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CHAPTER G
THE DYNAMICS OF OCEAN CIRCULATION

The upper ocean circulaion in the subtropica regions of the Atlantic and Pacific oceans
is dominated by the concentrated currents adong the western ocean boundaries (Figure
6.1). The so-caled western boundary currents (or WBCs) in the mgor oceans include:

North Atlantic Ocean Gulf Sream  (and Labrador Current)
South Atlantic Ocean Brazil Current (and Faukland current)
North Pacific Ocean Kuroshio (and Oyashio Current)
South Pacific  Ocean Eagt Audraian Current

Indian Ocean Agulhas (& Somdi Current)

Because of geostrophy, the presence of the western boundary currents is extremely
clear in the digributions of hydrographic data (i.e. temperature, sdinity and dengty). In
the region of the 50-100km wide currents, there are “ steep” downward doping
isotherms to the east, congstent with strong postive laterd temperature gradients

(i.e, E—T >(0) and associated strong northward geostrophic current shear - v,. The
X

isotherms to the east of the WBCs exhibit a dight upward dopes to the east, consstent

with weak negative lateral temperature gradients (i.e., E—T <0) and an associated weak
X

southward current shear v,. The picture that emerges from the dataiis one of strong

WBCs that are fed by awide expanse of week (only afew cm/sec) southward flow.
The weaker currents (with smdler trangports) along ocean basin eastern boundaries
indude:

North Atlantic Ocean Canary Current
South Atlantic Ocean Benguda Current
North Pacific Ocean Cdifornia Current
South Pacific  Ocean Peru Current
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IndianOcean  ..........

Fic. 14.2. Surface currents of the Atlantic Ocean. Abbreviations are used for the
East [eeland (EIC), Irminger {(IC), West Greenland (WGC), Loop (L) and Andlles
{AC) Currenes and the Cariblean Countercurrent (GCC), Other abbreviations refer
1 frones: |MF: Jan Mayen Front, NGF; Norwegian Current Front, IFF- leeland - Faroe
Front. SAF: Subarctic Front, AF: Azores Frone, ABF: Angola - Benguela Frone, BOF:
Brazil Current Front., STF: Subtropical Front, SAF: Subantarctic Front, PF: Polar
Fromt, CWE/ WG Contnental Waer Boundary ¢/ Weddell Gyre Boundary. Adapeed
from Duncam e al (1982), Krauss (1986} and Peterson and Siramma (1901},

TE §
Figure 6.1 Schematic of the major currentsin the Atlantic Ocean.

We seek to understand the physics of these basin scde flows in terms of wind-driven
and thermohdline forcing.
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Wind-Driven Circulation

The dirculation in the ocean can usudly be divided usefully into the thermocline region O
- 1000 m and deep sea flows below thisregion. The subsurface circulation above the
main pycnodineis strongly influenced by wind forcing.

Thusthe generd wind-driven flow pattern above the thermocline (i.e., pycnocline)
within the mgor ocean basins in each hemisphere is schematized in Figure 6.2. Note the
thermocline s steep dope on the western side of the basin and the gradua shallowing
toward the east. Intense poleward currents are found on western side, while relatively

weaker equatorward currents are found throughout much of the rest of the basin.

dirfh 'b-vhﬂli -t

Figure 6.2. The shape of the upper ocean - as defined by the thermocline (or pycnocline) ina
subtropical ocean basin. The thermocline, which plunges dramatically near the western and
northern basin edges, gradually becomes shallower going southward and eastward.

Here we explore a smple theoretica model of the upper ocean wind-driven circuletion.
The dements of that mode include:

(@ Wind Driving Forces

Winds (with speed W) act on the on the sea surface in the form of wind stresses
given by

.= 26x10"%r WW
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(b) Conservation of Relative and Potential Vorticity

Thetotd “spin” of individud water columns that make up the ocean is dtered
by externa stresses. The conservation of angular momentum governsthe
mechanics.

() Friction
Vorticity input by the winds and vorticity extraction a ocean boundariesis
mediated by turbulent friction processes.

We will congder flat-bottomed modd basn, with +x (eastward) and +y (northward)]
and a depth of about 800m (see Figure 6.3). Thebasn of L x L islarge enough so that
the Coriolis parameter is permitted to vary with latitude according to f = f(y).

Thelatitudind digtribution of the long-term mean model east-west wind stresses that
are gpplied to the ocean surface are given by

t,=1- &% %n 2B,

ecm g

The dirculaion in the interior of our model ocean will have two distinct parts: (a) a
friction dominated Ekman layer 10 to 100 m deep and (b) deeper flow driven by fluid
thet isforced vertically out of the Ekman layer.
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Figure 6.3. The model upper ocean components; The Ekman layer in the upper 100m sandwiches

the deeper waters above the main pycnocline at about 800m depth

Ekman Layer Role in Open Ocean Dynamics—via Mass Conservation

Trangport is defined, in generd, as the volume of water passing through an area per unit
time. Thus the eastward and northward horizonta trangports through verticd surfaces
of height z-z (with aunit width) are

My = QU Y, 2 o My = V(X Y, 2) dz

z Al

for the x and y directions respectively.

It is sometimes useful to use the continuity relation that iswritten in terms of horizontd
transports M, and M, by integrating the continuity relation verticaly to yidd
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2, Tu v 2w
U Yy dz=- dz,
Oy Fqy) 770,

z Z1

Upon substitution of the above definition of horizontd trangport, the above becomes a
conservation of trangport or Transport Continuity Relation

M + M = W(X, Y, Zj_) - W(X: Y, ZZ) :
X Ty

Divergence

The Transport Continuity Relation shows that in afinite volume of the ocean between
elevations z and z the horizonta divergence of trangport is related to the difference

between the verticd veocity leaving the top and that entering the bottom (see Figure
6.4).
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Figure 6.4. Conservation of volume (or transport) framework, in which the divergence (or
convergence) of lateral transport through afinite region (right) produces a difference in the vertical
velocity (left) .

Use the Transport Continuity Relation to consder circulaion in the Ekman layer, given

wind stress ditribution for our model ocean. Inthiscase Sncet, = t4(y) only, the

© 2004 Wendell S. Brown 3 November 2004



Chapter 6 - pg. 7
Ekman trangport will be

M§ =
N

Because the wind stress magnitude varies with the latitude, the magnitude of the Ekman
transport must dso vary with latitude (see Figure 6.5) and has a convergence. The
convergence of the Ekman transport leads to downwelling with alatituding variation
and a maximum Ekmartinduced downwelling located near y = 0 in our modd (~
latitude 30°N).
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Figure 6.5. Ekman convergence induced by ameridionally varying zonal wind stressfield.

The actua amount of downwdling (-w) at a particular latitude can be computed by
evauating the Transport Continuity Relaion in the surface or Ekman layer asfollows.
Fird, the vertical velocity a the surface w(z) must be zero on average (or the ocean
would befilling up). Second, because of our smple wind stressfidld My = 0 and My =

M, =- @ , the vertical velocity a the bottom of the Ekman layer w(z) isfound
r

according to

E

W(z) =
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or

_ 1 6L
M2 9y & v &

Upon subgtitution of the mode wind stress distributiont (= Sn( pL_y) ,W(z) is

Sy
W(z1) = -—&——1

e a
But f also varieswith letitude [i.e. f = f(y)], so we approximate it according to the
following

Df
i) ~fot =V,

with Df ~0.5x 10" sec and f, ~10™* sec™
Differentigting the relation above leads to

1 6%, fu
W(Zl):-_f& f-ltsﬂ_,

rfely  “fyd
and subdtituting for tsand f leadsto

P
_1p_p. S Yor
w(z)= -2 oos® y) -—L =01y

By collecting terms and rewriting as
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p é _p Dfff \ . P U
= —V)-(—)an(—vV),,
W(z)) = - g:os(Ly) ( o ) n(Ly)H
. Dfff . o :
But shce —— ~ 0.10, to thefirdst gpproximation w(z,) is
p

W(z])"-%cos(%Y)-
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Sincethelatitudina gradient of the modd wind stressis postive a dl latitudes as shown
inFigure 6.6, w(z) is negative everywhere (i.e. downwelling)
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Figure6.6. Vorticity distribution due to the zonal wind stressfield.
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In summary, this so-called Ekman pumping is due to the convergence of the Ekman
trangport, whichis in turn sustained by the zond wind digtribution. The Ekman pumping
feeds water into the deeper layer where the previous discusson on vorticity dynamicsis

pertinent in explaining the subtropica gyre pattern.

Ekman Layer Rolein Open Ocean Dynamics—via Vorticity Conservation

An dternate way to understand the role of the Ekman layer in generd wind driven

crculation isto consider vorticity conservation. First we note that because the ocean
isnot “gpinning-up” (i.e. c;—i © 0), there must be a vorticity balance in both the Ekman

layer and the deeper water. The vorticity balances are governed by the conservation of
potentia vorticity.

What isthe vorticity baance in the Ekman layer? To answer this question, consider
what happens to a fluid column in the Ekman layer, as the negative vorticity of the basin-
scale wind stress (- V,,) is continuoudy injected into the Ekmen layer at the surface.
We know that on long time-scaes, the Ekman layer water column does not spin-up.
Thusthe relative vorticity of interior Ekman layer - V¢ - must compensate so that vE
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= -V, + V¢ remans condant. Assuming thet the congtant is zero, V. =+V,, .

With a continuoudy incressing V; , how isthe PV of the Ekman layer water column

z +f

conserved according to the law thet ( ) = congtant ? The answer is that because f

E

=congtant locdly, PV conservation reduces toZE = congtant. Thus thewater column
He

He mugt increase (i.e., water column stretching) with + zg (see Figure 6.7). This
produces a continuous Ekman pumping or downwedling at the base of the Ekman layer

(because the sea surface above can not rise).
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Figure 6.7 Theinjection of negative wind stress relative vorticity into the surface of the Ekman
layer induces stretching of the Ekman layer that downwells into the deeper layer below.

L I .

What happens smultaneoudy in the deep layer below the Ekman layer (and above the
main pycnocline) can aso be explained in terms of the vorticity balances.  Firg, thetop
of the deepwater column recaives the downwelled water from the Ekman layer above.
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Because the pycnocline resists vertical movement, continuity requires thet the deep
water column spread lateraly as shown in Figure 6.8.
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Figure 6.8. Downwelling from the Ekman layer above causes spreading of the deeper layer and
causes adecrease of the relative vorticity there.

This squashing of the deegp water column produces an effective decreasein Hp, Local

potentia vorticity conservation (i.e, Zo = cong . ) demands the loca production of

D
negdive rdative vorticity according to zp = - z,,. (Note that thisjust explainsthe
process whereby vorticity of the wind dressis tranamitted viathe Ekman layer to the
deep water column.

With this continuous production of zp = - z,,, thereisaloca imbalancein totd reletive
vorticity in the deep layer v.° . Thisimbalance can only be resolved by inducing an
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increase inrddive vorticity equa to zp = z,,. The only mechaniam Ieft to change rdaive
vorticity isfor the water column to move laterally. The conservation of potentia

vorticity for a water column of congtant thickness (i.e. constant H) is
z ,+f =congant .

In the above PV relaion, the Corlois parameter is afunction of latitude [or localy f(y)].
It isthus clear that equatorward movement of the deep water column (at the

appropriate rate) will achieve the required vorticity balances. Therefore to balance the
vorticity input of the basin-wide wind stresses, dl of the water in this northern
hemisphere interior basn mugt move southward. This broad southward mid-oceanic
flow is known as the Sverdrup transport ()¢, ). A more complete analysis shows that

it can be expressed in terms of the ratio of northward gradients of (1) zond wind

stress and (2) the Coriolis parameter according to

Msy_

- 1 al (t_S)
(7 9y) Ty r
However in our closed modd basin, continuity demands a northward return route for

the southward-moving water so that it can replace the southward-moving weter.

But the water is south to pick-up the postive relative vorticity needed to balance the
input of negetive positive rdative vorticity by the globa wind stress sructure. The
question is how is the negetive vorticity removed so that the water can move northward
to close the circulaion?

The answer isthat a narrow, intense current moves poleward aong the western
boundary of the ocean, in such away asto satisfy (1) continuity and (2) conservation of
vorticity through out the basin. The negative vorticity is neutrdized as the intense
western boundary current (containing al of the southward Sverdrup transport) “rubs
againgt western ocean wall” and in so doing aquiring postive reldive vorticity (see
Figure 6.9).
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Figure6.9. Lateral shear profilein amodel western boundary current.

The amount of posgitive relative vorticity imparted to this western boundary current by
thewdl zyg balances a double dose of negative rdative vorticity. That double dose
consgsof the sum of the continud input of negative relative vorticity by the winds (-
z,,) plusthe negative relative vorticity (- zy) acquired by the water column as it moves
poleward (with increasing f) in the western boundary current, subject to conservation of
potentia vorticity conservation according to zy = const. —f . The overdl rdative
vorticity baanceis

Zws-Z,°2y=0

w

Thus the gyre circulaion with an intense western boundary current is closed. Note than
an eagtern boundary current dong the eastern wall would not satisy the vorticity
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condition! The results of Henry Stommd’ s theoretica modd of wind-forced (Figure
6.10a) mode ocean without rotation (Figure 6.10b) and with rotetion (Figure 6.10c).

WESTWARD INTENSIFICATION OF CURRENTS

() (b)

E g

F

0 00 km
| S

Figure 6.10 Stommel’ smodel: sinuscidal wind distribution along the meridian (a) and stream
functionsin 10° n* s, (b) Integral circulation in anon-rotating (f = 0) or uniformly rotating
ocean; (c) integral circulation in an ocean rotating as the b-plane. (Tolmazin)
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The composite transport picture (Figure 6.11) in our mode ocean is thus acombination
of the (1) vertical and horizonta trangport in the Ekman layer, (2) Sverdrup transport in
the deep water interior and (3) an intense western boundary current. Ekman layer
trangport is small compared to the Sverdrup transport, which contains most of the water
which feeds the western boundary current in this modd (see Figure 6.12). The Gulf
Stream is the most obvious example of a boundary current.

Overall Transport Picture

Erman TLow —»

Vee? Flow --7
WesTeany
POuNDARY =
CORRENT

Figure6.11 A perspective view of acomposite total wind-driven transport in the model ocean.

The asymmetry in this flow pattern is adirect result of the circulation imparted by the
wind gtress distribution combined with the effects of earth rotation. The southward
horizonta transport across a transect A-B in the gyre (Figure 6.12) is

computed according to
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or 30 to 50 Sverdrups (Sv) southward, where 1 Sv = 10° n/sec
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Figure 6.12. Transport in asubtropical gyre.

This same trangport must move up the western boundary in our model ocean.
Therefore, one would expect alarge difference in current speeds associated with
Sverdrup and western boundary current respectively. If the transect length is

A - B = 3500 km and a depth of 1000 m, then Uyedp = 1 cm/sec and uyg = 10
cm/sec. Thered Gulf Stream is concentrated in asmdler cross-sectiond areaand
exhibits maximum speeds of about 200 cm/sec.

In principle, the wind driven circulation theory presented here is applicable to the mgor
sub-tropica regions between 10°N (or S) and 50°N (or S) in the Atlantic, Pacific and
perhaps the Indian Oceans where mgjor continents block zond flow.

Water Munk has applied a modified verson of Stomme’s model with more redistic
wind stressforcing on more redlistic modd ocean basins including the tropics between
10°N and 10°S (Figure 6.13)

© 2004 Wendell S. Brown 3 November 2004



Chapter 6 - pg. 18

it . !
t.‘g fry = el I
-~ ——-—SUBTROPICAL GYR
t -— o / /
_ ~
S Mﬁﬁﬁ"ﬁm‘fﬁﬁma ’Elﬁgg AT uﬁ‘*‘**ﬁ“

) 3
M BB ORAL IR SURREN S

) ) }
:mfﬁ‘?‘ﬁwgmr“@'j s

s

iz Vi y 15'5.*

L]
EAST  WEST s
ZONAL WINDS

MERIDIONAL WINDS

Figure 6.13. (a) Streamlines of total transport and (b) schematic representation of the integral
circulation driven by zonal winds on arectangular non-uniformly rotating planar ocean. The
meridional distribution of the wind stresst, and wind-stress curl are shown top left. A schematic
representation of the wind system is shown below left. (Von Arx, from WH Munk, 1950, J. Mer.
712])

Antarctic Circumpolar Current “West Wind Drift”

What about the wind driven circulation at latitudes greater than 50°N and 50°S? In the
north Atlantic and Pacific, there is the Arctic Ocean, which is semi-isolated from the
north Atlantic and Pacific by shalow slls and covered by ice. In the south Atlantic,
Indian and Pacific Oceans, the Southern Ocean - azona ocean -circles Antarctica

What are the dynamics of the Southern Ocean?
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The basic circulation of the Southern Ocean is a zona current (Figure 6.14) that is
produced by the prevalling zona winds via the effects of Ekman dynamics. One smple
mode for thisflow could be to assume a homogeneous donut shaped ocean driven by
uniform wind stress. The result of this smple modd would be a barotropic (i.e. depth
independent) geostrophic zond current due to the balance of the meridiond Coriolis
force and asealevd tilt-induced pressure gradient force resulting from the Ekman
trangport convergence. In redity there are density adjustmentsin the interior producing
the appropriate pressure gradient forces. Under these circumstances the flow is
baroclinic with a profile like that shown in Figure 6.15.

The Antarctic Circumpolar Current is a highly barodinic flow with modest velocities.
The barodlinicity is obvious in the distributions of pecific volume anomay d (Figure
6.15 lower) and isobaric surfaces (Figure 6.15 upper) for a hydrographic section across
the current south of Austrdlia. Note (@) the increased intensity towards the center of the
transect (b) the depth to which the current penetrates and (c) the East Wind Drift near
the continent. So dthough the current speeds are consderably lessthan Gulf Stream
speeds, estimates of the Antarctica circumpolar current transports range between 130
and 190 x 106%3 (or 130 - 190 Sv). The high transports are associated withthe
great depths to which this current penetrates. Recent studies have shown that its highly
variable trangport is due to the effects of avariable large scae wind over the whole
region. As such this current has the largest transport of any in the world's oceans and
playsacrucid rolein the circulation of the globa oceans both above and below the
main pycnocline,

Thus the Antarctic Circumpolar Current - an important element in the thermoheline

circulation of the oceans - is principaly wind driven.
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Figure 6.14. Southern Ocean - surface circulation and mean positions of the Antarctic and
Subtropical Convergences (von Arx adapted from H.V. Sverdrup, 1942, Oceanography fro
Meteorologists, Prentice Hall, NY).
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Figure 6.15. (Lower) Distribution of the anomaly of specific volume, 10°d, in a vertical section
from Cape Leeuwin, Australia, to the Antarctic Continent. (Upper) Profiles of the isobaric surfaces
relative to the 4000-decibar surface. The corresponding geostrophic velocity isindicated. (Pickard
and Emery)
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WIND DRIVEN CURRENTSIN THE TOPICS

In the red ocean (refer to your Chapter 5 maps of the surface circulation) the equetoria
counter current, with its undercurrent component, play a centra role in connecting the
upper oceans in the two hemispheres.

In the equatorid regions Corialis effects are very smal and, in fact, non-exigtent right at
the equator. Thus Ekman transport does not dominate wind driven flow in the tropics
(see Figure 6.16). The trade winds drive the surface flow westward (North and South
Equatoria Currents) where water piles agang the continents (South America and
Africa in particular) producing an eastward pressure gradient force. The pressure
gradient force drives a surface return flow in the doldrum region known as Equatoria
Countercurrent (ECC). The doldrums dtraddle the meteorologica equator at the
latitude where the northern hemisphere northeest trades converge with the southern
hemisphere southeast trades.  Schematicdly the dructure of the equatorid
countercurrent is jet-like.  Because the trade wind intendty is sessond, the

countercurrent intengity is also seasond.

0° ‘
i North Equatonal
Current
15° M
10° =
North Equatorial
) Counter Current
r’ - 56 o —— E—
Q°
South Equatorial
5° |- Current
10° b=

Figure 6.16. Generally, the North and South Equatorial currents are under the Northeast and
Southeast trades. The Equatorial Countercurrent flows eastward in the region of the doldrums or
intertropical convergence.

© 2004 Wendell S. Brown 3 November 2004



Chapter 6 - pg. 23

Another mgor current in the tropicsiis the Equatorid Undercurrent (EUC) that flows
eastward along the equator, with atransport of ~40 Sv (Figure 178). The EUC was
discovered in 1952 (by Cromwdl in the Pecific) and 1961 (by Knaussin the Atlantic).
The EUC extends horizontally some 200 km to the north and to the south of the
equator, but it is confined to a thin depth zone between 100 and 300 m. More aptly
caled a“sheet” current, it reaches speeds of up to 2 knots and transports about as
much volume as the Gulf Stream of Florida. The symmetry of the Undercurrent in cross
section, plus the location of its core directly along the equator suggeststhat itisa
“trapped” current. An eastward flow is maintained at the equator smply because if it
attempts to leave, the Coriolis effect, both the north and to the south, causes an

excursion back toward the equator.

‘nre of the

[quatonal
Urndercurrent

Figure6.17a. The Equatorial Undercurrent is shown herein cross section along the 140°W
meridian. (Neshyba)

Thereisdso equatorid upwelling that is directly reated to the change in Sgn of the
Coriolis parameter a the equator. Because (1) the southeast trades in the Pecific
straddle the equator (Figure 6.17b), and (2) the direction of Coriolis deflection changes
from right on the northern side of the equator to |eft on the southern side, the equatoria
surface waters diverge under wind forcing, causing the upwelling of deeper water.
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Figure6.17b. Equatorial upwelling (Neshyba)

The equatoria currents and countercurrent are quite broad and dow [~30 cm/sec].
The countercurrent in the Atlantic isless clear than in the Pecific. The westward
currents are gpparently wind driven - the dynamics of the countercurrent and
undercurrent are till under study. The schematic meridiond sectionin Figure 6.18
shows the structure of the tropical current suite. Table 6.1 summarizes the trangports of
the major currents in the world' s oceans.
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Figure 6.18. North and South Equatorial currents flow westward, separated by the eastward-
flowing Equatorial Countercurrent between 5°S and 10°N. The currents are mostly confined to the
mixed layer above the thermocline. For these currents to be in geostrophic balance, the slope of
the thermocline and the sea surface (the latter much exaggerated) are as shown in the top panel
sketch. The bottom panel shows typical temperature distribution for the Norther Pacific; the slope
of the thermocline generally agrees with the sketch in (a). (After Knauss, J.A., 1963; “Equatorial
Current Systems,” in The Sea, Val. 2, ed. M.N. Hill, Interscience Publishers, New Y ork.)
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Table6.1: Transport of Major Ocean Surface Currents

L ocation Name Maximum Volume
Current Trangport
m3
(x 10°—)
SEC
Western Boundary Gulf Stream 200-300 400
Currents
Kuroshio >200 50
Brazl 50-100 10
Southern Ocean Antarctic Circumpolar 15 150
(West Wind Drift)
Equatorid Currents North Pacific Equatoria 20 45
Current
Equatoriad Undercurrent 100-150 40
Eastern Ocean Peru Current 10-50 20

Deep Current I nferences from Hydrography
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Wust used hydrographic observations and his “core method” to infer the flow of deep
currents in the Atlantic. The maps of Antarctic Intermediate Water (AAIW) in Figure
6.19 are characterized by relatively concentrated northward moving deep western
boundary currents (DWBC)from their origins at the Antarctic convergence dl the way
into the north Atlantic. Wust’s map of Antarctic Bottom Water (AABW) flow peatterns
at depths greater than 3500m in Figure 6.20 have the same DWBC characterigtic as
many of the other meridiond current systems.

=0 tomd — <3amies =12
e — cmeer  m— R o
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Figure6.19 (left) Flow of AAIW form core method, as represented by isohalines and approximate depth of
the core (m) (after Wist, 1936). (right) Geostrophic current flow at the 800 meter depth based on absol ute
topography of the 800dbar surface (after Defant, 1961).
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Figure 6.20 Theflow of AABW at depths greater than 3500m in the south Atlantic as computed

from hydrography by Wst (1955,1957). (after Defant, 1961).

Theories of Thermohaline Circulation
Thefirg atempts at developing a theory of thermohaline circulation were mativated by

aninterest in explaining (1) Wust' s discoveries (Figures 6.19; 6.20) and (2) the
observation that the wind-driven circulation in the southern hemisphere subtropical
oceans seemed to be much lessintense that that of the northern hemisphere. The latter
was a paradox because the observed windsin the southern hemisphere are stronger
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(less affected by continentd friction) than their counterparts in the northern hemisphere.
Stomme concluded that the above paradox could only be resolved by consdering a

combined theory of thermohaline and wind-driven circulaion. His 1957 theory of
thermohaine circulation contained the following dements:

1) Sinking in the polar regionsis balanced by upward advection in mid-

ocean regions.

The clue to this assumption is the shape of the main pyconocline (Figure 6.21)
which is consstent with the notion that: abroad upwelling of cold deep water is
baanced by a downward diffusion of heat which is influenced by Ekman
convergence and the associated downwelling. The upward advection in this
scheme is unmeasurable because it is on the order of centimeters per day!
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Figure 6.21 Schematic representation of the horizontal layering of ocean waters.

2 Geostrophic motion in theinterior deep water.
The source of the broad upwelling is the dow geostrophic interior which exhibits
very smdl reative vorticity (irrotationd). Thus columns of deep water follow
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isopleths of f /H = constant in accordance with the conservation of potential
vorticity.

(©)) Western boundary currents

Relative intense western boundary currents are the required link between the
polar sinking and the broad geostrophic motion of the interior ocean. Thus both
continuity and conservation of vorticity are satisfied. Polar snking a a
particular northern latitude (where f is specified and congtant) leads to the
increase of H and the corresponding increase of pogtive relative vorticity +z. If
the water column were able to travel poleward, then the vorticity baance
could be achieved. However the Arctic Ocean il prevents this poleward
motion.

The results of the Stomme- Arons theory, illugtrated in Figure 6.22, are discussed next.

In the North: An intense southward western boundary current with the
appropriate “sde-wdl” frictiona shear develops. 0 that enough -z is produced
to balance both the +z from sinking and southward motion (see Figure 6.21).

Note that the equator poses no dynamica constrain and therefore this current
can flow into the southern hemisphere oceans. The existence of a countercurrent
at depth below the Gulf Stream has been verified observationdly by Swallow
and Worthington (1957). Presumably its dynamics are presumably explained by
the above.

In the South: Western boundary currents aso develop for the southern
hemigphere sinking, which adso leadsto +z production. However thereisno
satisfactory explanation why these transports also develop northward traveling

western boundary currents which add to the +z produced during sinking.
Presumably both input of +z are balanced by the -z produced due to

northward motion.

© 2004 Wendell S. Brown 3 November 2004



Chapter 6 - pg. 31

Figure6.22 Thedeep circulation of the world ocean according to Stommel. [From H. Stommel,
1957, Deep-Sea Res., 4]

Despite its weaknesses, Stomme’s model |eads to deep circulation patterns shown in
Figure 6.22. Some of its features have been verified; the degp western boundary
currents in the Atlantic, Pacific and Indian Oceansin particular (see Warren). The
variability, which we do not consder here with these steady (i.e. d/dt = 0 models),
observed in the degp ocean has made verification of the geostrophic interior difficult.

Neverthd ess the combined theories of wind-driven and thermohaine circulation
provided by Stomme begin to explain the varied intengity of the surface western
boundary currentsin the northern and southern hemispheres. Apparently it isthe

combination of surface and deep currents which provide the required poleward

transport of heat.
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Figure6.23 Sinkingin northern latitudes of amodel north Atlantic ocean produces equatorward

deep currents with anticyclonic shear (i.e., negative relative vorticity).

In the northern Atlantic the most intense Gulf Stream is opposed by the deep
countercurrent of Atlantic deep and bottom water, while the less intense Kuroshio is
aided by deep undercurrents. The Brazil current which is the weakest is added by the
relaively strong undercurrent of Atlantic deepwater.

After Stommel’s Model, a Revisit of the Wiist’s Data
For example, Wiist used water property distributions to infer the transport of these

deep currents he finds in the Western Bagin of the South Atlantic:

3

Northward Antarctic Bottom Water 2%x10° m
<
m3
Southward North Atlantic Deep Water 27 x10°—
<
m3
Northward Antarctic Intermediate Water 7Xx10°—
c

-

It isthese other features of the overdl ocean circulation that must be explained by an
accurate theory of Thermohaine Circulation. This trangport pictureis shown
schematicdly in Figure 6.24.
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Figure 6.24 Schematic diagram of the possible explanation of the very different transport-per-unit-
depth curvesfor the Gulf Stream and the Brazil Current. (Stommel)
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