl  >8(4<.4)#G"%2!I[-.AA5/5,-1/,1D.ND<N./5-@!/081=5-<,=5/)!,BI5-A5;5A<.NI&GG!OV.!

#GG 5=,0)9=8=6!S8!.N=,1D.ND<N./8!/08!.@ @48@./8!=5-<,=5/)!,B!.!=8/1, BI&!5=,0)9=8=!Y &*'6!&'%6!
#G"  &&HB!&UGH!.-AIGHEIAIZ!I5-1S05D0!/08!.W5I<II&GG!OV.!@8,=/4,905D!S5-Al48=5A8=!

#G#  /04,<@0,<//08!)8.42!!R08!.@ @48@./8!=5-<,=5/)!./1.|@5;8-/518!5=!=5|9N)!/08!4./5,! B!

#G$  /081=<I!,BI/08IN8-@/0=!,BI.NN!&!5=,0)9=8=1/,1/08!=<I!,B1/08!D54D<IB848-D8=!,B!/08!&!

#G% 8U<5;.N8-MN./5/<A8!D54DN8=!./1/0./!/218

#G& | C!-,/8148@.4A5-@!/08!A5BB848-D8=!1(8/S88-1D54D<N.45/)!4./5,!.-Al=5-<,=5/)!.=!
#G'l  =89.4./8!18.=<48=1,B!/08!S.;5-8==15=1S.44.-/8A2!!M.ND<N./5,-|,BID54D<N.45/)!4./5,!B 4!
#G*  1@5;8-15=,0)9=8!48U<548=IA8/8415-./5,-1,B!.IN./5/<A86Y!SO5DO0!/08!N8-@/0!,B!.!

#GE  T,-.N!=/48.IN5-815=18U<.N!/,!/08!N8-@/0!,B!/08!5=,0)9=82!175-08H0S!ent6!-,/!
&J3-8!D.-1D0,,=8!.-)!=8/1 BID,-=8D</5:8!5=,0)9=8=!/,/94,A<D8!.-|. @ @48@./8!
=5-<,=5/)2IIR08!D0,5D8!1.A810848!5=!1,/5:./8A!()!.|A8=548!/,]=.I9N8!5-/08!1.5-!(8N/!
\B1/08!S8=/84N58=2!1R08!.@ @4B@,#5/)!0848!5=!@5;8!!()

Loit Lo+ Lo 4 Loy + L
o Lt st st hsnt Lol gg4gy15-1/08IN8-@/0!, BI0BIS-ASD /8A!
[£Ls15+ LLsgy + ELssy + ELsyg + £Lsyg]

5=,0)9=8!.-AlEL!I5=!/08!N8-@/0!,B!5/=!D,448=9,-A5-@!8U<5;.N8-/IN./5/<A8!D54DN82!!C=!
,99,=8Al/,1.1=5I9N8!.45/018/5D!18.-!,B!/08!5-A5;5A<.N!=5-<,=5/)!,B!/08!&!5=,0)9=8=6
7elA8=D45(8=!1/08!5-/8@4./8A!S.;5-8==1,B!/08!@8,=/4,905D!BN,S!5-!/08!48@5,-!=9.--5-@!
/08!=8N8D/8A!5=,0)948=2

! "G



#GH  /08IN8-@/06!,B!.!@5;8-15=,0)9=8!5=!A548D/N)!48N./8A!/,|.|B54=/1, 4A84!./1, =90845D!
#'G!  :.45.(N81Y5282!.;84.@8!/81984./<48!5-1/08!<-A84N)5-@!/40BA®;5.1/08!

#™ 1 0)9=,18/45D148N./5,-=059Z6!S81=<(15/!/0./!=5-<,=5/)!15=1.1,48190)=5D.NN)!48N8; .-/!
#'#1 18.=<48!,Bl/08!S.;5-8==211><4/0841,486!/08!948=8-/1.- N)=5=6!5-ID,-/4.=/1/,1/0,=8!()!
#'$1  O,0N5!8/L.N2IY#GG&Z!.-Al?4,-.1.-Al0,0N5IY#GG*Z6!D,-=5A84=1.1D,|I9NS/D)DANR!
#'9%d  5-1S.:5-8==6!48N./8=!/08!S.;5-8==118/45D!/,!.-519,4/.-/!1 A8!,BIN.4@8=D.N8!

#'&! ./1,=90845D!;.45.(5N5/)!Y/08!CAD/5D!J=D5NN./5,-Z6!.-Al5-D,49,4./8=!.14.-@8!,B!

#" 1 5=,0)9=8=!/,11,481D,194808-=5;8N)!D0.4.D/845T8!/08!D,I9N8W5 -!, BIISAANS!

#* 1  /4,9,=90845D!S.;8=!.D4==1.1(4,.A8418W/4./4,95D.N!A,|.5-2R08!1./081./5D.N!

#'E!  48N./5,-=059!(8/S88-1/08!/S,!18.=<48=15=1948=8-/8A!5-!/08!C998-AEW?2

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

#HA # [-!,4A84!/,'8W.15-8!/08!S.;5-8==!,B!/08!&GG!0V.!BN,S!5-1.=!D,194808-=5;8!.!
##"1  1.--841.=19,==5(N86!/08!B,NN,S5-@!.-.N)=5=I%8#8-/,!/S,!(4,.A!D./8@,458=2!178!
###! B54=/ID,-=5A84!/08!48=<N/=!,B!/08!&!D,-/,<4!.@ @48@./8!=5-<,=5/)!D.ND<N./5,-=!.-Al/08-!

##$!  1,;8!/,18;.N<./5,-1,B!/08!D0.4.D/845=/5D=!,B!5-A5;5A<.N!5=,0)9+8=2

#H% | a. Aggregate sinuosity

HH& | RO8!&GG!0V.!.@ @48@./8!=5-<,=5/)!.-.N)-85-898A!0848!D,-=5A84=!/08!&*'6!
##' 1 &'%6!&8&#6!&%G6!.-AlI&HE!IAII@8,9,/8-/5.NI085@0/!D,-/,<4=!.-AISSNN!(8!48B8448A!/,!.=!
##*1  S562111.D0!,B!/08=8!D,-/,<4=!8-DN,=8=!.1D84/.5-1.1,<-/!,B!.48.2!111U<.N!.48.15=!

##E!  D,-/.5-8A19,N8S.4A!,B!.-18U<5;.N8-/IN./5/<A8lY Z!.-Al/08IN8-@!,B!/08!T,-.N!45-@!./!

'IR0O8!D,448N./5,-!,B!/08!=8.=,-.N!IYH+>Z!.;84.@8!T,-.N!5-A8W!S5/0!=8.=,-.N!.;84. @8!
54G2'&"2



H#HHF!
#3%$Q
#3$" !

#$#!

#$9!

#3%

#$&

#$' |

#$*
#$E!
#$F!
#%G

#%"

#%o#t
#%$
#%%
#%&
#%'!
#%0
H#%E
H#%F

#&G

"1 148948=8-/=1/08!=0,4/8=/19,==5(N8!984518/84!/0./'D.-!18-DN,=8!/08! @5,8-!.1,<-/!,B!
.48.211R08!D,-/,<4IN8-@/0!,B!.!@5;8-15=,0)9=815=IA8/8415-8A!()!=<II5-@!5/=!
=8@I8-/=15-18.D0#2&g!'W!#2&g!@45A!(,W!D.ND<N./8A!<=5-@!/08! 7 IR 5D-8H.S!

B,4I<N.rh

! ! L =arccos[sin ", sin", +cos ", cos ", cos(#, $ #)]R.!

S0848!'p,, A Z!.-AlY",, #,7148948=8-/!/08!N./5/<A8!.-AIN,-@5/<A8!D,,4A5-./8=1S0848!
/08!@5;8-15=,0)9=8!5-/84=8D/=!/08!(,<-A.458=!,B!.|@45A!(,\Ri! 5AY/08!4.A5<=!,B!/08!

1.4/021

! RO08!.-.N)=5=1948=8-/8A!0848!B,D<=8=!,-1/08!S5-/84!YH+>Z!.=I5/15=1A<45-@!/05=!
=8.=,-1/0./1/08!_,4/084-1d815=90848!I5A LN./5/<A8!BN,S!5=!./15/=18-84@8/5D!98.X2!'R08!
" 18.41/518!=8458=!,B!Ht:84.@8!.@ @48@./8!=5-<,=5/)!5=!=0,S-15-1>5@2!%2!!J;84!/08!

D,<48!,B!/05=!/518!=8458=!-,1=)=/81./5D!/48-Al5=18;5A8-/!/0,<@0!=5-D8!n"FFG!.I=N5@0/6!

~Al=/./5=/5D.NN)!5-=5@-5B5D.-/6!<9S.4A!/48-A!5-1/08!.@ @48@./8!=5-<,=5/)15%!.99.48-/2!!!

! RO8!8WD89/5,-.NN)!05@0!;.N<8=!,BI=5-<,=5/) BB GBRG"GL""6!=<@ @8=/..!
9,==5(I8!48N./5,-=059!S5/0!/08!C4D/5D!J=D5NN./5,-1YCJZ6!S05D0!48.DOBAI5/=!=/4,-@8=/!
-8@./5;8!90.=815-1S5-/84#G GG 2!1Q8D.<=8!13N./5/<A8!D54D<N./5 -l A<45-@!/08!
9,=5/5;8!Y-8@./5;8Z!90.=8!,B1/08!CJ!/8-A=!/,}(8!.-,|.N,<=N)!T,-.NIYS.;)Z6!=5-<,=5/)!
=0,<NA!(8!.(N8!ID.9/<481/05=1(80.:5,41U<.-/5/./5;8N)2119N,)5-@!/08!A.5N)!CAD/5D!
J=D5NN./5,-lYCJZ!/5|8!=8458=IB4, |I"IH8D8I(84!"F&G!/,|948=8-/6!/08!D,448N./5,-!
(8/S88-1/08!A.5N)!. @ @48@./8!=5-<,=5/)!, BI/08!&GG!0V.IBN,S!.-Al/08!CJ!5-A8W!B,4!8.DO0!
H+>1=8.= -1=5-D8!"F&I&"15=1=0,S-15-I>5@2!&.2!!RS8/)488!,BI'0!)8.4=I18W05(5/!.!
=/4,-@!5-;84=8148N./5,-=05AMd52'Z!(8/S88-1/08!CJII5-ABW!.-Al <4118.=<48! B!

! H#



#&"!  =5-<,=5/)211[-1%$!,B!/08!'%6!)8.4=1418R%6!5-A5D./5-@!.!1,A84./8!48N./5,-=059!(8/S88-!

#&#  /08Y/S,!/5181=8458=211R05=148N./5,-=059!5=!B<4/084!5NN<=/4./8A!5-1>5@2!&(1S0848!A.5N)!CJ
#&$ 5=1D,19.48A!.@.5-=/'A.5N)!.@8@D./8!=5-<,=5/)!B,418;84)IH+>1A.)15-1/081/5|81=8458=2!!

#8&% RO8!/S,!18.=<48=!1.48ID,448N./8A! IG2%$!.///08!FF2Fjl=5@-5B5D.-D8!N8;8N2!!/CAA5/5,-.N!
#&8& 5-=5@0/5-/,1/05=148N./5,-=059!.45=8=1B4,I!D,-=5A84./5,-!,B!/08!=8.=,-.N!.;84.@8!CJ!

#&'! 5-ABWID,19.48A!/,1/08!=8.= -.N..;84.@8!=5-<,=5/)6!.=!=0,S-15-1>5@2!"2!1[/!5=!DN8.41/0./!

#&*!  8-0.-DBAIS.;5-8==15-1/081&GGIOV.IBN,S!5=!.== D5./8AIS5/01.1-8@./5;8!CJ!.=1/08!/S,!

#&B  /518!=8458=!1.48!D,448N./8A!./14GR&#Y=5@-5B5D.-/!.(,;8!/08!FFj!D,-B5A8-D8IN8;8NZ2

#&R | C-,/0846!N8==!A548D/6!5-B84B@.4A5-@!S.;5-8==!,B!/08!ISAMNB<A8!BN,S!
#G! D.-I(8!1A5=D84-8A!B4,1!/08!IT,-.NI5-A8W2!1>5@<48!*.1=0,5=!/08!/518!=8458=!,B!/08!

#" 1 D,448N./5,-1(8/S88-!/08!A.5N)!. @ @48@./8!=5-<,=L)IYA1/08!T,-.N!5-A8W!YT{[Z!B,4!

## 1 8.DOH+>1=8.=,-1=5-D8!"FWRF2![-I#'Y%&ZV08!"!)8.4=1/08!/S,!/518!1=8458=!.48!

#$ ! D,448N./8ALNANG2M52%Z!/0,<@06!.=!S5/0!/08!CJ!D,448N./5,-h<=/1A8=D45(8A6!5-!
#%! -8.4N)!"k$!,B!=8.=,-=!1/08!48N./5,-=059!(8/S88-1/08!/S,!5=14./084!S8.X2!H.5N)!f[!5=!
#&! D,19.48Al.@.5-=/IA.5N)!.@ @48@./8!=5-<,=5/)!BI4H4+!A.)=15-1/08!/518!=8458=!5-1>5@2!

#' 1 *(2I'R0O8!/S,!;.45.(N8=!.48!D,448N./8AIL2&%!./'/08!FF2Fj!=5@-5B5D.-D8!N8;8N2!

#* 1 b. Annual cycle of sinuosity

#E! | R08!.--<.N!D)DN8!,BIS.;5-8==15=1.- /0841.=98D/!,B!/08!NLARR8!(80.;5,4!,B!
#F 1 /08II5ALN./5/<A8!./1,=90848Y0./1D.-|(8!5-/844,@./8Al<=5-@!=5-<,=5/)2!C-!.--<.N!
#G!  D)DNB8!,B!/08!.@ @48@./8!=5-<,=5/)!S.=ID,-=/4<D/8A!()!/.X5-@!8.D0!D.N8-A.4IA.)\=!
#" 1 84.@8!=5-<,=5/)!,;841/08!" 1)8.4!/5|8!=8458=211R08!48=<N/=!,B!/05=!.-.N)=5=!.48!

##!  =0,S-15->5@2!E2!![IIBA5./8N)!.99.48-/1568!B.D/!/0./!/08!. @ @48@./8!=5-<,=5/)!



#*$! 48.D08=!5/=!1.W5I<|!5-1=<1184!.-Al5/=115-5I<I!5-1S5-/842!![-|B.D/6!/0848!5=1.1(4,.Al

#0d 98.X!5-1S.;5-8==1/0./!D0.4.D/845T8=!/08!S.41!=8.=,-1'YC945N!/,1JD/,(84Z!S5/0!98.X!

#*&!  ;.N<8=!Bi5!-8.4!"2F!5-18.4N)!+<N)!.-Al.1B.54N)@.5, A!,B!15-5I<I!;.N<8=1Yn"2%&Z!

#' 1 ,DD<445-@!5-!H+>2!ICN=,!,B!-,/8!15=!/08!=N5@0/!!.=)118/4)!5-1=5-<,=5/)!,-185/084!=5A8!,B!
#* 1 /08!98.X!;.N<8!1.-5B8=/15-1.1=8D,-A.4)!98.X!5-18.4N)!789/81(842!!>5-.NN)6!/08!.--<.N!

#*E! D)DNB8!,BI&GG!OV.IT,-.N!5-A8W!5=!;84N.5AIS5HNNGB4. @8H!5-I>5@2!E!5-A5D./5-@!
#F! /08!-8.4N)!984B8D/!5-;84=8!48N./5,-=059!(8/S88-!.@ @48@./8!=5-<,=5/)!.-Al&GG!0V !

#EG T,-.N!S5-A!=988A=!Y/08)!.48!D,448N./8A!./UHAF&G'Z 2

#E"! | R08!.--<.N!D)DN8!,B!=5-<,=5/)!B,4!/08!&!5-A5;5A<.N!5=,0)9=8=!/0./'D,19,=8!/08!
#EH#H .@@B8@./8!.48!=0,S-6!.N,-@!S5/0!/08!.@ @48@./86!5-1>5@2!F2!'R0848!5=!.IDN8.4!
#E$H  AS5DO0,/,1,<=!=/4<D/<48!8WO05(5/8A!.1,-@=/!/08=8!&!/518!=8458=2!!R08!&*'1Al!5=,0)9=8!
#E% Y48AZ!8WO05(5/=!/08!=1.NN8=/!.--<.NID)DN8!5-!S.;5-8==1S5/0!8;5A8-D8!,B!/S,!=89.4./8!
#E& 98.X=6!/08!1,=/194,15-8-/!,-8!-8.4!C<@<=/!"1.-Al.1=8D,-A.4)!98.X!-8.4II5A L

#E'!  JD/,(842!R08!&'%!Al!5=,0)9=8!Y,4.-@8Z!5=!D0.4.D/845T8A!()!/08!=0.498=/198.X!

#E*!  YL.WSIST5-@!5-18.4N)!+<N)Z!(</!/08!/.5N=!,BI5/=!.--<.N!D)DN8!.48!-,/!=)118/45D2!'RO8!
#EB =5-<,=5/)!5=!I<DO0!N,S84!Y-8.4!"2$Z!B¥;1-<.4)!In"&!3.4D0!S0848.=!5/1984=5=/=IS8NN!
#ER  .(,;8!"2%!B4,I'I5A LID/,(84!/,'/08!8-A!,B!H8D8I(842!!C!(4,.A!S.4] 1=8.=,-198.X!

#FQ .N=,!D0.4.D/845T8=!/08!&&#!Al!5=,0)9=8!Y(N<8Z!/0,<@0!5/!48.D08=!5/=198.X!;.N<8!5-!
#F"!1  I5A1+<-82!IR08!S.4l!=8.=,-15-D48.=8!5-1=5-<,=5/)!,BB=!=/48.IN5-8!.N=,!

#F#  A8I,-=/4./8=1.1A,<(N8!98.X!S5/0!/08!=8D,-A.4)!I.W5I<|!D8-/848A!.4,<-AlC<@<=/!

#F$ "2



#F%
#F&
H#F' |
H#F* |
#FE
#FF
$GG
$G"
$GH#
$GH
$G%
$G&
$G'!
$GH
$GE
$GR

$"G!

$"#!
$"$!

$"%d

! [/NI<=/1(8!-,/8A!/0./'/08!D.ND<N./5,-1,B!A.5N)!.;84.@8!=5-<,=5/)!B,4!
5-A5;5A<.N!5=,0)9=8=15-DN<A8=!,-N)!/0,=8!A.)=!,-1S05D0L!.!;.N<8!8W5=/=2!1R05=!18/0,A!
8-=<48=1/0./!1S08-8;84!/08!D,-/,<4!A,8=!-,/18W5=/1,-1.1@5;,8-A.)6!5/=!.(=8-D8!A,8=!
-,/[IASN</8!/08!.;84.@8!;.N<8!,B!=5-<,=5/)!B,4!/08!D.N8-A.4!A.)2!IR05=!5=!.-1519,4/ .-/
U<.N5B5D./5,-IS08-!D,-=5A845-@!/08!A4.1./5D.NN)!A5BB848-/!.--<.NID)DN8=I8W05(5/8A!()!
/08!&6G!Y @488-Z!.-AlI&HE!IAI'Y].@8-/.2!5=,0)9=8=IY>5@2!FZ2!!R08!.48.N!8W/8-/!,B!(,/0!
,B!/08=8!;.N<8=!,B!@8,9,/8-/5.N!085@0/!=045-X=!A4.1./5D.NN)!5-1/08!S.41!=8.=,-2!I[-!
B.D/6!B,4!.1-<1(84!,B!D.N8-A.4!A.)=15-IN./8!+<N)6!1,48!/0.-10.NB!,B!.NN!)8.4=I0.Al!
N,S84!/4,9=90848!S.41!8-,<@0!/,/948DN<A8!/08!8W5=/8-D8!,B!/08!&#E!Al!5=,0)9=82!!
RO,<@0!/05=!5=!-,/1/08!D.=8!B,4!/08!&%G!Al!5=,0858A5=9N.)=1.I=5I5N.4!.--<.N!
D)DNS8!,B!=5-<,=5NR48B<N!8W.15-./5,-1,B!5/=!.--<.N!A5=/45(</5,-1=0,S=!/0./!S5/0!/08!
.994,.D0!,B!=<1846!/08!&%G!Al!5=,0)9=86!D0.4.D/845T8A!5-1S5-/84!.-Al1=945-@!()!.!
(4,.A!9,N.4!D.9IS5/0!,DD.=5,-.NID</,BB!]=./8NN5/8="1./IN,S!IN./5/<A86!5=!/4.-=B,4I8A!
5-/,1.ID,NN8D/5,-1,B!=1.NN6!5=,N./8AID</,BB=2!'R0O8!A.5N)!-<1(84!,B!A5=/5-D/!&%G!Al!
D</,BB=198.X=!5-IN3/$k8.4N)!+<-82!1?5/0!D,-/5-<8A!S.415-@!,B!/08!0815=908486!
/08!-<1(84!.-Al.48.N18W/8-/!,B!/08!&%G!Al'D</,BB=15=148A<D8A!/04,<@0!+<N)!.NI,=/!/,!
/08!9,5-/1,B!18W/5-D/5,-2IIR08!48A<D/5,-15-1/08!-<I(84!.-Al=5T8!,B!&%G!Al!B8./<48=6!
S05D0!A4.=/5D.NN)!=045-X£I/N8&%G!AI984518/846! @48./N)!48A<D8=!/08!=5-<,=5/)!
,B!/0./1=/48.IN5-8!5-1+<N)2

c. Relation of the annual cycle in Ss to morphological features of the NH

circulation!

“14+<N)!#&!5=1/08!D.N8-A.4!A.)!S5/0!/08!05@08=BHN$Z!,B!I5==5-@!&%G!Al!
5=,0)9=8=2!1[-1/08!8-/54811)8.4!/518!=8458=6!/0848!.481!.!/,/.N!,B!,-N)!1#E!=<DO0!A.)=!
B,4!&%G!AI!S0848.=!/0848!.48!"F$%!=<DO0!A.)=IB,4!&#E!Al2

! "&



$"&!

$" |
$'E!
$'F !
$4Q
$H"!
S

$#$!

$#%
$#é&l
$#' |
$#*
$#E!
$#F!
$3G
$3"!

$#!
$5$!
$$%
$$&

IIM<L,BBIN,S=IYMJ =Z!.48!DN,=8A!D)DN,-5D!D54D<N./5,-=!15-1/08!<9984!
14,9,=90848!/0./10 .;8!(8D,18!A8/.D08A!BA4,16!.-Al,B/8-1=<(=8U<8-/N)!I5@4./8!

8U<./,4S.4A!,B6!/08!1.5-1S8=/84N58=!Yc5I8-,!8/I.N2!#GG*Z2!!M,-,84=8N)6!D</,BB!05@0=!

,B!IS.;81(48.X5-@6!.-AlD.-194,] ,/8!/08!A8;8N,918-/!,B!(N,DX8AIBN,S=2!1C=IA8=D45(8A!
948;5,<=N)6!,<4!D.ND<N./5,-!,B!=5-<,=5/)!/.X8=I18WIN5D5/!.DD,<-/!,B!/08!D,-/45(</5,-=!
B4,IIMJ =1.=IS8NN!.=IMJd=2!17<D0!B8./<48=!5-;.45.(N)!5-D48.=8!/08!=5-<,=5/)!,B!.!
@5;8-1@8,9,/8-/5.N1085@0/!D,-/,<4\A8@488!A898-A8-/!,-1/08!.48.N!8W/8-/!.-Al

N./5/<A8!,B!/08!D</,BB!.-A!=,ID,-/45(</8!/,!5-D48.=8545=1S8NN2

! R08!=8.=,-.N!D)DN8!,B!.@ @48@./8!=5-<,=5/)!5=ID,-=5=/8-/!S5/0!/08!05@084!
5-D5A8-D8!,B!15A1,9,=90845D!MJ =1/0./1D0.4.D/845T8=1/08!_,4/084-1d8198848!
S.411=8.=,-1YV.4X8418/I.N2!I"FEF6!Q8NN!.-AIQ,=.4/I"FEF6!?84-N5!.-Al 7948-@84#G G*6!
_58/,18/I.N21#GGEZ2!![-!B.D/6!_58/,18/|.N2!Y#GGEZ!B,<-Al/0./1%"j!, BL.NN!MJ =!5A8-/5B58A!5-!
/08!_M1V!08.-.N)=5=!A./.1B4,I"F%EGG'l, DD<448A!5-1++CISO5N8!,-N)!"*j!, DDAA48
5-1H+>21ICAAS5/5,- NN)!/08)!1B,<-Al/0.///08!B48U<8-D)!,Bl.</<I-1Y7J_ZIMJ'=I=N5@O0/N)!
8WD88A=!/0./!,B!=945-@!Y=88!/0854!>5@2!"%Z2!!R05=!5=ID,-=5=/8-/1S5/0!/08!=8D,-A.4)!98.X

5-1S5/0./1.998.4=15-1789/81(84kJD/,(84!5-!/08!948=8-/!.-.N)=5=!Y=88!>5@2!'Z2

! V.4X8H8/I.N2IY"FEFZ!.N=,!D,-=5A848A!/08!A5=/45(</5,-!,B!&GG!0V.!DN,=8A!
.-/5D)DN,-8=15-1/0854!$')8.4IDN5I./,N,@)2!'7<D0!B8./<48=1.48!=<(=/.-/5.NN)!N8==!
B48U<8-/!/0.-IMJ =2!'R0,<@0!.-/5D)DN,-8=!-88A-\/!(8!DN,=8A!/,10.;8!.!1=<(=/.-/5.N!

519.D/!,-1=5-<,=5/)lY82@B@0!.I9N5/<A86!,98-145A@8=!@48./N)!5526!/CH)! B, <-A!



$$' !
$*!

$$E
$H!
$%G
$%01
$%0#
$%3$
$%%
$%&
$%'!
$%4
SNE
$%F
$&G
$&"!
$&H
$&3
$&%

$&&

/0./'/08=8!A5=/<4(.-D8=!.48!l,=/1B48U<8-/!,;84!/08!=<(/4,95D=!S5/0!05@08=/!

5-D5A8-D8!5-1/08!S.4]!=8.=,-2!

! [-1,4A841/,1U<.-/5B)Y/08ID,-/45(</5,-!,BID</,BB!5=,0)9=8=!/,1/08! .--<.N!D)DN8!,B!
746!MJ £-AIMJd=!5-18.D0!, B1/081&!/048=0,NAI5=,0)9=8=15848!,(h8D/5;8N)!5A8-/5B58A!
:841/08!8-/5481/5181=8458=211781/08-148D.ND<N 8WDN<A5-@!/08!5-BN<8-D8!,B!/08!
D</,BB=2!175-D8!MJ =!.481=89.4./8AB4,11/08!(4,.A8419,N.4!D.9! BI085@0/=!(8N,S!.!
@5;8-1/048=0NY>5@2!"G.Z6!/08!.48.N!8W/8-/!,B!=<D0!B8./<48=!S.=I18WDN<ABA!BA4,1!/08!
48D.ND<N./5,-!,B18U<5;.N8-/IN./5/<A8!.-Al/08ID,-/,<4IN8-@/0!.4,<-Al/08I!S =!
8WDN<ABAIB4,11/08148D.ND<N./5,-1,B!/08!/,/.NID,-/, <4 NBL@BHD8!.!MJd!5=!.NS.)=!
9,N8S.4A!,B/08!=,</084,=/18A@8! B!/08!A5=/45(</5,-1, Bl @5;8-!5=,0)9=8!Y>5@2!
"G(Z6!5/=1948=8-D8!D,-/45(</8=!-,/05-@!/,1/08!.48.18-DN,=8Al()!/0./5=,0)9=82!!
M,-=8U<8-/N)6!B,4!MJd=!-,1. Ah<=/I8-/1/,18U<5;.N8-/IN./5/<A8!S.=148U<54BAY8. A6
-N)!/08IN8-@/0!.4,<-AIMJId=!S.=I8WBA!5-1/08!48D.ND<N./5 - ,BIRO8!.--<.N!
D)DN8!,B!/08148D.ND<Ng/BAIZ0,S-1.N,-@!S5/0!/08!.D/<.N!.--<.NID)DN8I5-1>5@2!""2!!
RO8!.-.N)=5=!A8I,-=/4./8=1/0./!/081948=8-D8!,B!D</,BB=!5-1/08!S.41!=8.=,-194,A<D8=!
1=<(=/.-/5.N!5-D48.=815-1=5-<,=5/) 2! [-IB6!<=5-@!/08!S5-/84/518!15-5|<15-!
:84.@81%!Y"2%"Z!.=1.1(.=8N5-86!D</,BB=ID,-/45(</8!n$"j!/,!S.;5-8==1./1/08!98 X!, B!
/08!S.411=8.=,-1Yn+<N)!"ZFIR05=!5-BN<8-D8!5=!D,-=5=/8-/1S5/0!/08!|<D0!05@084!
B48U<8-D)!,B!(,/0!=98D58=!,B!D</,BB=IA<45-@!/08!S.4RHEAA5/5 - NN)6!4,</5-8!

984<=.N!,B!I&GG!0V.!1.9=!11.X8=IDN8.4!/0./!D</,BB=!-8.4N)!.NS.)=!A8;8N,9!S5/05-!

S.=ID,-=5A848A!.IMJ12
FIR05=!5-BN<8-D8!S.=!D.ND<N./84&1Z\3k,</\D</,BB=Zk¥&""2%"Z!S05D06!B,4!98.X!
;.N<8=1-8.41+<N)!"6!S.=1G2"&kGR%F2

| g



$&'!
$&*!

$&B

$&H

$'G!

$# |
$'s!
$'%!

$&!

$* !
$E!
$F!

$*G!

$*#!

$*$!

$*d
$*&!
$* !
$+* 1

BN,S=!D0.4.D/845T8A!()!8N8;./8Al;.N<8=!,BIB4BB!S.;5-8==2!IR0<=6!/08!8;5A8-D8!
948=8-/8Al5-1>5@2!""1=<@ @8=/=!/0./!/08!A8;8N,918-/!,B!D</,BB=8-008)S.,;5-8==!

,B!/08!.N48.A)!S.;584!BN,S!/0./!D0.4.D/845T8=!/08!S.41!=8.5,-2

! R08!D,5-D5A8-D8!,B!/08=8!;.45,<=!=)-, ABN5I./,N,@5D.N!B8./<48=!=<@ @8=/=!
/08!B,NN,S5-@!8WO9N.-./5,-1B,4!/08!=8.=,-.NID)DN8!5-1=5-<,=5/)211C=1/08!15-5].NN)!S.;)!
S5-/84/518!D54€19,N.4!;,4/8W!=045-X=!S5/0!/08!D,15-@!=945-@6!D</,BB!N,(8=!,BIN,S!
@8,9,/8-/5.N1085@0/!.48!,490.-8A!./IN,S!N./5/<A8=!S0848!5-D48.=5-@N)!5-/8-=8!
5-=,N./5,-1lU<5DXN)!48N.W8=!/0854!.==,D5./8A!/4,9,=90845D!D,NA!.-,|.N58=!.-Al
D,448=9,-A5-@!-8@./5;8!&GG!0V.1085@0158=2!!R08!S.4I!=8.=,-1. W5I<I!5-!

MJ =1.-AIMJd=!.DD,<-/=!B,4!.!=<(=/.-/5.N!9,4/5,-!,B!/08!=<1184/518!|. W5I<I!5-!
S5!'RO8!IN./8!=<1184k8.4N)!.</<I-1948=8-D8!,B!/4,95D.N!D)DN,-8=6!.-A!/0854!
5-8;5/.(N8!48D<4,./<48!/,!I5AANR./5/<A8=6!94,;5A8=!1.1=8.=NN)!<-5U<8!18D0.-5=I!
B,4!/08!@4,S/0!,B!I5IN./5/<A8!45A@8=!5-1/0./!=8.=,-1/0./!.DD,<-/=!B,4!/08!=8D,-A.4)!
.</<1-.N!98.X15-1=5-<,=5/)1948;5,<=N)!-,/8A2!!>5-.NN)6!5/!5=10)9,/08=5T8A!/0.///08!
A8DN5-8!,B!=5-<,=5/)!5-1/08!.</<I-/4.-=5/5,-1/,1S5-/84!15=!.1B<-pPYB!/08!.(=,49/5,-!
,B!D</,BB=1/0./148=<N/=!B4,1!/08!8W9.-=5,-1,B!/08!D54D<I9,N.4!;,4/8W!.=1/08!

0815=90848!D,,N+2

9"#.,8+*88, (Y#/%)#: (%-+3*8,(%48

! H8=95/8!/08!B.D/!/0.1=<(=/.-/5.N!B4.D/5,-!,B05@1519.D/6!I5ALN./5/<A8!
S8./08418;8-/=!.-Al48@518=15=!.==,D8AIS5/0!N.4 @ &BN5/<A8!9N.-8/.4)!S.;8=!
Y7D488-!.-Al75Il,-A=1#G"%Z6!19.4/5D<N.4!18/45D!B,4!U<.-/5B)5-@!/08!S.;5-8==!,B!

/08!D54D<N./5,-15=IS5A8N)KE=BB&=19.984!S8!0.,8!5-/4, A<D8A!/08!D,-D89/!,B!



$*E!

$*F!

$EG
$E"!
$EH
$ES
$E%
$E&
$E'!
$E*!

$EE

$ER
$FQ
$F"!
SF#H
$FS!
$F%
$F&

$F' !

$F*1
$FBE

$FR

@8,9,/8-/5.N1085@0/'D,-/,<4=!/0./'D,-/.5-1/08!1.W5I<|!S5-Al/04,<@0,</!/08!)8.42!1

! C!=8.=,-.N5/)!5-1/08!=5-<,=5/)!,B!/08!BN,S!0.=!(88-1A8I,-=/4./8A6!S5/0!.!
|.W5SI<II5-1=<[184!.-All5-5I<I15-1S5-/8421IR05=IB5-A5-@!5=!D,-=5=/8-/!S 5/0!/08!
18/45D!,BI0S@MN5/<A8!S.;8!9.//84-=15-/4, A<D8AI()!>4.-D5=!.-Al:.;4<=IY#G"&Z6!
S05DO0!8W05(5/=!.!1=5I5N.4!.--<.NID)DN8!/,!/0.42B%D,<@0!D,-D89/<.N!=5I5N.45/58=!
8W5=/1(8/S88-!1=5-<,=5/)!.-Al;.45,<=1,/084!18/45D=!,B!S.;5-8==6!/0854148=98D/5;8!
D04.D/845T./5,-=!,B!/08!-./<48!,B!/08!I5AN./5/<A8!BN,S!.48!-,/I.NS.)=ID,-@4<8-/2!!

> 415-=/.-D86!/0,<@0!" ?C6!N5X8!=5-<,=5/)6!5=15-;84=8N)!D,448N./8A!S5/0!T,-.N!S5-A!
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Fig. A1 Annual cycle of 500 hPa sinuosity as a function of latitude. The various latitude

bands are labeled with 30°N not calculated through most of June-September as the daily

averaged geopotential height at that latitude in those months is often over 6000m.
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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 enclodeglthe 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 totaarea and subtraction of perimeter B from the total contour length.
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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.

>5@2!'Sblid black Ine is the daily average aggregate sinuosity derived frogeé6
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 sinuos&yj is the ratio
g&1 Of the length of the blue contour to the length of the red line segme:
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500 hPaZ 18 January 2014

Fig. 2 Blue line is the daily average 552 dm geopotential height contour at 500 hPa on 18 January
The area enclosed by that line is equal to the area enclosed by the red circle (the equivalentSatjtud

&' 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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40°N

35°N

Fig. 3 Schematic illustration of the negligible effect that poleward migration of isohypses has
on sinuosity of a given contour. Original contour (in red) is zonal at 35°N with a square wave

of latitudinal depth 10°. Displaced contour (in blue) is zonal at 40°N with square wave whose
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 season:

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 a
"G | -0.431.
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Fig. 6 Time series of DJF seasonal averaged AO index (red) compared to the DJF seasonal averaged sinuosity

oo (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 dail
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 DJ
day in the 66-year NCEP Reanalysis time series. Red line is the regression line and the twi
variables are correlated at -0.542.
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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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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 Sy 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 Ss 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-ye:
NCEP Reanalysis time series. Gray line represents the daily average sinuosity calc
upon excluding the contribution of cutoff lows and highs in the threshold isohypses.
text for explanation.
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