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Global Surface Currents
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Six Great Current Circuits in the World Ocean

North Pacific Gyre
South Pacific Gyre
North Atlantic Gyre
South Atlantic Gyre
Indian Ocean Gyre

Antarctic Circumpolr Current

(also called West Wind Drift)

(Figure from Oceanography by Tom Garrison)
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0 5 of them are geostrophic gyres:

QO The 6™ and the largest current:

Characteristics of the Gyres

(Figure from Oceanography by Tom Garrison) O Currents are in geostropic balance

0 Each gyre includes 4 current components:
two boundary currents: western and eastern
two transverse currents: easteward and westward
Western boundary current (jet stream of ocean)
the fast, deep, and narrow current moves warm
water polarward (transport ~50 Sv or greater)
Eastern boundary current
the slow, shallow, and broad current moves cold
water equatorward (transport ~ 10-15 Sv)
Trade wind-driven current
the moderately shallow and broad westward
current (transport ~ 30 Sv)
Westerly-driven current
the wider and slower (than the trade wind-driven

‘Volume transport unit: current) eastward current
1sv=1 Sverdrup = 1 million m*/sec
X f ESS200A
(the Amazon river has a transport of ~0.17 Sv) Prof. Jin-Yi Yu

Global Surface Currents
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Wind-Driven (Upper Ocean) Circulation

‘ Surface Wind =» Wind Stress ‘

!

‘ Wind stress forcing = Coriolis force + Drag force ‘

|

‘ Ekman Spiral = Ekman Layer ‘

1

K109y I, ueunj

‘ Ekman Transport ‘

!

Wind stress Curl =» Variation in Ekman Transport =» Ekman Pumping ‘

-

l adding negative vorticity

’ PGF (Ekman Pumping) = Coriolis force

J southward transport toward small

Geostrophic Currents; Conservation of PV =» Sverdrup Transport ‘

Frictional (Viscous) Force
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« Stresses applied on a fluid element

« Any real fluid is subject to internal friction
iscosit T 8z
(viscosity) -)(r:.+ i T)A\'A_\A_r

« Force required to maintain this flow ~ -
X stress acting on the box from the fluid below
« Viscous force per unit mass due to stress

> F=pduofl
. . it 13 i
« For a layer of fluid at depth 8Z, the force is > 2. =59 (J(;T')
> F o= juAddu/dz
« Viscous force per unit area (shearing stress):
Su du
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A Sverdrup Theory

Surface Wind Stress
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_ force per unit area 7, (2+4d2) —7.(2) 1 a7,

“* 7 mass per unit area Pred? R

1 dr

Figure 9.1 Winds. driven by uneven solar heating and Earth's spin,
drive the movement of the ocean's surface currents. The prime
movers are the powerful westeriies and the persistent trade winds

(easteris)
(Figure from Oceanography by Tom Garrison) ESS228
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Step 2: Ekman Layer

(frictional force + Coriolis Force)

Wind g ydace W '
/]/" H Wind force Wind force
! / irection /

o Direction
of motion

of mation

Friction

R b ° Average flow

(Figure from Oceanography by Tom Garrison) ESS228
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Step 3: Geostrophic Current

(Pressure Gradient Force + Corioils Foce)

NASA-TOPEX
Observations of
Sea-Level Hight

North
America

Hill's center
offset to west

(from Oceanography by Tom Garrison)
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Step 4: Boundary Currents

Steep Top of Gentle
" Gulf Slope mound alope
Stream

Narrow, deep, warm,  Broad, shallow, cold,
strong currents weak currents

(Figure from Oceanography by Tom Garrison) ESS228
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History / Wind-Driven Circulation

(from Robert H. Stewart’s book on “Introduction to Physical Oceanography)

Table 9.2 Contributions to the Theory of the Wind-Driven Circulation

Fridtjof Nansen (1898)  Qualitative theory, currents transport water at an
angle to the wind.

Vagn Walfrid Ekman  (1902) Quantitative theory for wind-driven transport at
the sea surface.

Harald Sverdrup (1947)  Theory for wind-driven circulation in the eastern
Pacific.

Henry Stommel 48)  Theory for westward intensification of wind-driven
circulation (western boundary currents),

Walter Munk (1950) uantitative theory for main features of the wind-
driven circulation.

Kirk Bryan (1963) / Numerical models of the oceanic circulation.

Bert Semtner (1988)/  Global, eddy-resolving, realistic model of the

and Robert Chervin ocean’s circulation.
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Step 1: Surface Winds

Figure 9.1 Winds, driven by uneven solar heating and Earthis spin, Figure 9.2 A combination of four forces—surface winds, the sun's
drive the movement of the ocean's surface currents. The prime heat, the Coriolis effect, and gravity—cir cean surface
movers are the powerful westerlies and the persistent trade winds o o ‘ rchockwise in the.
(easterlies)

(Figure from Oceanography by Tom Garrison) ESS228
Prof. Jin-Yi Yu

Why an Angle btw Wind and Iceberg Directions?

Coriolis
Wind
Wind Velocity of Drag
lceberg
w All forces about equal
Coriolis

c Wind Drag
F
Coriolis

Drag (Friction)

Force Weak Coriolis force

Figure 9.2 The balance of forces acting on an iceberg in a wind on a rotating Earth.

(from Robert H. Stewart’s book on “Introduction to Physical Oceanography™)

Step 2: Ekman Layer

(frictional force + Coriolis Force)

Wind force Wind force

/ Direction
of motion
<\/
—r

Direction

(Figure from Oceanography by Tom Garrison) ESS228
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In the Boundary Layer

9u
For a steady state, homogeneous fr +ﬁ =v Coriolis force balances
boundary layer Tt e ﬂ -0 frictional force
922
viscosity’ l
u =V explaz) cos(m/4 +az) f
a= —
v =V exp(az) sin(x/4 + az) ! 24,
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« Any real fluid is subject to internal friction
(viscosity)

* Force required to maintain this flow
> F=pAug/l

« For a layer of fluid at depth dZ, the force is
> F = juAddufsz

« Viscous force per unit area (shearing stress):
— Su -~ du
D= 5:‘1‘0’1 bz =H 9z

Frictional (Viscous) Force

9ue 8z
L, o dTuoE
we Gt
8y
Kiress acting on the fluid below the box
013 82
LTS
" 2

« Stresses applied on a fluid element

stress acting on the box from the fluid below

« Viscous force per unit mass due to stress

1 dr.y I a du
= L
> p 9z az \"az

%
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where v = p/p

How Deep is the Ekman Layer?

-1

(from Climate System Modeling)
or

Depth (M)

&)

Fig, 4.

The thickness of the Ekman layer is arbitrary because the Ekman currents decrease
exponentially with depth. Ekman proposed that the thickness be the depth Dy, at
which the current velocity is opposite the velocity at the surface, which occurs at a

depth D =m/a

(from Robert H. Steward)

Q D oc (v/f)12

v= vertical diffusivity of momentum

f = Coriolis parameter = 2Qsind

¥ ESS228
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Surface Wind Stress

(0)

Surface wind stress:  (Twind.. Twind,) = PaiCt10 (Ua. Va)
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Ekman Transport and Ekman Pumping

Westerlies
/‘Mnd»dnven ayre
\Ekman llransporl

CONVERGENCE

Ekman Tlranspoﬂ

Wind-driven QM
Northeast trades

(from The Earth System)
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Ekman Transport = Convergence/Divergence

(Figure from The Earth System) Surface wind + Coriolis Force

Geostrophic current

\’/_k\/ Geostrophic current 1

Surlaoa layer,
Mass 2\ thiokens ¥ ians Ekman Transport
convergence ~ convergence 1
. Convergence/divergence
Thermocline .
— (in the center of the gyre)
b Upwelling 1
Mass Surface layer thins . Mass .
divergence divergence Pressure Gradient Force

o !

Geostrophic Currents

Divergence zone - Ersosfzfl?n-Yi Yu

Step 3: Geostrophic Current

(Pressure Gradient Force + Corioils Foce)

NASA-TOPEX
Observations of
Sea-Level Hight

Hill's center
offset to west
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Prodoine  Fresiure 5 Eath totates easward Essm

Geostrophic Current

Forces Geostrophic Gyre Currents

Westerly winds __.- -

Eastward-
flowing current
& gf gf
‘> Ekman transport Clockwise gyre

causes water to resulting from
pile up in the gyre

l geostrophic flow
Westward- gf gf

ﬂowing

current . Norlheasnradawmds

P

(Figure from The Earth System)
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Characteristics of the Gyres

(Figure from Oceanography by Tom Garrison)

O Currents are in geostropic balance
O Each gyre includes 4 current components:
two boundary currents: western and eastern
two transverse currents: easteward and westward
Western boundary current (jet stream of ocean)

the fast, deep, and narrow current moves warm

water polarward (transport ~50 Sv or greater)
Eastern boundary current

the slow, shallow, and broad current moves cold

e water equatorward (transport ~ 10-15 Sv)

Goographical Equater Trade wind-driven current

the moderately shallow and broad westward

current (transport ~ 30 Sv)
Westerly-driven current

the wider and slower (than the trade wind-driven

Volume transport unit: current) eastward current
1 sv =1 Sverdrup = 1 million m*/sec -
. [ S 1552004
(the Amazon river has a transport of ~0.17 Sv) ¥ Prof. Jin-Yi Yu

Ekman Transport = Convergence/Divergence

(Figure from The Earth System) Surface wind + Coriolis Force

Geostrophic current Geostrophic current
g2 HO05o

Surface layer
\ thickens f

Mass

N Ekman Transport
convergence

~" convergence 1

Convergence/divergence
— (in the center of the gyre)

Mass

" divergence Pressure Gradient Force

}

Geostrophic Currents

f ESS228
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Thermocline

Mass
divergence

Theories that Explain the Wind-Driven Ocean Circulation

Harald Sverdrup (1947) showed that the circulation in the upper
kilometer or so of the ocean is directly related to the curl of the
wind stress if the Coriolis force varies with latitude.

Henry Stommel (1948) showed that the circulation in oceanic
gyres is asymmetric also because the Coriolis force varies with
latitude.

Walter Munk (1950) added eddy viscosity and calculated the
circulation of the upper layers of the Pacific.

Together the three oceanographers laid the foundations for a
modern theory of ocean circulation.

(from Robert H. Stewart’s book on “Introduction to Physical Oceanography”)

Sverdrup’s Theory of the Oceanic Circulation

Vxr
3

V=k-

= The Sverdrup balance, or Sverdrup
relation, is a theoretical
relationship between the wind
stress exerted on the surface of the
open ocean and the vertically
integrated meridional (north-south)

transport of ocean water. ~ | dom maitey 2001y

= Positive wind stress curl =» Northward mas transport
Negative wind stress curl = Southward mass transport
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Global Surface Currents
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didy (5= =M, +T. )—d/dx ( Ty = M=+, ) and use

Sverdrup Transport
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vertical integration
from surface (z=0)
to a depth of no
motion (z=-D).
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V=k =

« Continuity equation for an incompressible flow:

* Replace the geostrophic flow pressure gradients:

o 1ap

Sy =———
“ poy
1 9P
Fp==5
pay
* The continuity equation becomes:

B, v L
fv!+az_0 = ﬁv‘?—faz

Sverdrup, Geostrophic, and Ekman Transports

ic current

Geostrop!
e
\\‘_\_»——

Ekman layer pumping
=> vertical depth decreases
= move equatorward to conserve absolute
vorticity, o Upweling

Surface layer thins.

Ekman layer suction
=> vertical depth increases
=> move poleward to conserve absolute vorticity.

&+ f)/h=n/h=Const

Sverdrup, Geostrophic, and Ekman Transports

B | vaz=flwe—wC )

5405

assume zero

0
, - Vx7 T,
l/:k._' VE=JUF_ dz = ——=
a3 e Pof
« Continuity equation for an incompressible flow:
u d ow b
—+t—t+t—= J
ax ¥y x
« Assume the horizontal flows are geostrophic: ==Dy
ou, ov, ow
T T W _
dx dx oz the Ekrfian transport:
* Replace the geostrophic flow pressure gradients: Wi-Dg) = —
Lo x
ﬁ"x - P By * Therefore, we obtain:
1P s N A
M=oy J V2= a3y )
P tm=Dy Pi x Y p
* The continuity equation becomes: geostrophic Sverdrup - (Ekman
transport transport Transport)
B ow aw
Ly + =0 B | = * Therefore,
f* oz f oz

Sverdrup transport = Geostrophic transport + Ekman transport




Ekman and Sverdrup Transports

L ® ® @
| - : =15
Loy | - o ARG
U |

Ekman Pumping ~ Ekman Suction
(w<0) (w>0)

V=k- V_’;T
Equatorward Poleward \
Sverdrup Transport  Sverdrup Transport

1
Subtropl!cal Gyre Subpolar 6" Frof. n-Xi Vu

Ekman Pumping and Thermocline

Ekman pumping/suction

cold. fresh
wall mixed

Pole Equator Pole

Figure 10.1: The ocean comprises a warm_ salty stratified lens of flmd. the ther
mocline circulating on top of a cold. fresh. relatively well mixed abyss The
surtace layer above the horizontal dotted line at a depth of about 100 m 1s driven
directly by the wind The thermochne below 1s brought in to motion through
a pattern of vertical velocity drven by the wind (Ekman pumping and suction)
which induces flow in the ocean beneath

(from John Marshall a E Atmosphere, Ocean and Climate Dyna

Step 4: Boundary Currents

Steep Top of

slope mound Gentle
A Gulf P slope

/ Stream . Canary
4 Sargasso
- We Sea T

Narrow, deep, warm,  Broad, shallow, cold,
strong currents weak currents

(Figure from Oceanography by Tom Garrison) ESS228
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e
o 1000 km
Wind
Stress
Figure 11.5 Stream function for flow in a basin as calculated by Stommel (1948). Left: Flow

for non-rotating basin or flow for a basin with constant rotation. Right: Flow when rotation
varies linearly with y.
Stommel’s Theory added bottom friction into the same equations used by Svedrup.

") Tz a Ty,
%:fp!'*'(.h Lo fpup

(from Robert H. Stewart’s book on “Introduction to Physical Oceanography”)



Munk’s Theory of Western Boundary Currents

e 1dp a du 8%u 9%u
-— fo+ e Ase= | + Ay 5= + An 5=

p Oz 0z 0z a2 ay?

1 dp f a f A v . % A v
el 4 et (ALY pa, S 4,2
P oy oz ( 0= H o2 o2

L J \

T T
surface stress  lateral friction

Ay Vi :f(,))—q{ = —curl, T
Jx
Friction Sverdrup Balance
mass-transport stream function ¥ d)_‘i’ M, “;_\1‘
dy dxr

= Munk (1950) built upon Sverdrup’s theory, adding lateral eddy viscosity,
to obtain a solution for the circulation within an ocean basin.

= To simplify the equations, Munk used the mass-transport stream function.
(from Robert H. Stewart’s book on “Introduction to Physical Oceanography)

Why Strong Boundary Currents?
A Potential Vorticity View

Wind-supplied negative

(Figure from The Earth System) relative vorticity

Change in latitude
== gain in negative relative vorticity

Current shear
— gain in positive relative vorticity

|

Western

3 Eastern
continent

continent

nt shear
ive relativg vorticity

| pus|€ g -

friction has to be‘big => strong I

Characteristics of the Gyres

(Figure from Oceanography by Tom Garrison) D Currents are il‘l geostropic balance

QO Each gyre includes 4 current components:
two boundary currents: western and eastern
two transverse currents: easteward and westward
Western boundary current (jet stream of ocean)

the fast, deep, and narrow current moves warm
water polarward (transport ~50 Sv or greater)

Eastern boundary current

the slow, shallow, and broad current moves cold
water equatorward (transport ~ 10-15 Sv)

Trade wind-driven current

the moderately shallow and broad westward
current (transport ~ 30 Sv)

Westerly-driven current

the wider and slower (than the trade wind-driven
‘Volume transport unit: current) eastward current

1 sv=1 Sverdrup = 1 million m*/sec ESS200A
(the Amazon river has a transport of ~0.17 Sv) - Prof. Jin-Yi Yu

Gulf Stream

Ariver of current

Jet stream in the ocean

= Speed =2 m/sec
= Depth =450 m
= Width = 70 Km

= Color: clear and blue

(Figure from Oceanography by Tom Garrison)
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