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The state of and che 1ent motivates
our science: partly & redlct|on but also as ‘assessment’
of the current state of oceans, atmosphere, and land
surface. But...how does one proceed in the face of 10
decades of length scales in the maci |
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its lively movement
gcean circulation behe
| dless battle betwee
by warm waters from the . Cracks (‘leads’) openiup,
the entire Argtic basiD. Fror Satellite passive micro
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Jaye_r.‘ Inistable stratification
St ening of the fluid by Earth’s rotation
- atmosphere-ocean interaction:
~ winds, moisture flux, heat flux
meridional energy transport
‘ topography
ice




wispEleIRAUERcC andiexchange with the Arctic: well-defined__;ggssag'es, ridges,
tWeak subpolar densitystratification, Taylor=Protidman retational
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EfkeNDaRMENPEALUIE SECOIINGOS mrm, saline water movinc
BEeueEeEieenland-Rockall-Ireland north from the suk

Wariniriejion-=\Wrigfit, LI70

i Lo |
' —Cccp W msitive
to upper ocean low-salinity
waters

" i |

Shallow continental shelf circulation (unresolved in CCMs)
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hatr, the data comes from: profiles spaced
VErage: 70 km apart, Whereas the energy
cogtalgligle) scale of the general circulation Is of
orrler to 50 km (dominant eddies, boundary.
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UigaTgrcirculation
WIIEIENI0eS I SIIK,
IIEICHAPESHINISEY.
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golewelrelsufizles

sUfents;

SSIEG) cold,
—dEep Equatonward
currents
purple: 1ow
salinity, buoyant
surface currents




The subpolar gyre in winter ™ R. Pickart R/V Knorr
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Help is on the v ;

thanks to Charlie Eriksen of U Washington (and mar
other creators of new platforms and sensors):

- Use long-range AUVs (e g
Seagliders) to measure
temperature, sallmty D ¢

"--—\_

chlorophyll.... ___'_1. L=
- Skip the sh|p |
2 See the .,..:;-.-
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IMENIISNNEeK deployment ofi autonemous URCErses
YERIGIESHN the Atlantic @cean: winter 20034




Ereeniand-
aNideer east of
'port out of the ¢ |§|fr':j e
EUEHIIISHigUre shows 3 .

HIERSAINILY at 5S0m depth
diing tierone (only) 3-

carrled out (In 1965-66)
OVeriaid on a wintertime
Ice cover image.

data from John Lazier, Bedford Inst. of ﬁ N . i _ ": % Greenland
Oceanography - |

plot by Jerome Cuny, Univ. of Washington |
satellite image from Yanling Yu, U of W.






Davis Stra
tempera
at1to3 k

resolutio

UW Seaglid
section,
Oct 2004

y =
b

Cold Arctic

=1000

=200

-300

- 00

1
=100

1
=80

-70 Copyright Peter-Ritines, 200#%
km

1
=30

i
=20

L
=10




Se 0l \/Jge;,- averteld s that the subpelar and pelar

sEeliSialie Undergoing imassive, often abrupt changes in
orysieeliely ulatlon stratification, thermodynamics, Ice
sOVEr, and ecosystems

f QfSlmpIe warming but warming superimposed on
Js ng ) dynamical modes like the North Atlantic
- ;-_(_?jsculatlon Invelving jet stream, Atlantic storms,

== “stratospheric polar vortex as well as the ocean
-~ circulation and ice fields.
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vIerspatial form
‘adyvected tracer,

Sed eut by fluid
2Ining.

Figure 10 The spin-up of a passive tracer in a gyre circulation with Péclet number of 2.5 x
L0, based on the basin scale and interior velocity (Musgrave 1985). The ridge of high values
does not follow the streamlines but represents the winding up of the initial conditions. A weak
diffusive spiral crossing y-lines remains in the steady state upon the homogenized plateau. The
injected boundary values can be followed through the western-boundary current, but they ars
quickly assimilated by horizontal mixing. The large tracer flux through the system depends on
thin boundary layers, which are treated with a stretched grid.

Musgrave, JMR 1985
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S Some conservative tracers are dynamically
- active: potential density, potential temperature,

i
— g E

- salinity, potential vorticity field in stratified
geostrophic turbulence (David Dritschel)
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~ F = external forcing (stress, -

——— buoyancy)

0 = potential density

—

S
. E— = mem—

gyox oarocilinic

;;(]]:7 88‘2”)4_ f(y) quasi— geostrophic

N = buoyancy frequency

3 —la 5 V XU .
== barotropic
h \
—'.'_'-""'a‘j'_i’: V %+ 2 é layer thickness
- a =
\ - Kelvin's circulation
absolute vorticity theorem in disquise

g = f/h or fN? for large scale, weak currents (L >> Rossby radius)



> Tha iyye) }/mm O potental vVertciwy, PV,

hr

orlrorroo (f/total depth)
gelfeel c (absolute vorticity x N2)
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SE=—tal ~be reunited in a generalized PV in which the
=~ intesections of potential density surfaces with
—— - boundaries provides 6 — function sheets of PV

e S (Bretherton, QJ Royal Met Soc 1966,

Rhines, Ann Revs Fluid Mech 1979,
Schneider, Held+Garner JAS 2003)




0.2% Slope PV and Isopycnals Along 24° N

16K 20°E
il of Gulfi Stream/ e
‘ ary current in Layer PV in m™! s
sSsepycHal HiVimodel 0. Slope PV and isopycnals Along 24° X
S simulation of wind-driven AT
E—-—El-rﬁul’c‘ltlon. note high PV region
~ adjacent to slope

(Hallberg+Rhines, Dev. Geophys. Turb,
Kimuraand Kerr Eds., Kluwer, 2000).



Instantaneous Layer 10 Potential Vorticity
Flat E-mu_: 1 0.4% Bottom Slope
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_ of contours of constant PV is equivalent to a cascade of PV to
—la etANavenumber and with it a cascade of velocity and pressure spectra
to small wavenumber. This is the Poisson-equation,

2
' Vi =¢
at work: the pressure image of an elongated vorticity streak is much larger

than the width of the streak (imagine depressing a membrane with a
streak-shaped force).
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Sstieph cascade

o] ntal andivertical® W

eiplcl \velge]nys ssrthreugh paling and
barotropl 2ol (WhIChSTthe truerliie-cyclere
IEOEINIC IAstanility);

2) <g;=; ‘hard-core” vortices which can

Smenge;, |th long life-times. PV inversion s
- cljl ?agous to finding electrostatic fields from

. L
B _.—l-'-'

= = Charge distributions, or membrane deflections
~ from distributions of weight upon them

IS a stretched Laplacian
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of a two-layer zonal jet

(RhInes Jiersea 1 977
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large- PV duetor —
ezl clictilEitiggh (valociny clglefelagisiiailaicls)
iopography at the base of the fluid and
sphierical shape of the Earth

— - = —

scale-adependent elasticity: weak at small scale
== # ~ Inhibited meridional mixing

enabling unstable eddy/mean flow development
and access of mean-flow energy



aNGsEIeueRICGRY) contours for N Atlantic and tropesphere

—— -
(37 km resolutlo_nw

-

fih..geostropic contours at res 37 km



orth Atlantic,
1500m: depth

Crf]

Ethermean horizontal fluid

= Velocity, so this is a mixture
O geestroephic turbulence

and Rosshy waves

Freeland, Rhines, Rossby
J Marine Res 75

Distance East of Cenfral Site Mooring

5
5
-
-
8




i =188 sF-“hmum

Rosshy wav
Pacific from s :
laser altimete
TOPEX/Poseidon sez
surface heic
Chelton anc

Science 199!

Observed Sea Surface Height Anomaly
' b}14°N

=

Rossby 1

-~ prncit

o

20 250

E longitude

igure 1. Time-longitude plots of 55H anomalies at (a) 8,
(b) 14, and {¢) 20°N from the TOPEX /POSEIDON altime-
ter. Units are meters.




Rosshy waves

Stucies of equararially trapped wares using ferrofuid

{a) T i-g

Seen from above the
South Pole, an equatorial
Kelvin wave progates
eastward

aperiment. A cylindrical tank hobds a

u“m:-.I h\ \nrlh :
strength, ||, and its gradient, . The enlire apparalus roLa
View 1'-Im:u,_..r..|'-h of the I..bun'lur'. caperiment with an external r 1 forcing a large-amplitude
WIVE




ougp, slavsitz, C.C RIS

enEEUEieVAREssHY. 1N the midl 19205, In the basemen
IrEauNRNYashington. THiS rotating) table coul whn! him
SyAVaves, but it collapsed andrapparently was not repaired.
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o: the paraboidal

Nap=Tala a8 ) ara )
U IAUC e

. leld that makes barotropic
'/ - (one-layer fluid) Rossby

waves possible
GFD lab, Univ. of Washington)
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RESSI9Y/ WaverGreen's function foran @scillatory. peint, seulice
W=e,d(-1& /2w iwt) H,@(Br/2w)

PIESSUIE  or streamfunctlon viewed fireom
SOLITIYE

Rossby waves generated by an oscillating vorticity source

a —iot
EVZW + Py, =6(x, y)e
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ROSEIYANEVESION & olar B plane homo ENOUSAWELET
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induced N\
by PV stirring: 1
mixes

away the PV max
at polar cap
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IRRthE classic rotating annulus eQMrlment, paroclinic. .

WeWessselaiedreddiesiand et streams Havesmiany
ASSOEENIONS With ROSSOy Waves:

ar-annulus1, avi






R S =
Verex induction 1n a Rossby wave is a o)
Sicis|ERaidt tinstable waves i mamyak

WisaReNpotential-vorticity gradient.

R
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Opitical alimeingior 2 roEIdde
fAuic (Friings, il el
Mericlez, 2004L)

11e fres gl )

/5 & paragolojcl, e Srlede of
;f'e/esco,oe mirror (znd indeed s is
A0 SUCH [IFFOrS éf8 fhelee).  [E
a1 equjpoierieal JUrfIGefor e
combined ceridigEl gl ¢
22 77 apd Jocal ey potem‘/a/
(v2) ( wirier or COLISE /S a

COrMOIIELH O] Jf e gravity and.
EET)S vyl ff/f/'/f z poz‘em‘/a/)

— i = =
-

/¢ J5 :_—@; B0l Jens with which one
S CEIIIae tie entire. surface of the
= SHUIEWItIgnE, all-converging on
— -_""l??g@amera lens. With a point
T:":- \Solirce o lighit: the. resolution s to
Wit a simall fraction. or the
~ Wwavelengih of light (for a telescope.
Raurchy: Rulings).For a fluid
experiment wenave: to: aumob
aAown; the tecnnigue by using a rat
/Ightsource) giving: altimetry

observations or order 102 m.







(_Fln]mai'tigm) Here, "h': ptatio periodically altered, anc
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’Spi-ral [Sia group-

veIOCIty nduced
shiear-dispersion.

Strong umbilicall jet
In the lee

Rhines, JPO 89

JOURMAL OF PHYSICAL OCEANOGRAPHY VoLume 19

T

FiG. 9. Nonfinear supereritical. Read scross, then dowm. Evolution of an imitially aniform castwird baroropc Bow over 280 days. Strong
eastward flow, & in Fig. §, except with & broader ridge (600 km hall-widih in (he y-direction ) and sighby Bster flow (0.08 m s "), Potential
vorticity contours, shown as bands superimposed on the interface surface plot, are wound into the region abave the ridge. The slope of »
increases, wnd cormespondingly, the welodity. The froe vortex moving, eastward s conmectod to the bound vortex above the rid.F by a long
trangh, which draws in high potential vortseity fluid from a great distance poleward,
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Ennmaten) Inagereirarwaffle-grdamountain on the
SigcCEMIEYIOIERoudman par excellance. (1 ¢
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Seanteraction o Rosshywaves and meanicirculation:
WEWESISEL Ujp. the mean circulation (‘pathfinders’)

WEVE actiol. Conservaton, -Uk)
WEVESMomentim fiux: £ /(WEDK)

(A R E AU TSI = TIE BT OV G = OUINVEl OGO STTEYUENCY k= a5 = WesT WAaVIIUTIE -

Lateral momme

ACCH mpanylng stirring of large-scale PV field:
Sgsterly acceleration related to north south particle
= _;splacement, g
Westerly near energy source (classic jet sharpening)
| acé~p6lar anticyclonic vortex (in tandem with diabatic
~  forcing, wintertime cooling)
= ~ mountain topography: easterly momentum source
- transmission by Rossby waves (non-local PV flux; CLs)
z Induction by synoptic scale QG turbulence
zonal p-plane jets, zonal spiralling bands
long, upwind propagating Rossby waves
(‘Lighthill” modes)
restructuring of the flow induced PV, limiting on homogenized
PV ...ocean, stratosphere, troposphere



The paradies joreligosgyedodiiotciid NS0
WEVESISHPENIMPOSED 0N & meain Westerly
(22l szvvrlr(} Wind.




[BinearstationaiyAaves: circular lee Rossby waves plus upwind and dewnwind
KE blocks s elementary solution contaims both the semicircular Iee Waves

Waves genervaled in dispersive systems

e (U] 8)

Crl IEY: razm
rfworffc aarsiraiiied

LiCULEY

o wgmnumbers lieron
..an-eﬂlpsmd whose
~  base plane is this
circle,

Frouee 1. Wave-numboer curve for Rossby waves genorated on a beta-plane occan by a
steady forcing offeot travelling westward, with veloeity (=7, 0).
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Frouses 4 (a) snd [§). For logeed sey Taciogg pagra.

The solutbon given in (5.4) incledo o rather extensive meandering wake dos

stroam of the bump, Infigure 4, streamlines eosroaponding to (5.4) with bjEL =14
and e

wee vnlbiees of B il dvie. 2:0, 4= and 801 nre abows. Even for A Jied) =

Fiovam 4. Loworlnyer sbroarslines for peogradn (oastwnrd) Mo past & right sirsular
eylndrical bursg {~-—-). Lowsr layar bebaves as though il wors R singhs lagver, with a rigid
bl wd @ o . LR = -0, & o,

el e



ifle B=altirles _I-:Q'B‘séby Wawe: Green’s function for an steady: point SeUKGE
WilaNEazeal flow
— w=exp(-Px/2R) K,(Br/2R), =

(RESNIREZIREKMan friction coefficient)

"

ali—

Beta plume circulation generated by isolated vorticity source




Baz/U
(animation)




Baz/U~1: begin
(animatio -




Baz/U>1:
wake generates

Note upwind
blocking east
of mountain,

unstable Rossby
wake, induced
anticyclonic
polar vortex
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1993 JFM SLP and Z500




(OGLEIEN zoosm Strong winds were supplied by fast-moving lows arriving
GRiNEIe Greair Eakes) a'deep troughrnttheretstream, was stationany/fieR seme™
clelys.

BlIEEhlrricanes reached Greenland in the autumn. re-energizing WHERMheY:
; Ierjetstream; ‘Super’ typhoon Lupiiimpacted tiiey am' i the
WESIEIHRPECIIC I late November, excitiigrthe waveguide' asiiarasrEurope.

184 Hr Fost 00 MB ": 5 (dekameters
{inftial ized (0Z Sun 28 Sep 2003)

IESSEUNIEIIEEIIIN

Wed 01 Oct 2003

120%

Univ. of WashARWight BstesRbipess 2004
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5-week Hgymuiller (time-
longittde) plot fellewing the
principal sterm tracks

(Crizlr)e), Lae zigje/ Suifsang
J Clim 2002).

This Is variance of
& otz VoSl &N meridional velocity at 300
26DECTOB0 AR W% - S Sl o mb. Individual synoptic

We L/ &7 &5 eddies move slowly

eastward while they spawn
new systems with a more
rapid eastward group
velocity
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he jet stream

it i

X 'Illllfftf"' 72

R T e

Hoskins+Ambrizzi
JAS 93

15 JuLy 2002

30°S |
0° 60°E 120°E 180° 120°W 60°W o°

FiG. 4. One-pomt correlation plot for CCM3 mean Dec—Feb (DIJF) 300-mb nondivergent v wind
component internal variability for a base pomnt at (28.9°N, 112.5°E). Contour interval 15 0.1.

Branstator JClimate 02



Fiz. 10. (a) Leading EOF of CCMY mean DIF 850-mb stream-
funchon mbernal vanablity for the Northern Henusphers sector be-
e PPN and 30°E. (b) Corvelation of CCM3 maan DIF 300-mb
smreamfunetion imvernal vaniabiliny with the principal conyponent as-
Fre. 16. Same as Fig 10 except for observed monthly mean DIF socixted with the EOF of (a). The five heavy dots mark the centers

kpnfﬂ: from cemterad -paanth meams. D\fnlhr frve lobes m the meﬁ:nr:mp]ut ufF:ig. Ba Conftour mierval
0,

Branstator J Clim 2002




PressiiieNield (Winter 1998)"at 3 levels in the'northern hemisph O'O'Urﬂg
3005010 2 d 50 mb:surface storms (blue low pressure);, jetystreams (redimss
SOLBIS)Ranal stratospheric | volar Vot dﬁrk contout -r; Jimation

1993 0

North Atlantic, M R e

Greenland oA ST
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Erotation driven ﬁssb wavesgggi@;-uﬁm,

SiegeIng Resshy Waves/Wakes

Ijg'r I eloekiniel (owsiraclile flevA Ross OV e
WiblhiRzenal Wavecerests, Intrinsic group velocity 3/1- :
oSt eep (west) If Ba2/U>1)

Weakening| of stationary lee waves by altered oncoming
wWigles

- Jeef ' ’cionic wake, PV bridge to polar vortex
=== =instability of lee bt shear produces transient

3 = -lr'_

;__ eﬁdles/Rossby waves with a broader spectrum of group
= Velocity for large pa2/U

- = critical line where U=0 absorbs zonal westward

- momentum, reducing scope of wave propagation,

totally changing upwind block

ally
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hellew water on'a sphere: T1279model: zonally:averaged

Zonally av. U vs latitude shallow-new (=0,25,100,200,300 PV vs latituce shalbow-new 1=0.25,100,200.300
i T T T T T

—— _ Uattimet=0
i

e
.
o ——

e

e

both hemispheres filled mountain here
sy ey PV homogenization,

upstream blocking polar anticyclones



HeWeVEeNpivaisZeRalvInd reverses at low: latitude, produces a migrating
WC2INEYEN, Instead ol polar vortices/hBleeking




CORCIUSIONS

- Simple barotropic mot nsshy wave propagatlon flow
instability and mean-flow induction by transients. Optical altimetry in the
gfdlab combined wnth-ﬂﬁrtlcle imaging, dye and laser velocimetry, spans
many scales. Inertial waves and microscale convection interact with larger
scale geostrophic circulations. Models of both oceanlc and atm spheric
Rossby waves are relevant to the struct D | '
stirring and mixing of potentl vor
momentum, and Rossby wave pre
circulation. S s -

-

"
g
— —s
—
=

J Barocllnlc dy mics
Yet Dot J"i- \ or



Ripples, waves and hydraulics interact in flows round'bumps...at all scales (click image for more).

.\.\images\gfd\animations-gfd\Standing6.avi


http://www.ocean.washington.edu/research/gfd/disk.html
http://www.ocean.washington.edu/research/gfd/hydraulics.html
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