
 

 

 

 

 

 

WIND DRIVEN OCEAN CIRCULATION 

CANER SERTKAN (517101005) 



INTRODUCTION 
 
The waters of the ocean are continually moving in powerful currents 
like the Gulf Stream, in large gyres, in feautures visible from space 
and in smaller swirls. 
 
 

What drives all this motion? 

 

• Energy From The Sun : The most obvious way in which the Sun 
drives the oceanic circulation is through the circulation of the 
atmosphere, that is winds.Energy is transferred from winds to the 
upper layers of the ocean through frictional coupling between  the 
ocean and the atmosphere at the sea-surface. 

 



     Pictured above is the East Coast of the United States, in grey, with the Gulf Stream, in yellow 
and orange, revealed through Sea Surface Temperature data (SST), made from the data 
derived from the MODIS instrument on the Aqua satellite. In this image, blue represents the 
coldest temperatures (between 1-10 °C) and orange and yellow represent the warmest 
temperatures (between 19-30°C). The Gulf Stream is easily visible as the warmest water in the 
image. 



 

    The Sun also drives ocean circulation by causing variations in the 
temperature and salinity of seawater which in turn control its 
density.Changes in temperature are caused by fluxes of heat across the 
air-sea boundary; changes in salinity are brought about by addition or 
removal of freshwater, mainly through evaporation and precipitation, 
but also, in polar regions, by the freezing and melting of ice.All of these 
processes are linked directly or indirectly to the effect of solar radiation. 

 

• Rotation of the World: A missile fired northwards from a rocket 
launcher positioned on the Equator.The missile is moving eastwards 
at the same velocity as the Earth’s surface as well as moving 
northwards at its firing velocity.As the missile travels north, the Earth 
is turning eastwards beneath it.The eastward velocity at the surface of 
the Earth is greatest at the Equator and decreases towards the poles, 
so as the missile travels northwards, the eastward velocity of the Earth 
beneath becomes less and less. In relation to the Earth, missile is 
moving not only northwards but also eastwards, at a progressively 
greater rate. 

 



The key to the Coriolis effect lies in the Earth’s rotation. The Earth rotates faster at the 
Equator than it does at the poles. This is because the Earth is wider at the Equator. A 
point on the Equator has farther to travel in a day. 
Let’s pretend you’re standing at the Equator and you want to throw a ball to your friend 
in the middle of North America. If you throw the ball in a straight line, it will appear to 
land to the right of your friend because he’s moving slower and has not caught up. 
Now let’s pretend you’re standing at the North Pole. When you throw the ball to your 
friend, it will again appear to land to the right of him. But this time, it’s because he’s 
moving faster than you are and has moved ahead of the ball. 
This apparent deflection is the Coriolis effect. The wind is like the ball. It appears to 
bend to the right in the Northern Hemisphere. In the Southern Hemisphere, winds 
appear to bend to the left. 



The Global Wind System 

 
In the lower atmosphere, pressure is low along the Equator,and warm 
air converges here,rises, and moves polewards.Because the Earth is 
spherical, air moving polewards in the upper part of the troposphere is 
forced to converge, as lines of longitude converge.As a result, at about 
30 N and S there is a “pilling up” of air aloft, which results in raised 
atmospheric pressure at the Earth’s surface below.Therenis therefore a 
pressure gradient from the subtropical highs towards the equatorial 
low and as winds blow from areas of high pressure to ares of low 
pressure, equatorward winds result.These are the Trade Winds. 

 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

The Trade Winds are named the South-East and North-East Trades because they 
come from the south-east and north-east. 

 



• Ekman spiral, theoretical displacement of 
current direction by the Coriolis effect, given a 
steady wind blowing over an ocean of infinite 
depth, extent, and uniform eddy viscosity. 
According to the concept proposed by the 20th-
century Swedish oceanographer V.W. Ekman, 
the surface layers are displaced 45° to the right 
in the Northern Hemisphere (45° to the left in 
the Southern Hemisphere), and successively 
deeper layers are further displaced so that at a 
given depth the water motion is opposite to 
wind direction. Current velocity decreases with 
depth because of the loss of momentum 
associated with the transference of motion from 
layer to layer. 

Ekman, V. Walfrid 

Theories of the Ocean Circulation 



Mathematical derivation 
Some assumptions of the fluid dynamics involved in the process must be 
made in order to simplify the process to a point where it is solvable. The 
assumptions made by Ekman were: 
• no boundaries; 
• infinitely deep water; 
• eddy viscosity, Az , is constant (this is now known not to be totally true); 
• the wind forcing is steady and has been blowing for a long time; 
•The Coriolis parameter, f is kept constant. 
 

The simplified equations for the Coriolis force in the x and y directions 
follow from these assumptions: 



where    is the wind stress,    is the density,    is the East-West velocity, and     is the 

north-south velocity.Integrating each equation over the entire Ekman layer: 

where 

Here        and      represent the zonal and meridional mass transport terms with units of 

mass per unit time per unit length. Contrarily to common logic, north-south winds cause 

mass transport in the East-West direction. 









•  Ekman transport is a factor in coastal upwelling regimes which provide the nutrient 
supply for some of the largest fishing markets on the planet.Wind in these regimes blows 
parallel to the coast (such as along the coast of Peru, where the wind blows North). From 
Ekman transport, surface water has a net movement of 90° to the left in such a location. 
Because the surface water flows away from the coast, the water must be replaced with 
water from below. 
 
•  Ekman transport is similarly at work in equatorial upwelling, where, in both 
hemispheres, a trade wind component towards the west causes a net transport of water 
towards the pole, and a trade wind component towards the east causes a net transport of 
water away from the pole. 
 
•Ekman transport is also a factor in the circulation of the ocean gyres. Ekman transport 
causes water to flow toward the center of the gyre in all locations, creating a sloped sea-
surface, and initiating geostrophic flow. 

The Results of Ekman Theory 



                      Some strong currents, such as the North 
Equatorial Countercurrents in the Atlantic and Pacific 
Ocean go upwind. Spanish navigators in the 16th century 
noticed strong northward currents along the Florida coast 
that seemed to be unrelated to the wind. How can this 
happen? And, why are strong currents found offshore of 
east coasts but not offshore of west coasts? 
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. Finally, 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. 

Theories of the Ocean Circulation 
 



Sverdrup’s Theory of the Oceanic Circulation 
         While Sverdrup was analyzing observations of equatorial currents, he came 
upon below relating the curl of the wind stress to mass transport within 
the upper ocean. To derive the relationship, Sverdrup assumed that the flow is 
stationary, that lateral friction and molecular viscosity are small, that non-linear 
terms such as u ∂u/∂x are small, and that turbulence near the sea surface can be 
described using a vertical eddy viscosity. He also assumed that the wind-driven 
circulation vanishes at some depth of no motion. The horizontal components of 
the momentum: 



Now for continuity   div(M)        = ∂M(x) /∂x + ∂M(y) /∂y gives 

div(ME) = -ME
(y) b/f - (∂t(x)/∂y)/f 

div(Mg) = -Mg
(y) b/f 

 
0  = -M(y) b - ∂t(x)/∂y 

+ 

or 
M(y) = -1/b ∂t(x)/∂y 
 
Sverdrup’s relation 

The total (Ekman plus geostrophic) mass flux in the north-south 
direction is equal to the wind stress “curl” or “torque” divided 
by the gradient of the Coriolis parameter with latitude 



M(y) = -1/b ∂t(x)/∂y 
 
Sverdrup’s relation 

What about the east-west total flux M(x)? 

Calculate from continuity, e.g., 
 
 ∂M(x)/∂x + ∂M(y)/∂y = 0 
 
via integration across the ocean basin 
 
 M(x) = - ∫ ∂M(y)/∂y dx 



Where Tx and Ty are the components of the wind stress. 
Using these definitions and boundary conditions, 

In a similar way, Sverdrup integrated the continuity equation over the 
same vertical depth, assuming the vertical velocity at the surface and at depth 
−D are zero, to obtain: 



Differentiating with respect to y and with respect to x, subtracting, 
and using gives: 

Where β ≡ ∂f/∂y is the rate of change of Coriolis parameter with 
latitude, and where curlz(T ) is the vertical component of the curl of 
the wind stress.This is an important and fundamental result—the 
northward mass transport of wind driven currents is equal to the 
curl of the wind stress. Note that Sverdrup allowed f to vary with 
latitude.  



Ocean “gyres” are defined by contours of zero wind stress curl 

Sverdrup transport solution for observed annual mean wind field 

∂t(x)/∂y=0 



Mass transport in the eastern Pacific calculated from Sverdrup’s theory using 
observed winds (solid lines) and pressure calculated from hydrographic data 
from ships. Transport is in tons per second through a section one meter wide 
extending from the sea surface to a depth of one kilometer. Note the 
difference in scale between My and Mx. From Reid (1948). 



Depth-integrated Sverdrup transport applied globally 
using the wind stress from Hellerman and Rosenstein 
(1983). Contour interval is 10 Sverdrups. From Tomczak 
and Godfrey (1994). 



Aside from the oscillatory motions associated with tidal flow, there are two 
primary causes of large scale flow in the ocean: (1) thermohaline processes, 
which induce motion by introducing changes at the surface in temperature 
and salinity, and therefore in seawater density, and (2) wind forcing. In the 
1940s, when Harald Sverdrup was thinking about calculating the gross 
features of ocean circulation, he chose to consider exclusively the wind stress 
component of the forcing. As he says in his 1947 paper, in which he presented 
the Sverdrup relation, this is probably the more important of the two. After 
making the assumption that frictional dissipation is negligible, Sverdrup 
obtained the simple result that the meridional mass transport (the Sverdrup 
transport) is proportional to the curl of the wind stress. This is known as the 
Sverdrup relation 

Sverdrup Theory 

 

 is the rate of change of the Coriolis parameter, f, with meridional distance; 

 is the vertically integrated meridional mass transport; 

 is the unit vector in the z (vertical) direction; 

   is the wind stress vector. 

 

http://en.wikipedia.org/wiki/Beta_plane


                     Sverdrup balance may be 
thought of as a consistency relationship for 
flow which is dominated by the Earth's 
rotation. Such flow will be characterized by 
weak rates of spin compared to that of the 
earth. Any parcel at rest with respect to the 
surface of the earth must match the spin of 
the earth underneath it. Looking down on 
the earth at the north pole, this spin is in a 
counterclockwise direction, which is defined 
as positive rotation or vorticity. At the south 
pole it is in a clockwise direction, 
corresponding to negative rotation. Thus to 
move a parcel of fluid from the south to the 
north without causing it to spin, it is 
necessary to add sufficient (positive) 
rotation so as to keep it matched with the 
rotation of the earth underneath it. The left-
hand side of the Sverdrup equation 
represents the motion required to maintain 
this match between the absolute vorticity of 
a water column and the planetary vorticity, 
while the right represents the applied force 
of the wind. 

(a) Wind stress (N/m2) (vectors) and wind-stress curl (× 
10−7 N/m3) (color), multiplied by −1 in the Southern 
Hemisphere. (b) Sverdrup transport (Sv), where blue is 
clockwise and yellow-red is counterclockwise circulation. 
Data are from the NCEP reanalysis 1968–1996 





At the same time Sverdrup was beginning 
to understand circulation in the eastern 
Pacific, Stommel was beginning to 
understand why western boundary 
currents occur in ocean basins. To study 
the circulation in the north Atlantic, 
Stommel (1948) used essentially the same 
equations used by Sverdrup but he added a 
bottom stress proportional to velocity . 

Stommel’s Theory of Western Boundary Currents 



Stommel calculated steady-state solutions for flow in a rectangular basin 
0 ≤ y ≤ b, 0 ≤ x ≤ λ of constant depth D filled with water of constant density. 
His first solution was for a non-rotating earth. This solution had a symmetric 
flow pattern with no western boundary current .Next, Stommel 
assumed a constant rotation, which again led to a symmetric solution with 
no western boundary current. Finally, he assumed that the Coriolis force varies 
with latitude. This led to a solution with western intensification . Stommel 
suggested that the crowding of stream lines in the west indicated  
that the variation of Coriolis force with latitude may explain why the Gulf 
Stream is found in the ocean. We now know that the variation of Coriolis force 
with latitude is required for the existence of the western boundary current, and 
that other models for the flow which use different formulations for friction, lead 
to western boundary currents with different structure.  



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. 



Munk’s Solution 

Sverdrup’s and Stommel’s work suggested the dominant 
processes producing a basin-wide, wind-driven circulation. 
Munk (1950) built upon this foundation, adding information 
from Rossby (1936) on lateral eddy viscosity, to obtain a 
solution for the circulation within an ocean basin. Munk used 
Sverdrup’s idea of a vertically integrated mass transport 
flowing over a motionless deeper layer. 
This simplified the mathematical problem, and it is more 
realistic. The ocean currents are concentrated in the upper 
kilometer of the ocean, they are not barotropic and 
independent of depth. To include friction, Munk used lateral 
eddy friction with constant AH = Ax = Ay. Equations become: 



Munk integrated the equations from a depth −D to the surface at z = z0 
which is similar to Sverdrup’s integration except that the surface is not at z = 0. 
Munk assumed that currents at the depth −D vanish, that apply at 
the horizontal boundaries at the top and bottom of the layer, and that AH is 
constant.To simplify the equations, Munk used the mass-transport stream 
function and he proceeded along the lines of Sverdrup. He eliminated the 
pressure term by taking the y derivative of and the x derivative of to obtain the 
equation for mass transport: 



Mean annual wind stress Tx(y) over the Pacific and the curl of the wind 
stress. 'b are the northern and southern boundaries of the gyres, where My = 0 and curl= 0. '0 is the center of the gyre. 
Upper Right: The mass transport stream function for a rectangular basin calculated by Munk (1950) using observed 
wind stress for the Pacific.Contour interval is 10 Sverdrups. The total transport between the coast and any point x, y is  
(x, y).The transport in the relatively narrow northern section is greatly exaggerated. 
Lower Right: North-South component of the mass transport. After Munk 



Observed Surface Circulation in the Atlantic 

North Atlantic Circulation  
 
The north Atlantic is the most thoroughly studied 
ocean basin. There is an extensive body of theory to describe most aspects of 
the circulation, including flow at the surface, in the thermocline, and at depth, 
together with an extensive body of field observations. By looking at figures 
showing the circulation, we can learn more about the circulation, and by 
looking at the figures produced over the past few decades we can trace an ever 
more complete understanding of the circulation. 
The tracks give a very different view of the currents in the north Atlantic. It is 
hard to distinguish the flow from the jumble of lines, sometimes called 
spaghetti tracks. Clearly, the flow is very turbulent, especially in the Gulf 
Stream, a fast, western-boundary current. Furthermore, the turbulent eddies 
seem to have a diameter of a few degrees. This is much different than 
turbulence in the atmosphere. In the air,the large eddies are called storms, 
and storms have diameters of 10◦–20◦. Thus oceanic “storms” are much 
smaller than atmospheric storms. 
 
 



        The figure shows a broad, basin-wide, mid latitude gyre as we expect from 
Sverdrup’s theory described .In the west, a western boundary current, 
the Gulf Stream, completes the gyre. In the north a subpolar gyre includes the 
Labrador current. An equatorial current system and countercurrent are found 
at low latitudes with flow similar to that in the Pacific. The strong cross equatorial 
flow in the west which flows along the northeast coast of Brazil toward the 
Caribbean. 

Sketch of the major surface currents in the North Atlantic 



The Gulf Stream system has 
three named components - the 
Florida Current where it passes 
between Florida and the 
Bahamas, the Gulf Stream 
where it flows along the coast 
of the U.S. and the Gulf Stream 
Extension after it separates 
from the coast.  
The Gulf Stream is an 
energetic, unstable flow. It 
meanders vigorously, with the 
meanders occasionally cutting 
off to form rings. Anticyclonic 
warm core rings are found 
north of the Gulf Stream and 
cyclonic cold core rings are 
found south of the Gulf Stream. 
The rings migrate westward 
and occasionally remerge with 
the Gulf Stream.  



Eg: East Greenland Current; Ei: East Iceland Current; Gu: Gulf Stream; Ir: Irminger Current; La: Labrador Current; Na: 
North Atlantic Current; Nc: North Cape Current; Ng: Norwegian Current;Ni: North Iceland Current; Po: Portugal 
Current; Sb: Spitsbergen Current; Wg: West Greenland Current.  



Top Tracks of 110 drifting buoys deployed in the western north Atlantic. 
Bottom Mean velocity of currents in 2◦ × 2◦ boxes calculated from tracks above. Boxes 
with fewer than 40 observations were omitted. 



Gulf Stream meanders lead to the formation of a spinning eddy, 
a ring.Notice that rings have a diameter of about 1◦ 



Sketch of the position of the Gulf Stream, warm core, and cold core eddies 
observed in infrared images of the sea surface collected by the infrared radiometer on noaa-5 
in October and December 1978. 



Important Informations 
 
1. The theory for wind-driven, geostrophic currents was first outlined in a 
series of papers by Sverdrup, Stommel, and Munk between 1947 and 1951. 
2. They showed that realistic currents can be calculated only if the Coriolis 
parameter varies with latitude. 
3. Sverdrup showed that the curl of the wind stress drives a northward mass 
transport, and that this can be used to calculate currents in the ocean 
away from western boundary currents. 
4. Stommel showed that western boundary currents are required for flow to 
circulate around an ocean basin when the Coriolis parameter varies with 
latitude. 
5. Munk showed how to combine the two solutions to calculate the winddriven 
geostrophic circulation in an ocean basin. In all cases, the current 
is driven by the curl of the wind stress. 
6. The observed circulation in the ocean is very turbulent. Many years of 
observations may need to be averaged together to obtain a stable map of 
the mean flow. 
7. The Gulf Stream is a region of baroclinic instability in which turbulence 
accelerates the stream. This creates a Gulf Stream recirculation. Transports 
in the recirculation region are much larger than transports calculated 
from the Sverdrup-Munk theory. 
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