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Because of its enormous heat capacity, 
the ocean plays a critical role in 
regulating the Earth’s climate. Up to 

about a decade ago, it was generally believed 
that, outside the tropics, the ocean responds 
only passively to atmospheric forcing1. 
However, with the advent of satellite 
measurements of sea surface temperature 
and surface winds with resolutions down 
to about 50 km, it became apparent that the 
strong gradients in sea surface temperature 
that are associated with meanders in the 
Gulf Stream, the California Current and 
most other ocean currents can directly 
affect surface winds1–3. Writing in Nature 
Geoscience, Frenger et al.4 present evidence 
of this same coupling between sea surface 
temperature and wind speed occurring over 
circular rotating eddies with radii of around 
100 km (referred to as mesoscale) that are 
found throughout the ocean5.

Over warm ocean regions, the marine 
atmospheric boundary layer — the lowest 
level of the atmosphere that is directly 
influenced by the ocean beneath — is locally 
heated. Likewise, above colder sea surface 
temperatures, the marine atmospheric 
boundary layer cools. As a result, strong 
gradients in the temperature of the ocean 
surface, for example where the Gulf 
Stream carries warm water northwards 
into a cooler surrounding ocean, affect the 
atmospheric temperature structure. These 
changes in atmospheric temperature, in 
turn, alter turbulent mixing of the air as well 
as atmospheric pressure anomalies in the 
boundary layer. Both effects create winds with 
higher speeds over warmer water and lower 
speeds over cooler water.

Frenger et al.4 examined atmospheric 
conditions that are coupled to spatial 
variations in sea surface temperature, using 
more than 600,000 satellite observations of 
mesoscale eddies in the Southern Ocean. 
To do this, they studied multiple sets of 
collocated satellite data, consisting of radar 
altimeter measurements of sea surface height, 
microwave radiometer measurements of sea 
surface temperature and radar scatterometer 
measurements of surface winds. According 
to their analysis, cool sea surface temperature 

anomalies associated with cyclonic — that 
is, clockwise-rotating in the Southern 
Hemisphere — eddies weaken surface winds, 
whereas warm anomalies associated with 
anticyclonic eddies strengthen surface winds. 
The eddies not only leave a remarkably clear 
imprint on the surface wind field, but their 
relatively small-scale anomalies in sea surface 
temperature also modify low-level clouds and 
precipitation. The relationships apparently 
hold throughout the Southern Ocean.

The coupling between mesoscale 
ocean eddies and atmospheric conditions 
documented by Frenger et al. occurs 
globally6, but seems to be restricted to 
the marine atmospheric boundary layer. 
Moreover, the eddy-induced perturbations of 
wind speed, clouds and precipitation amount 
only to a few per cent of the mean states 
of these fields. As such, it is unlikely that 
eddies have much influence on atmospheric 
circulation above the marine boundary layer, 
which is where the patterns of weather and 
climate variability are determined.

There is no doubt, however, that the 
eddy influence on the overlying atmosphere 

in turn affects the ocean circulation. 
Frenger et al. mention two such effects. 
Changes in wind speed and cloud fraction 
over eddies can dampen the sea surface 
temperature anomalies in the eddy interior, 
thus attenuating the eddies. Furthermore, 
anomalies in sea surface temperatures 
associated with mesoscale eddies affect the 
wind stress curl, a measure of lateral shear and 
rotation of the surface winds that is the key 
control of vertical velocities in the open ocean.

Vertical water velocities that result from 
the wind stress curl associated with eddy-
induced sea surface temperatures anomalies 
— such as those identified by Frenger et al. 
from composites of many eddies — consist of 
a dipole structure: upwelling occurs on one 
side of the eddy and downwelling on the other 
(Fig. 1). It is not yet fully understood how 
this dipole structure affects eddy energetics; 
however, a numerical simulation found a 
decrease of about 25% in the kinetic energy of 
the eddy field7.

Eddies also influence the curl of the 
surface stress through their horizontally 
rotating surface currents, an effect that is even 

OCEAN–ATMOSPHERE COUPLING

Mesoscale eddy effects
Interactions between the ocean and atmosphere are complex. An analysis of satellite data from the Southern 
Ocean reveals a tight coupling of ocean and atmosphere on horizontal scales of around 100 km that modifies both 
near-surface winds and ocean circulation.
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Figure 1 | Vertical ocean velocities induced by an idealized Southern Ocean eddy. a,b, Mesoscale ocean 
eddies have distinct patterns of surface temperature and height, with warm temperatures and elevated 
height at the centre of an anticlockwise-rotating eddy in the Southern Hemisphere (a) and vice versa for a 
clockwise-rotating eddy. Frenger and colleagues4 show that the temperature patterns alter surface winds, 
cloud cover and rainfall, which in turn affect the eddies. For example, eastward winds of 10 m s–1 over the 
idealized eddy in a would induce vertical velocities with a dipole structure of downwelling in the northern 
half of the eddy, and upwelling in the southern half (b). c, The rotating surface currents associated with 
the eddies have an even stronger effect on the vertical velocities, in the form of a monopole structure of 
upwelling centred on the core of the idealized eddy in a under eastward winds of 10 m s–1. The signs of the 
surface temperature and height anomalies in a and the upwelling and downwelling patterns in b and c 
reverse for clockwise-rotating eddies (adapted with permission from ref. 6).
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Figure 1 | Vertical ocean velocities induced by an idealized Southern Ocean eddy. a,b, Mesoscale ocean 
eddies have distinct patterns of surface temperature and height, with warm temperatures and elevated 
height at the centre of an anticlockwise-rotating eddy in the Southern Hemisphere (a) and vice versa for a 
clockwise-rotating eddy. Frenger and colleagues4 show that the temperature patterns alter surface winds, 
cloud cover and rainfall, which in turn affect the eddies. For example, eastward winds of 10 m s–1 over the 
idealized eddy in a would induce vertical velocities with a dipole structure of downwelling in the northern 
half of the eddy, and upwelling in the southern half (b). c, The rotating surface currents associated with 
the eddies have an even stronger effect on the vertical velocities, in the form of a monopole structure of 
upwelling centred on the core of the idealized eddy in a under eastward winds of 10 m s–1. The signs of the 
surface temperature and height anomalies in a and the upwelling and downwelling patterns in b and c 
reverse for clockwise-rotating eddies (adapted with permission from ref. 6).
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Figure 1 | Vertical ocean velocities induced by an idealized Southern Ocean eddy. a,b, Mesoscale ocean 
eddies have distinct patterns of surface temperature and height, with warm temperatures and elevated 
height at the centre of an anticlockwise-rotating eddy in the Southern Hemisphere (a) and vice versa for a 
clockwise-rotating eddy. Frenger and colleagues4 show that the temperature patterns alter surface winds, 
cloud cover and rainfall, which in turn affect the eddies. For example, eastward winds of 10 m s–1 over the 
idealized eddy in a would induce vertical velocities with a dipole structure of downwelling in the northern 
half of the eddy, and upwelling in the southern half (b). c, The rotating surface currents associated with 
the eddies have an even stronger effect on the vertical velocities, in the form of a monopole structure of 
upwelling centred on the core of the idealized eddy in a under eastward winds of 10 m s–1. The signs of the 
surface temperature and height anomalies in a and the upwelling and downwelling patterns in b and c 
reverse for clockwise-rotating eddies (adapted with permission from ref. 6).
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Figure 1 | Vertical ocean velocities induced by an idealized Southern Ocean eddy. a,b, Mesoscale ocean 
eddies have distinct patterns of surface temperature and height, with warm temperatures and elevated 
height at the centre of an anticlockwise-rotating eddy in the Southern Hemisphere (a) and vice versa for a 
clockwise-rotating eddy. Frenger and colleagues4 show that the temperature patterns alter surface winds, 
cloud cover and rainfall, which in turn affect the eddies. For example, eastward winds of 10 m s–1 over the 
idealized eddy in a would induce vertical velocities with a dipole structure of downwelling in the northern 
half of the eddy, and upwelling in the southern half (b). c, The rotating surface currents associated with 
the eddies have an even stronger effect on the vertical velocities, in the form of a monopole structure of 
upwelling centred on the core of the idealized eddy in a under eastward winds of 10 m s–1. The signs of the 
surface temperature and height anomalies in a and the upwelling and downwelling patterns in b and c 
reverse for clockwise-rotating eddies (adapted with permission from ref. 6).
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however, a numerical simulation found a 
decrease of about 25% in the kinetic energy of 
the eddy field7.

Eddies also influence the curl of the 
surface stress through their horizontally 
rotating surface currents, an effect that is even 
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Figure 1 | Vertical ocean velocities induced by an idealized Southern Ocean eddy. a,b, Mesoscale ocean 
eddies have distinct patterns of surface temperature and height, with warm temperatures and elevated 
height at the centre of an anticlockwise-rotating eddy in the Southern Hemisphere (a) and vice versa for a 
clockwise-rotating eddy. Frenger and colleagues4 show that the temperature patterns alter surface winds, 
cloud cover and rainfall, which in turn affect the eddies. For example, eastward winds of 10 m s–1 over the 
idealized eddy in a would induce vertical velocities with a dipole structure of downwelling in the northern 
half of the eddy, and upwelling in the southern half (b). c, The rotating surface currents associated with 
the eddies have an even stronger effect on the vertical velocities, in the form of a monopole structure of 
upwelling centred on the core of the idealized eddy in a under eastward winds of 10 m s–1. The signs of the 
surface temperature and height anomalies in a and the upwelling and downwelling patterns in b and c 
reverse for clockwise-rotating eddies (adapted with permission from ref. 6).
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Because of its enormous heat capacity, 
the ocean plays a critical role in 
regulating the Earth’s climate. Up to 

about a decade ago, it was generally believed 
that, outside the tropics, the ocean responds 
only passively to atmospheric forcing1. 
However, with the advent of satellite 
measurements of sea surface temperature 
and surface winds with resolutions down 
to about 50 km, it became apparent that the 
strong gradients in sea surface temperature 
that are associated with meanders in the 
Gulf Stream, the California Current and 
most other ocean currents can directly 
affect surface winds1–3. Writing in Nature 
Geoscience, Frenger et al.4 present evidence 
of this same coupling between sea surface 
temperature and wind speed occurring over 
circular rotating eddies with radii of around 
100 km (referred to as mesoscale) that are 
found throughout the ocean5.

Over warm ocean regions, the marine 
atmospheric boundary layer — the lowest 
level of the atmosphere that is directly 
influenced by the ocean beneath — is locally 
heated. Likewise, above colder sea surface 
temperatures, the marine atmospheric 
boundary layer cools. As a result, strong 
gradients in the temperature of the ocean 
surface, for example where the Gulf 
Stream carries warm water northwards 
into a cooler surrounding ocean, affect the 
atmospheric temperature structure. These 
changes in atmospheric temperature, in 
turn, alter turbulent mixing of the air as well 
as atmospheric pressure anomalies in the 
boundary layer. Both effects create winds with 
higher speeds over warmer water and lower 
speeds over cooler water.

Frenger et al.4 examined atmospheric 
conditions that are coupled to spatial 
variations in sea surface temperature, using 
more than 600,000 satellite observations of 
mesoscale eddies in the Southern Ocean. 
To do this, they studied multiple sets of 
collocated satellite data, consisting of radar 
altimeter measurements of sea surface height, 
microwave radiometer measurements of sea 
surface temperature and radar scatterometer 
measurements of surface winds. According 
to their analysis, cool sea surface temperature 

anomalies associated with cyclonic — that 
is, clockwise-rotating in the Southern 
Hemisphere — eddies weaken surface winds, 
whereas warm anomalies associated with 
anticyclonic eddies strengthen surface winds. 
The eddies not only leave a remarkably clear 
imprint on the surface wind field, but their 
relatively small-scale anomalies in sea surface 
temperature also modify low-level clouds and 
precipitation. The relationships apparently 
hold throughout the Southern Ocean.

The coupling between mesoscale 
ocean eddies and atmospheric conditions 
documented by Frenger et al. occurs 
globally6, but seems to be restricted to 
the marine atmospheric boundary layer. 
Moreover, the eddy-induced perturbations of 
wind speed, clouds and precipitation amount 
only to a few per cent of the mean states 
of these fields. As such, it is unlikely that 
eddies have much influence on atmospheric 
circulation above the marine boundary layer, 
which is where the patterns of weather and 
climate variability are determined.

There is no doubt, however, that the 
eddy influence on the overlying atmosphere 

in turn affects the ocean circulation. 
Frenger et al. mention two such effects. 
Changes in wind speed and cloud fraction 
over eddies can dampen the sea surface 
temperature anomalies in the eddy interior, 
thus attenuating the eddies. Furthermore, 
anomalies in sea surface temperatures 
associated with mesoscale eddies affect the 
wind stress curl, a measure of lateral shear and 
rotation of the surface winds that is the key 
control of vertical velocities in the open ocean.

Vertical water velocities that result from 
the wind stress curl associated with eddy-
induced sea surface temperatures anomalies 
— such as those identified by Frenger et al. 
from composites of many eddies — consist of 
a dipole structure: upwelling occurs on one 
side of the eddy and downwelling on the other 
(Fig. 1). It is not yet fully understood how 
this dipole structure affects eddy energetics; 
however, a numerical simulation found a 
decrease of about 25% in the kinetic energy of 
the eddy field7.

Eddies also influence the curl of the 
surface stress through their horizontally 
rotating surface currents, an effect that is even 
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Figure 1 | Vertical ocean velocities induced by an idealized Southern Ocean eddy. a,b, Mesoscale ocean 
eddies have distinct patterns of surface temperature and height, with warm temperatures and elevated 
height at the centre of an anticlockwise-rotating eddy in the Southern Hemisphere (a) and vice versa for a 
clockwise-rotating eddy. Frenger and colleagues4 show that the temperature patterns alter surface winds, 
cloud cover and rainfall, which in turn affect the eddies. For example, eastward winds of 10 m s–1 over the 
idealized eddy in a would induce vertical velocities with a dipole structure of downwelling in the northern 
half of the eddy, and upwelling in the southern half (b). c, The rotating surface currents associated with 
the eddies have an even stronger effect on the vertical velocities, in the form of a monopole structure of 
upwelling centred on the core of the idealized eddy in a under eastward winds of 10 m s–1. The signs of the 
surface temperature and height anomalies in a and the upwelling and downwelling patterns in b and c 
reverse for clockwise-rotating eddies (adapted with permission from ref. 6).
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Because of its enormous heat capacity, 
the ocean plays a critical role in 
regulating the Earth’s climate. Up to 

about a decade ago, it was generally believed 
that, outside the tropics, the ocean responds 
only passively to atmospheric forcing1. 
However, with the advent of satellite 
measurements of sea surface temperature 
and surface winds with resolutions down 
to about 50 km, it became apparent that the 
strong gradients in sea surface temperature 
that are associated with meanders in the 
Gulf Stream, the California Current and 
most other ocean currents can directly 
affect surface winds1–3. Writing in Nature 
Geoscience, Frenger et al.4 present evidence 
of this same coupling between sea surface 
temperature and wind speed occurring over 
circular rotating eddies with radii of around 
100 km (referred to as mesoscale) that are 
found throughout the ocean5.

Over warm ocean regions, the marine 
atmospheric boundary layer — the lowest 
level of the atmosphere that is directly 
influenced by the ocean beneath — is locally 
heated. Likewise, above colder sea surface 
temperatures, the marine atmospheric 
boundary layer cools. As a result, strong 
gradients in the temperature of the ocean 
surface, for example where the Gulf 
Stream carries warm water northwards 
into a cooler surrounding ocean, affect the 
atmospheric temperature structure. These 
changes in atmospheric temperature, in 
turn, alter turbulent mixing of the air as well 
as atmospheric pressure anomalies in the 
boundary layer. Both effects create winds with 
higher speeds over warmer water and lower 
speeds over cooler water.

Frenger et al.4 examined atmospheric 
conditions that are coupled to spatial 
variations in sea surface temperature, using 
more than 600,000 satellite observations of 
mesoscale eddies in the Southern Ocean. 
To do this, they studied multiple sets of 
collocated satellite data, consisting of radar 
altimeter measurements of sea surface height, 
microwave radiometer measurements of sea 
surface temperature and radar scatterometer 
measurements of surface winds. According 
to their analysis, cool sea surface temperature 

anomalies associated with cyclonic — that 
is, clockwise-rotating in the Southern 
Hemisphere — eddies weaken surface winds, 
whereas warm anomalies associated with 
anticyclonic eddies strengthen surface winds. 
The eddies not only leave a remarkably clear 
imprint on the surface wind field, but their 
relatively small-scale anomalies in sea surface 
temperature also modify low-level clouds and 
precipitation. The relationships apparently 
hold throughout the Southern Ocean.

The coupling between mesoscale 
ocean eddies and atmospheric conditions 
documented by Frenger et al. occurs 
globally6, but seems to be restricted to 
the marine atmospheric boundary layer. 
Moreover, the eddy-induced perturbations of 
wind speed, clouds and precipitation amount 
only to a few per cent of the mean states 
of these fields. As such, it is unlikely that 
eddies have much influence on atmospheric 
circulation above the marine boundary layer, 
which is where the patterns of weather and 
climate variability are determined.

There is no doubt, however, that the 
eddy influence on the overlying atmosphere 

in turn affects the ocean circulation. 
Frenger et al. mention two such effects. 
Changes in wind speed and cloud fraction 
over eddies can dampen the sea surface 
temperature anomalies in the eddy interior, 
thus attenuating the eddies. Furthermore, 
anomalies in sea surface temperatures 
associated with mesoscale eddies affect the 
wind stress curl, a measure of lateral shear and 
rotation of the surface winds that is the key 
control of vertical velocities in the open ocean.

Vertical water velocities that result from 
the wind stress curl associated with eddy-
induced sea surface temperatures anomalies 
— such as those identified by Frenger et al. 
from composites of many eddies — consist of 
a dipole structure: upwelling occurs on one 
side of the eddy and downwelling on the other 
(Fig. 1). It is not yet fully understood how 
this dipole structure affects eddy energetics; 
however, a numerical simulation found a 
decrease of about 25% in the kinetic energy of 
the eddy field7.

Eddies also influence the curl of the 
surface stress through their horizontally 
rotating surface currents, an effect that is even 
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Interactions between the ocean and atmosphere are complex. An analysis of satellite data from the Southern 
Ocean reveals a tight coupling of ocean and atmosphere on horizontal scales of around 100 km that modifies both 
near-surface winds and ocean circulation.
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Figure 1 | Vertical ocean velocities induced by an idealized Southern Ocean eddy. a,b, Mesoscale ocean 
eddies have distinct patterns of surface temperature and height, with warm temperatures and elevated 
height at the centre of an anticlockwise-rotating eddy in the Southern Hemisphere (a) and vice versa for a 
clockwise-rotating eddy. Frenger and colleagues4 show that the temperature patterns alter surface winds, 
cloud cover and rainfall, which in turn affect the eddies. For example, eastward winds of 10 m s–1 over the 
idealized eddy in a would induce vertical velocities with a dipole structure of downwelling in the northern 
half of the eddy, and upwelling in the southern half (b). c, The rotating surface currents associated with 
the eddies have an even stronger effect on the vertical velocities, in the form of a monopole structure of 
upwelling centred on the core of the idealized eddy in a under eastward winds of 10 m s–1. The signs of the 
surface temperature and height anomalies in a and the upwelling and downwelling patterns in b and c 
reverse for clockwise-rotating eddies (adapted with permission from ref. 6).
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Because of its enormous heat capacity, 
the ocean plays a critical role in 
regulating the Earth’s climate. Up to 

about a decade ago, it was generally believed 
that, outside the tropics, the ocean responds 
only passively to atmospheric forcing1. 
However, with the advent of satellite 
measurements of sea surface temperature 
and surface winds with resolutions down 
to about 50 km, it became apparent that the 
strong gradients in sea surface temperature 
that are associated with meanders in the 
Gulf Stream, the California Current and 
most other ocean currents can directly 
affect surface winds1–3. Writing in Nature 
Geoscience, Frenger et al.4 present evidence 
of this same coupling between sea surface 
temperature and wind speed occurring over 
circular rotating eddies with radii of around 
100 km (referred to as mesoscale) that are 
found throughout the ocean5.

Over warm ocean regions, the marine 
atmospheric boundary layer — the lowest 
level of the atmosphere that is directly 
influenced by the ocean beneath — is locally 
heated. Likewise, above colder sea surface 
temperatures, the marine atmospheric 
boundary layer cools. As a result, strong 
gradients in the temperature of the ocean 
surface, for example where the Gulf 
Stream carries warm water northwards 
into a cooler surrounding ocean, affect the 
atmospheric temperature structure. These 
changes in atmospheric temperature, in 
turn, alter turbulent mixing of the air as well 
as atmospheric pressure anomalies in the 
boundary layer. Both effects create winds with 
higher speeds over warmer water and lower 
speeds over cooler water.

Frenger et al.4 examined atmospheric 
conditions that are coupled to spatial 
variations in sea surface temperature, using 
more than 600,000 satellite observations of 
mesoscale eddies in the Southern Ocean. 
To do this, they studied multiple sets of 
collocated satellite data, consisting of radar 
altimeter measurements of sea surface height, 
microwave radiometer measurements of sea 
surface temperature and radar scatterometer 
measurements of surface winds. According 
to their analysis, cool sea surface temperature 

anomalies associated with cyclonic — that 
is, clockwise-rotating in the Southern 
Hemisphere — eddies weaken surface winds, 
whereas warm anomalies associated with 
anticyclonic eddies strengthen surface winds. 
The eddies not only leave a remarkably clear 
imprint on the surface wind field, but their 
relatively small-scale anomalies in sea surface 
temperature also modify low-level clouds and 
precipitation. The relationships apparently 
hold throughout the Southern Ocean.

The coupling between mesoscale 
ocean eddies and atmospheric conditions 
documented by Frenger et al. occurs 
globally6, but seems to be restricted to 
the marine atmospheric boundary layer. 
Moreover, the eddy-induced perturbations of 
wind speed, clouds and precipitation amount 
only to a few per cent of the mean states 
of these fields. As such, it is unlikely that 
eddies have much influence on atmospheric 
circulation above the marine boundary layer, 
which is where the patterns of weather and 
climate variability are determined.

There is no doubt, however, that the 
eddy influence on the overlying atmosphere 

in turn affects the ocean circulation. 
Frenger et al. mention two such effects. 
Changes in wind speed and cloud fraction 
over eddies can dampen the sea surface 
temperature anomalies in the eddy interior, 
thus attenuating the eddies. Furthermore, 
anomalies in sea surface temperatures 
associated with mesoscale eddies affect the 
wind stress curl, a measure of lateral shear and 
rotation of the surface winds that is the key 
control of vertical velocities in the open ocean.

Vertical water velocities that result from 
the wind stress curl associated with eddy-
induced sea surface temperatures anomalies 
— such as those identified by Frenger et al. 
from composites of many eddies — consist of 
a dipole structure: upwelling occurs on one 
side of the eddy and downwelling on the other 
(Fig. 1). It is not yet fully understood how 
this dipole structure affects eddy energetics; 
however, a numerical simulation found a 
decrease of about 25% in the kinetic energy of 
the eddy field7.

Eddies also influence the curl of the 
surface stress through their horizontally 
rotating surface currents, an effect that is even 
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near-surface winds and ocean circulation.

Dudley Chelton

Surface temperature
and height

Upwelling from 
surface temperature

Upwelling from 
surface currents U

pw
elling velocity (cm

 day
–1)

(w
ith contour interval = 0.5 cm

 day
–1)

2

a b c

2

1

1

0.5

–0.5

0

0.25

–0.25

0

–1

–2
–2 –1 0

2

2

1

1

0

–1

–2
–2 –1 0

2 6

3

–3

–6

0

2

1

1

0

–1

–2
–2 –1 0

Surface tem
perature (°C)

(w
ith contours of surface

height at 2 cm
 intervals)

Figure 1 | Vertical ocean velocities induced by an idealized Southern Ocean eddy. a,b, Mesoscale ocean 
eddies have distinct patterns of surface temperature and height, with warm temperatures and elevated 
height at the centre of an anticlockwise-rotating eddy in the Southern Hemisphere (a) and vice versa for a 
clockwise-rotating eddy. Frenger and colleagues4 show that the temperature patterns alter surface winds, 
cloud cover and rainfall, which in turn affect the eddies. For example, eastward winds of 10 m s–1 over the 
idealized eddy in a would induce vertical velocities with a dipole structure of downwelling in the northern 
half of the eddy, and upwelling in the southern half (b). c, The rotating surface currents associated with 
the eddies have an even stronger effect on the vertical velocities, in the form of a monopole structure of 
upwelling centred on the core of the idealized eddy in a under eastward winds of 10 m s–1. The signs of the 
surface temperature and height anomalies in a and the upwelling and downwelling patterns in b and c 
reverse for clockwise-rotating eddies (adapted with permission from ref. 6).
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Because of its enormous heat capacity, 
the ocean plays a critical role in 
regulating the Earth’s climate. Up to 

about a decade ago, it was generally believed 
that, outside the tropics, the ocean responds 
only passively to atmospheric forcing1. 
However, with the advent of satellite 
measurements of sea surface temperature 
and surface winds with resolutions down 
to about 50 km, it became apparent that the 
strong gradients in sea surface temperature 
that are associated with meanders in the 
Gulf Stream, the California Current and 
most other ocean currents can directly 
affect surface winds1–3. Writing in Nature 
Geoscience, Frenger et al.4 present evidence 
of this same coupling between sea surface 
temperature and wind speed occurring over 
circular rotating eddies with radii of around 
100 km (referred to as mesoscale) that are 
found throughout the ocean5.

Over warm ocean regions, the marine 
atmospheric boundary layer — the lowest 
level of the atmosphere that is directly 
influenced by the ocean beneath — is locally 
heated. Likewise, above colder sea surface 
temperatures, the marine atmospheric 
boundary layer cools. As a result, strong 
gradients in the temperature of the ocean 
surface, for example where the Gulf 
Stream carries warm water northwards 
into a cooler surrounding ocean, affect the 
atmospheric temperature structure. These 
changes in atmospheric temperature, in 
turn, alter turbulent mixing of the air as well 
as atmospheric pressure anomalies in the 
boundary layer. Both effects create winds with 
higher speeds over warmer water and lower 
speeds over cooler water.

Frenger et al.4 examined atmospheric 
conditions that are coupled to spatial 
variations in sea surface temperature, using 
more than 600,000 satellite observations of 
mesoscale eddies in the Southern Ocean. 
To do this, they studied multiple sets of 
collocated satellite data, consisting of radar 
altimeter measurements of sea surface height, 
microwave radiometer measurements of sea 
surface temperature and radar scatterometer 
measurements of surface winds. According 
to their analysis, cool sea surface temperature 

anomalies associated with cyclonic — that 
is, clockwise-rotating in the Southern 
Hemisphere — eddies weaken surface winds, 
whereas warm anomalies associated with 
anticyclonic eddies strengthen surface winds. 
The eddies not only leave a remarkably clear 
imprint on the surface wind field, but their 
relatively small-scale anomalies in sea surface 
temperature also modify low-level clouds and 
precipitation. The relationships apparently 
hold throughout the Southern Ocean.

The coupling between mesoscale 
ocean eddies and atmospheric conditions 
documented by Frenger et al. occurs 
globally6, but seems to be restricted to 
the marine atmospheric boundary layer. 
Moreover, the eddy-induced perturbations of 
wind speed, clouds and precipitation amount 
only to a few per cent of the mean states 
of these fields. As such, it is unlikely that 
eddies have much influence on atmospheric 
circulation above the marine boundary layer, 
which is where the patterns of weather and 
climate variability are determined.

There is no doubt, however, that the 
eddy influence on the overlying atmosphere 

in turn affects the ocean circulation. 
Frenger et al. mention two such effects. 
Changes in wind speed and cloud fraction 
over eddies can dampen the sea surface 
temperature anomalies in the eddy interior, 
thus attenuating the eddies. Furthermore, 
anomalies in sea surface temperatures 
associated with mesoscale eddies affect the 
wind stress curl, a measure of lateral shear and 
rotation of the surface winds that is the key 
control of vertical velocities in the open ocean.

Vertical water velocities that result from 
the wind stress curl associated with eddy-
induced sea surface temperatures anomalies 
— such as those identified by Frenger et al. 
from composites of many eddies — consist of 
a dipole structure: upwelling occurs on one 
side of the eddy and downwelling on the other 
(Fig. 1). It is not yet fully understood how 
this dipole structure affects eddy energetics; 
however, a numerical simulation found a 
decrease of about 25% in the kinetic energy of 
the eddy field7.

Eddies also influence the curl of the 
surface stress through their horizontally 
rotating surface currents, an effect that is even 
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Figure 1 | Vertical ocean velocities induced by an idealized Southern Ocean eddy. a,b, Mesoscale ocean 
eddies have distinct patterns of surface temperature and height, with warm temperatures and elevated 
height at the centre of an anticlockwise-rotating eddy in the Southern Hemisphere (a) and vice versa for a 
clockwise-rotating eddy. Frenger and colleagues4 show that the temperature patterns alter surface winds, 
cloud cover and rainfall, which in turn affect the eddies. For example, eastward winds of 10 m s–1 over the 
idealized eddy in a would induce vertical velocities with a dipole structure of downwelling in the northern 
half of the eddy, and upwelling in the southern half (b). c, The rotating surface currents associated with 
the eddies have an even stronger effect on the vertical velocities, in the form of a monopole structure of 
upwelling centred on the core of the idealized eddy in a under eastward winds of 10 m s–1. The signs of the 
surface temperature and height anomalies in a and the upwelling and downwelling patterns in b and c 
reverse for clockwise-rotating eddies (adapted with permission from ref. 6).
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Because of its enormous heat capacity, 
the ocean plays a critical role in 
regulating the Earth’s climate. Up to 

about a decade ago, it was generally believed 
that, outside the tropics, the ocean responds 
only passively to atmospheric forcing1. 
However, with the advent of satellite 
measurements of sea surface temperature 
and surface winds with resolutions down 
to about 50 km, it became apparent that the 
strong gradients in sea surface temperature 
that are associated with meanders in the 
Gulf Stream, the California Current and 
most other ocean currents can directly 
affect surface winds1–3. Writing in Nature 
Geoscience, Frenger et al.4 present evidence 
of this same coupling between sea surface 
temperature and wind speed occurring over 
circular rotating eddies with radii of around 
100 km (referred to as mesoscale) that are 
found throughout the ocean5.

Over warm ocean regions, the marine 
atmospheric boundary layer — the lowest 
level of the atmosphere that is directly 
influenced by the ocean beneath — is locally 
heated. Likewise, above colder sea surface 
temperatures, the marine atmospheric 
boundary layer cools. As a result, strong 
gradients in the temperature of the ocean 
surface, for example where the Gulf 
Stream carries warm water northwards 
into a cooler surrounding ocean, affect the 
atmospheric temperature structure. These 
changes in atmospheric temperature, in 
turn, alter turbulent mixing of the air as well 
as atmospheric pressure anomalies in the 
boundary layer. Both effects create winds with 
higher speeds over warmer water and lower 
speeds over cooler water.

Frenger et al.4 examined atmospheric 
conditions that are coupled to spatial 
variations in sea surface temperature, using 
more than 600,000 satellite observations of 
mesoscale eddies in the Southern Ocean. 
To do this, they studied multiple sets of 
collocated satellite data, consisting of radar 
altimeter measurements of sea surface height, 
microwave radiometer measurements of sea 
surface temperature and radar scatterometer 
measurements of surface winds. According 
to their analysis, cool sea surface temperature 

anomalies associated with cyclonic — that 
is, clockwise-rotating in the Southern 
Hemisphere — eddies weaken surface winds, 
whereas warm anomalies associated with 
anticyclonic eddies strengthen surface winds. 
The eddies not only leave a remarkably clear 
imprint on the surface wind field, but their 
relatively small-scale anomalies in sea surface 
temperature also modify low-level clouds and 
precipitation. The relationships apparently 
hold throughout the Southern Ocean.

The coupling between mesoscale 
ocean eddies and atmospheric conditions 
documented by Frenger et al. occurs 
globally6, but seems to be restricted to 
the marine atmospheric boundary layer. 
Moreover, the eddy-induced perturbations of 
wind speed, clouds and precipitation amount 
only to a few per cent of the mean states 
of these fields. As such, it is unlikely that 
eddies have much influence on atmospheric 
circulation above the marine boundary layer, 
which is where the patterns of weather and 
climate variability are determined.

There is no doubt, however, that the 
eddy influence on the overlying atmosphere 

in turn affects the ocean circulation. 
Frenger et al. mention two such effects. 
Changes in wind speed and cloud fraction 
over eddies can dampen the sea surface 
temperature anomalies in the eddy interior, 
thus attenuating the eddies. Furthermore, 
anomalies in sea surface temperatures 
associated with mesoscale eddies affect the 
wind stress curl, a measure of lateral shear and 
rotation of the surface winds that is the key 
control of vertical velocities in the open ocean.

Vertical water velocities that result from 
the wind stress curl associated with eddy-
induced sea surface temperatures anomalies 
— such as those identified by Frenger et al. 
from composites of many eddies — consist of 
a dipole structure: upwelling occurs on one 
side of the eddy and downwelling on the other 
(Fig. 1). It is not yet fully understood how 
this dipole structure affects eddy energetics; 
however, a numerical simulation found a 
decrease of about 25% in the kinetic energy of 
the eddy field7.

Eddies also influence the curl of the 
surface stress through their horizontally 
rotating surface currents, an effect that is even 

OCEAN–ATMOSPHERE COUPLING

Mesoscale eddy effects
Interactions between the ocean and atmosphere are complex. An analysis of satellite data from the Southern 
Ocean reveals a tight coupling of ocean and atmosphere on horizontal scales of around 100 km that modifies both 
near-surface winds and ocean circulation.
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Figure 1 | Vertical ocean velocities induced by an idealized Southern Ocean eddy. a,b, Mesoscale ocean 
eddies have distinct patterns of surface temperature and height, with warm temperatures and elevated 
height at the centre of an anticlockwise-rotating eddy in the Southern Hemisphere (a) and vice versa for a 
clockwise-rotating eddy. Frenger and colleagues4 show that the temperature patterns alter surface winds, 
cloud cover and rainfall, which in turn affect the eddies. For example, eastward winds of 10 m s–1 over the 
idealized eddy in a would induce vertical velocities with a dipole structure of downwelling in the northern 
half of the eddy, and upwelling in the southern half (b). c, The rotating surface currents associated with 
the eddies have an even stronger effect on the vertical velocities, in the form of a monopole structure of 
upwelling centred on the core of the idealized eddy in a under eastward winds of 10 m s–1. The signs of the 
surface temperature and height anomalies in a and the upwelling and downwelling patterns in b and c 
reverse for clockwise-rotating eddies (adapted with permission from ref. 6).
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Because of its enormous heat capacity, 
the ocean plays a critical role in 
regulating the Earth’s climate. Up to 

about a decade ago, it was generally believed 
that, outside the tropics, the ocean responds 
only passively to atmospheric forcing1. 
However, with the advent of satellite 
measurements of sea surface temperature 
and surface winds with resolutions down 
to about 50 km, it became apparent that the 
strong gradients in sea surface temperature 
that are associated with meanders in the 
Gulf Stream, the California Current and 
most other ocean currents can directly 
affect surface winds1–3. Writing in Nature 
Geoscience, Frenger et al.4 present evidence 
of this same coupling between sea surface 
temperature and wind speed occurring over 
circular rotating eddies with radii of around 
100 km (referred to as mesoscale) that are 
found throughout the ocean5.

Over warm ocean regions, the marine 
atmospheric boundary layer — the lowest 
level of the atmosphere that is directly 
influenced by the ocean beneath — is locally 
heated. Likewise, above colder sea surface 
temperatures, the marine atmospheric 
boundary layer cools. As a result, strong 
gradients in the temperature of the ocean 
surface, for example where the Gulf 
Stream carries warm water northwards 
into a cooler surrounding ocean, affect the 
atmospheric temperature structure. These 
changes in atmospheric temperature, in 
turn, alter turbulent mixing of the air as well 
as atmospheric pressure anomalies in the 
boundary layer. Both effects create winds with 
higher speeds over warmer water and lower 
speeds over cooler water.

Frenger et al.4 examined atmospheric 
conditions that are coupled to spatial 
variations in sea surface temperature, using 
more than 600,000 satellite observations of 
mesoscale eddies in the Southern Ocean. 
To do this, they studied multiple sets of 
collocated satellite data, consisting of radar 
altimeter measurements of sea surface height, 
microwave radiometer measurements of sea 
surface temperature and radar scatterometer 
measurements of surface winds. According 
to their analysis, cool sea surface temperature 

anomalies associated with cyclonic — that 
is, clockwise-rotating in the Southern 
Hemisphere — eddies weaken surface winds, 
whereas warm anomalies associated with 
anticyclonic eddies strengthen surface winds. 
The eddies not only leave a remarkably clear 
imprint on the surface wind field, but their 
relatively small-scale anomalies in sea surface 
temperature also modify low-level clouds and 
precipitation. The relationships apparently 
hold throughout the Southern Ocean.

The coupling between mesoscale 
ocean eddies and atmospheric conditions 
documented by Frenger et al. occurs 
globally6, but seems to be restricted to 
the marine atmospheric boundary layer. 
Moreover, the eddy-induced perturbations of 
wind speed, clouds and precipitation amount 
only to a few per cent of the mean states 
of these fields. As such, it is unlikely that 
eddies have much influence on atmospheric 
circulation above the marine boundary layer, 
which is where the patterns of weather and 
climate variability are determined.

There is no doubt, however, that the 
eddy influence on the overlying atmosphere 

in turn affects the ocean circulation. 
Frenger et al. mention two such effects. 
Changes in wind speed and cloud fraction 
over eddies can dampen the sea surface 
temperature anomalies in the eddy interior, 
thus attenuating the eddies. Furthermore, 
anomalies in sea surface temperatures 
associated with mesoscale eddies affect the 
wind stress curl, a measure of lateral shear and 
rotation of the surface winds that is the key 
control of vertical velocities in the open ocean.

Vertical water velocities that result from 
the wind stress curl associated with eddy-
induced sea surface temperatures anomalies 
— such as those identified by Frenger et al. 
from composites of many eddies — consist of 
a dipole structure: upwelling occurs on one 
side of the eddy and downwelling on the other 
(Fig. 1). It is not yet fully understood how 
this dipole structure affects eddy energetics; 
however, a numerical simulation found a 
decrease of about 25% in the kinetic energy of 
the eddy field7.

Eddies also influence the curl of the 
surface stress through their horizontally 
rotating surface currents, an effect that is even 

OCEAN–ATMOSPHERE COUPLING

Mesoscale eddy effects
Interactions between the ocean and atmosphere are complex. An analysis of satellite data from the Southern 
Ocean reveals a tight coupling of ocean and atmosphere on horizontal scales of around 100 km that modifies both 
near-surface winds and ocean circulation.
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Figure 1 | Vertical ocean velocities induced by an idealized Southern Ocean eddy. a,b, Mesoscale ocean 
eddies have distinct patterns of surface temperature and height, with warm temperatures and elevated 
height at the centre of an anticlockwise-rotating eddy in the Southern Hemisphere (a) and vice versa for a 
clockwise-rotating eddy. Frenger and colleagues4 show that the temperature patterns alter surface winds, 
cloud cover and rainfall, which in turn affect the eddies. For example, eastward winds of 10 m s–1 over the 
idealized eddy in a would induce vertical velocities with a dipole structure of downwelling in the northern 
half of the eddy, and upwelling in the southern half (b). c, The rotating surface currents associated with 
the eddies have an even stronger effect on the vertical velocities, in the form of a monopole structure of 
upwelling centred on the core of the idealized eddy in a under eastward winds of 10 m s–1. The signs of the 
surface temperature and height anomalies in a and the upwelling and downwelling patterns in b and c 
reverse for clockwise-rotating eddies (adapted with permission from ref. 6).
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Because of its enormous heat capacity, 
the ocean plays a critical role in 
regulating the Earth’s climate. Up to 

about a decade ago, it was generally believed 
that, outside the tropics, the ocean responds 
only passively to atmospheric forcing1. 
However, with the advent of satellite 
measurements of sea surface temperature 
and surface winds with resolutions down 
to about 50 km, it became apparent that the 
strong gradients in sea surface temperature 
that are associated with meanders in the 
Gulf Stream, the California Current and 
most other ocean currents can directly 
affect surface winds1–3. Writing in Nature 
Geoscience, Frenger et al.4 present evidence 
of this same coupling between sea surface 
temperature and wind speed occurring over 
circular rotating eddies with radii of around 
100 km (referred to as mesoscale) that are 
found throughout the ocean5.

Over warm ocean regions, the marine 
atmospheric boundary layer — the lowest 
level of the atmosphere that is directly 
influenced by the ocean beneath — is locally 
heated. Likewise, above colder sea surface 
temperatures, the marine atmospheric 
boundary layer cools. As a result, strong 
gradients in the temperature of the ocean 
surface, for example where the Gulf 
Stream carries warm water northwards 
into a cooler surrounding ocean, affect the 
atmospheric temperature structure. These 
changes in atmospheric temperature, in 
turn, alter turbulent mixing of the air as well 
as atmospheric pressure anomalies in the 
boundary layer. Both effects create winds with 
higher speeds over warmer water and lower 
speeds over cooler water.

Frenger et al.4 examined atmospheric 
conditions that are coupled to spatial 
variations in sea surface temperature, using 
more than 600,000 satellite observations of 
mesoscale eddies in the Southern Ocean. 
To do this, they studied multiple sets of 
collocated satellite data, consisting of radar 
altimeter measurements of sea surface height, 
microwave radiometer measurements of sea 
surface temperature and radar scatterometer 
measurements of surface winds. According 
to their analysis, cool sea surface temperature 

anomalies associated with cyclonic — that 
is, clockwise-rotating in the Southern 
Hemisphere — eddies weaken surface winds, 
whereas warm anomalies associated with 
anticyclonic eddies strengthen surface winds. 
The eddies not only leave a remarkably clear 
imprint on the surface wind field, but their 
relatively small-scale anomalies in sea surface 
temperature also modify low-level clouds and 
precipitation. The relationships apparently 
hold throughout the Southern Ocean.

The coupling between mesoscale 
ocean eddies and atmospheric conditions 
documented by Frenger et al. occurs 
globally6, but seems to be restricted to 
the marine atmospheric boundary layer. 
Moreover, the eddy-induced perturbations of 
wind speed, clouds and precipitation amount 
only to a few per cent of the mean states 
of these fields. As such, it is unlikely that 
eddies have much influence on atmospheric 
circulation above the marine boundary layer, 
which is where the patterns of weather and 
climate variability are determined.

There is no doubt, however, that the 
eddy influence on the overlying atmosphere 

in turn affects the ocean circulation. 
Frenger et al. mention two such effects. 
Changes in wind speed and cloud fraction 
over eddies can dampen the sea surface 
temperature anomalies in the eddy interior, 
thus attenuating the eddies. Furthermore, 
anomalies in sea surface temperatures 
associated with mesoscale eddies affect the 
wind stress curl, a measure of lateral shear and 
rotation of the surface winds that is the key 
control of vertical velocities in the open ocean.

Vertical water velocities that result from 
the wind stress curl associated with eddy-
induced sea surface temperatures anomalies 
— such as those identified by Frenger et al. 
from composites of many eddies — consist of 
a dipole structure: upwelling occurs on one 
side of the eddy and downwelling on the other 
(Fig. 1). It is not yet fully understood how 
this dipole structure affects eddy energetics; 
however, a numerical simulation found a 
decrease of about 25% in the kinetic energy of 
the eddy field7.

Eddies also influence the curl of the 
surface stress through their horizontally 
rotating surface currents, an effect that is even 

OCEAN–ATMOSPHERE COUPLING

Mesoscale eddy effects
Interactions between the ocean and atmosphere are complex. An analysis of satellite data from the Southern 
Ocean reveals a tight coupling of ocean and atmosphere on horizontal scales of around 100 km that modifies both 
near-surface winds and ocean circulation.
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Figure 1 | Vertical ocean velocities induced by an idealized Southern Ocean eddy. a,b, Mesoscale ocean 
eddies have distinct patterns of surface temperature and height, with warm temperatures and elevated 
height at the centre of an anticlockwise-rotating eddy in the Southern Hemisphere (a) and vice versa for a 
clockwise-rotating eddy. Frenger and colleagues4 show that the temperature patterns alter surface winds, 
cloud cover and rainfall, which in turn affect the eddies. For example, eastward winds of 10 m s–1 over the 
idealized eddy in a would induce vertical velocities with a dipole structure of downwelling in the northern 
half of the eddy, and upwelling in the southern half (b). c, The rotating surface currents associated with 
the eddies have an even stronger effect on the vertical velocities, in the form of a monopole structure of 
upwelling centred on the core of the idealized eddy in a under eastward winds of 10 m s–1. The signs of the 
surface temperature and height anomalies in a and the upwelling and downwelling patterns in b and c 
reverse for clockwise-rotating eddies (adapted with permission from ref. 6).
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Because of its enormous heat capacity, 
the ocean plays a critical role in 
regulating the Earth’s climate. Up to 

about a decade ago, it was generally believed 
that, outside the tropics, the ocean responds 
only passively to atmospheric forcing1. 
However, with the advent of satellite 
measurements of sea surface temperature 
and surface winds with resolutions down 
to about 50 km, it became apparent that the 
strong gradients in sea surface temperature 
that are associated with meanders in the 
Gulf Stream, the California Current and 
most other ocean currents can directly 
affect surface winds1–3. Writing in Nature 
Geoscience, Frenger et al.4 present evidence 
of this same coupling between sea surface 
temperature and wind speed occurring over 
circular rotating eddies with radii of around 
100 km (referred to as mesoscale) that are 
found throughout the ocean5.

Over warm ocean regions, the marine 
atmospheric boundary layer — the lowest 
level of the atmosphere that is directly 
influenced by the ocean beneath — is locally 
heated. Likewise, above colder sea surface 
temperatures, the marine atmospheric 
boundary layer cools. As a result, strong 
gradients in the temperature of the ocean 
surface, for example where the Gulf 
Stream carries warm water northwards 
into a cooler surrounding ocean, affect the 
atmospheric temperature structure. These 
changes in atmospheric temperature, in 
turn, alter turbulent mixing of the air as well 
as atmospheric pressure anomalies in the 
boundary layer. Both effects create winds with 
higher speeds over warmer water and lower 
speeds over cooler water.

Frenger et al.4 examined atmospheric 
conditions that are coupled to spatial 
variations in sea surface temperature, using 
more than 600,000 satellite observations of 
mesoscale eddies in the Southern Ocean. 
To do this, they studied multiple sets of 
collocated satellite data, consisting of radar 
altimeter measurements of sea surface height, 
microwave radiometer measurements of sea 
surface temperature and radar scatterometer 
measurements of surface winds. According 
to their analysis, cool sea surface temperature 

anomalies associated with cyclonic — that 
is, clockwise-rotating in the Southern 
Hemisphere — eddies weaken surface winds, 
whereas warm anomalies associated with 
anticyclonic eddies strengthen surface winds. 
The eddies not only leave a remarkably clear 
imprint on the surface wind field, but their 
relatively small-scale anomalies in sea surface 
temperature also modify low-level clouds and 
precipitation. The relationships apparently 
hold throughout the Southern Ocean.

The coupling between mesoscale 
ocean eddies and atmospheric conditions 
documented by Frenger et al. occurs 
globally6, but seems to be restricted to 
the marine atmospheric boundary layer. 
Moreover, the eddy-induced perturbations of 
wind speed, clouds and precipitation amount 
only to a few per cent of the mean states 
of these fields. As such, it is unlikely that 
eddies have much influence on atmospheric 
circulation above the marine boundary layer, 
which is where the patterns of weather and 
climate variability are determined.

There is no doubt, however, that the 
eddy influence on the overlying atmosphere 

in turn affects the ocean circulation. 
Frenger et al. mention two such effects. 
Changes in wind speed and cloud fraction 
over eddies can dampen the sea surface 
temperature anomalies in the eddy interior, 
thus attenuating the eddies. Furthermore, 
anomalies in sea surface temperatures 
associated with mesoscale eddies affect the 
wind stress curl, a measure of lateral shear and 
rotation of the surface winds that is the key 
control of vertical velocities in the open ocean.

Vertical water velocities that result from 
the wind stress curl associated with eddy-
induced sea surface temperatures anomalies 
— such as those identified by Frenger et al. 
from composites of many eddies — consist of 
a dipole structure: upwelling occurs on one 
side of the eddy and downwelling on the other 
(Fig. 1). It is not yet fully understood how 
this dipole structure affects eddy energetics; 
however, a numerical simulation found a 
decrease of about 25% in the kinetic energy of 
the eddy field7.

Eddies also influence the curl of the 
surface stress through their horizontally 
rotating surface currents, an effect that is even 

OCEAN–ATMOSPHERE COUPLING

Mesoscale eddy effects
Interactions between the ocean and atmosphere are complex. An analysis of satellite data from the Southern 
Ocean reveals a tight coupling of ocean and atmosphere on horizontal scales of around 100 km that modifies both 
near-surface winds and ocean circulation.
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Figure 1 | Vertical ocean velocities induced by an idealized Southern Ocean eddy. a,b, Mesoscale ocean 
eddies have distinct patterns of surface temperature and height, with warm temperatures and elevated 
height at the centre of an anticlockwise-rotating eddy in the Southern Hemisphere (a) and vice versa for a 
clockwise-rotating eddy. Frenger and colleagues4 show that the temperature patterns alter surface winds, 
cloud cover and rainfall, which in turn affect the eddies. For example, eastward winds of 10 m s–1 over the 
idealized eddy in a would induce vertical velocities with a dipole structure of downwelling in the northern 
half of the eddy, and upwelling in the southern half (b). c, The rotating surface currents associated with 
the eddies have an even stronger effect on the vertical velocities, in the form of a monopole structure of 
upwelling centred on the core of the idealized eddy in a under eastward winds of 10 m s–1. The signs of the 
surface temperature and height anomalies in a and the upwelling and downwelling patterns in b and c 
reverse for clockwise-rotating eddies (adapted with permission from ref. 6).
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Because of its enormous heat capacity, 
the ocean plays a critical role in 
regulating the Earth’s climate. Up to 

about a decade ago, it was generally believed 
that, outside the tropics, the ocean responds 
only passively to atmospheric forcing1. 
However, with the advent of satellite 
measurements of sea surface temperature 
and surface winds with resolutions down 
to about 50 km, it became apparent that the 
strong gradients in sea surface temperature 
that are associated with meanders in the 
Gulf Stream, the California Current and 
most other ocean currents can directly 
affect surface winds1–3. Writing in Nature 
Geoscience, Frenger et al.4 present evidence 
of this same coupling between sea surface 
temperature and wind speed occurring over 
circular rotating eddies with radii of around 
100 km (referred to as mesoscale) that are 
found throughout the ocean5.

Over warm ocean regions, the marine 
atmospheric boundary layer — the lowest 
level of the atmosphere that is directly 
influenced by the ocean beneath — is locally 
heated. Likewise, above colder sea surface 
temperatures, the marine atmospheric 
boundary layer cools. As a result, strong 
gradients in the temperature of the ocean 
surface, for example where the Gulf 
Stream carries warm water northwards 
into a cooler surrounding ocean, affect the 
atmospheric temperature structure. These 
changes in atmospheric temperature, in 
turn, alter turbulent mixing of the air as well 
as atmospheric pressure anomalies in the 
boundary layer. Both effects create winds with 
higher speeds over warmer water and lower 
speeds over cooler water.

Frenger et al.4 examined atmospheric 
conditions that are coupled to spatial 
variations in sea surface temperature, using 
more than 600,000 satellite observations of 
mesoscale eddies in the Southern Ocean. 
To do this, they studied multiple sets of 
collocated satellite data, consisting of radar 
altimeter measurements of sea surface height, 
microwave radiometer measurements of sea 
surface temperature and radar scatterometer 
measurements of surface winds. According 
to their analysis, cool sea surface temperature 

anomalies associated with cyclonic — that 
is, clockwise-rotating in the Southern 
Hemisphere — eddies weaken surface winds, 
whereas warm anomalies associated with 
anticyclonic eddies strengthen surface winds. 
The eddies not only leave a remarkably clear 
imprint on the surface wind field, but their 
relatively small-scale anomalies in sea surface 
temperature also modify low-level clouds and 
precipitation. The relationships apparently 
hold throughout the Southern Ocean.

The coupling between mesoscale 
ocean eddies and atmospheric conditions 
documented by Frenger et al. occurs 
globally6, but seems to be restricted to 
the marine atmospheric boundary layer. 
Moreover, the eddy-induced perturbations of 
wind speed, clouds and precipitation amount 
only to a few per cent of the mean states 
of these fields. As such, it is unlikely that 
eddies have much influence on atmospheric 
circulation above the marine boundary layer, 
which is where the patterns of weather and 
climate variability are determined.

There is no doubt, however, that the 
eddy influence on the overlying atmosphere 

in turn affects the ocean circulation. 
Frenger et al. mention two such effects. 
Changes in wind speed and cloud fraction 
over eddies can dampen the sea surface 
temperature anomalies in the eddy interior, 
thus attenuating the eddies. Furthermore, 
anomalies in sea surface temperatures 
associated with mesoscale eddies affect the 
wind stress curl, a measure of lateral shear and 
rotation of the surface winds that is the key 
control of vertical velocities in the open ocean.

Vertical water velocities that result from 
the wind stress curl associated with eddy-
induced sea surface temperatures anomalies 
— such as those identified by Frenger et al. 
from composites of many eddies — consist of 
a dipole structure: upwelling occurs on one 
side of the eddy and downwelling on the other 
(Fig. 1). It is not yet fully understood how 
this dipole structure affects eddy energetics; 
however, a numerical simulation found a 
decrease of about 25% in the kinetic energy of 
the eddy field7.

Eddies also influence the curl of the 
surface stress through their horizontally 
rotating surface currents, an effect that is even 

OCEAN–ATMOSPHERE COUPLING

Mesoscale eddy effects
Interactions between the ocean and atmosphere are complex. An analysis of satellite data from the Southern 
Ocean reveals a tight coupling of ocean and atmosphere on horizontal scales of around 100 km that modifies both 
near-surface winds and ocean circulation.

Dudley Chelton
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Figure 1 | Vertical ocean velocities induced by an idealized Southern Ocean eddy. a,b, Mesoscale ocean 
eddies have distinct patterns of surface temperature and height, with warm temperatures and elevated 
height at the centre of an anticlockwise-rotating eddy in the Southern Hemisphere (a) and vice versa for a 
clockwise-rotating eddy. Frenger and colleagues4 show that the temperature patterns alter surface winds, 
cloud cover and rainfall, which in turn affect the eddies. For example, eastward winds of 10 m s–1 over the 
idealized eddy in a would induce vertical velocities with a dipole structure of downwelling in the northern 
half of the eddy, and upwelling in the southern half (b). c, The rotating surface currents associated with 
the eddies have an even stronger effect on the vertical velocities, in the form of a monopole structure of 
upwelling centred on the core of the idealized eddy in a under eastward winds of 10 m s–1. The signs of the 
surface temperature and height anomalies in a and the upwelling and downwelling patterns in b and c 
reverse for clockwise-rotating eddies (adapted with permission from ref. 6).
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U⊕

D⊖

τ

Dipole Ekman velocity

Feedback to ocean would be different!

Upwelling at the center of an anti-cyclonic 
eddy: decaying of an anticyclonic 

eddy

τ = ρ CD (Ua− Uo) |Ua − Uo|



surface current
Uo=Uob + Uoe

resulting wind stress 
τ ≈ τb + τSST + τcur

10m wind 
Ua= Uab + UaSST

Eddy-wind interaction: SST and current

τ = ρ CD (Ua− Uo) |Ua − Uo|



surface current
Uo=Uob + Uoe

resulting wind stress 
τ ≈ τb + τSST + τcur

10m wind 
Ua= Uab + UaSST

Relative effects of τSST and τcur on the ocean?

foci of this study: EKE and Ekman pumping

Eddy-wind interaction: SST and current

τ = ρ CD (Ua− Uo) |Ua − Uo|



where the subscript i refers to the iteration cycle and
~Z1 5 Z* and ~D1 5 D*, which are computed from t*.
Values of c1 5 0.0166 and c2 5 0.0222 N m22 8C21 are
estimated for the California Current System (358–458N,
1288–1208W) with temporal smoothing with a 15-day half-
power filter cutoff and spatial smoothing with ;75 km
half-power filter cutoff (cf. Chelton et al. 2007a). The
term ui is the counterclockwise angle from the SST
gradient =SST toward the wind direction êi. From ~Z, ~D,
we compute the modified ~t by the Tikhonov procedure.
The term a is a nondimensional iteration relaxation
parameter to assist convergence, and we find that 0.2 is a
useful value. The operational convergence criterion is
#5% in the relative difference between successive it-
erates in the wind stress.

In the empirical coupled ROMS model, we replace
the background value of t* with ~t to include the effect of
time-evolving SST. The wind modification is done with a
2-h interval, because the SST does not change appre-
ciably on a shorter time scale. A posteriori, we verify
that the wind stress can be iterated to satisfy (8) and (9)
to a correlation level in excess of 0.995 in our coupled
solutions, verifying the accuracy of our procedure.

3. Uncoupled upwelling circulation

From the initial condition defined in section 2 and
Fig. 1, the oceanic model is integrated for 240 days with
the background constant wind stress (i.e., without air–sea
coupling). The evolution is illustrated with a time series
of surface kinetic energy (KE; Fig. 3). There is a quick
adjustment to accommodate the shoreline boundary
condition and initiate the upwelling circulation within
the first few days, followed by a steady energy growth
until equilibrium sets in around day 75. With the constant
equatorward wind blowing over the stratified ocean, the

westward Ekman transport moves upper-layer water off
the coast, the lower cold and dense water is pumped
to the surface, and an upwelling SST front forms around
day 10. With continuing development of the SST front
and associated alongshore geostrophic flow, a baroclinic
instability occurs along the front, with associated incipi-
ent mesoscale eddies and filaments (Fig. 4a). SST varies
by ;108C from the coast to 200 km offshore. In the equi-
librium phase, the eddy field reaches beyond 300 km from
the coast, and there are evident coherent cyclonic and
anticyclonic vortices (see Fig. 9).

Cross sections of the mean flow and stratification
(Figs. 5, 6) show the expected upward thermocline tilt,
southward surface flow with a maximum speed of
15 cm s 21, and northward undercurrent against the coast
with its maximum between 100–200 m depth. The mean
zonal flow has a shallow offshore Ekman transport above
a general subsurface shoreward flow to a depth of around
300 m, with mostly upward vertical velocity within about
100 km of the coast and peaked close to the boundary. All
of these characteristics in this idealized configuration are
similar to those in simulations with realistic geography
and forcing (Marchesiello et al. 2003).

4. SST–wind interaction effects

The coupled model was run for 240 days from the
same initial condition. In addition, we have run two
experiments with half (HALF) and double (DBL) the
values for the coupling coefficients c1 and c2 in (8) and
(9), respectively, to investigate the sensitivity of their
estimation to uncertainties. Overall, the coupling effects
are qualitatively similar in all three coupled cases, (e.g.,
Fig. 7) with magnitudes increasing with the coefficients.

a. Wind stress change

The structure and dynamical control of the transition
profile—from strong marine to weaker terrestrial winds
across eastern continental margins—is an unresolved
issue in atmospheric modeling, and oceanic responses
are sensitive to this transition shape (Capet et al. 2004).
The alongshore mean wind stress changes substantially
in the coupled simulations and creates a transition pro-
file. The stress magnitude decreases dramatically toward
the coast, from 0.07 N m22 offshore to about 0.02 N m22,
and it is close to the uniform background wind offshore
(Fig. 7, left). The mechanism for the change is clear from
the coupling relation (8): cold nearshore SST and along-
shore wind make a positive wind stress curl that leads to
shoreward reduction in the nearshore wind stress.

The nearshore decrease of the alongshore wind stress
has been noticed by other researchers in the coastal
upwelling systems. For example, Dorman et al. (2006)

FIG. 3. Area-averaged surface KE, ½(u2 1 y2). Dashed and solid
lines are for uncoupled and coupled cases, respectively. The initial
KE value is 0.0016 m2 s22.
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25% reduction of EKE  
with SST-τ coupling

SST-τ coupling effect weakens the eddies:
an idealized ocean model by Jin et al. (2009)

- SST-τ coupling reduces the alongshore wind stress, baroclinic 
instability and offshore Ekman transport.

uncoupled EKE

coupled EKE

showed from measurements that the summer-mean
alongshore wind stress over the shelf off Bodega Bay,
California, decreases from 0.14 N m22 at 25 km offshore
to 0.04 N m22 at 2 km. Perlin et al. (2007) found that the
wind stress decreases from 0.14 to 0.075 N m22 near the
coast after 72 h in a coupled mesoscale atmosphere–
ocean model. The mechanism for the broad nearshore
region of strong wind stress curl in the CCS resulting
from SST–wind coupling was hypothesized by Chelton
et al. (2007a).

The sensitivity experiments that double and halve the
empirical coupling coefficients show modest impacts on
the wind stress changes (Fig. 7), although the SST changes
are larger. Thus, the overall effect of the coupling is
somewhat less than implied by the linear relations (8) and
(9), indicating a negative feedback in the coupled system
response. This is likely because the nearshore reduction
of upwelling, accompanied by an SST warming, cannot
proceed beyond a limit set by an actual wind reversal. In
addition to these changes in the mean wind stress, there
are transient wind effects on the eddy scale (section 4c).

b. Circulation and stratification changes

The wind stress near the coast is reduced by coupling,
hence the SST is less cold, so the geostrophic alongshore
current and its instability are initially weaker in the cou-
pled case. This is evident in the lag in surface kinetic
energy (Fig. 3) with coupling during its growth phase
(days 10–100). It is also evident in the instantaneous SST

on day 60 (Fig. 4) where the fluctuations are at an earlier
phase in their unstable development. In addition, in the
equilibrium phase (days 100–200), the energy is smaller
because of the coupling.

The mean stratification and circulation (Figs. 5, 6) show
coupling influences through a weaker thermocline tilt re-
sulting from weaker nearshore wind stress. They have an
increased poleward transport, especially in the undercur-
rent, which is consistent with increased coastal wind stress
curl and Sverdrup balance. The Ekman circulation in the
zonal plane has weaker upwelling right at the boundary
with stronger upwelling offshore (Fig. 8). In the far-
offshore region away from the upwelling circulation and
eddies, the zonal transport in the surface layer approaches
the Ekman value for the background wind stress 2t*y/rwf
(rw is the mean seawater density and f is the mean Coriolis
frequency for this domain) that, in turn, is equal to the
integrated upwelling in the shoreward zone. Furthermore,
in the coupled simulation, more than half (’65%) of the
net upwelling occurs as Ekman suction rather than near-
boundary upwelling. The simple Sverdrup balance here
for the alongshore barotropic current might be modified
in coastal regions with strongly sloping topography (e.g.,
Estrade et al. 2008; Welander 1957).

c. Eddy changes

The empirical coupling also has a significant impact on
the eddy field (Fig. 9). During the equilibrium phase the
nearshore eddies are weaker with coupling, because the

FIG. 4. SST distribution on day 60: (left) uncoupled and (right) coupled.
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Uo-τ coupling effect also damps the EKE:
an OGCM study by Eden and Dietze (2009)

• 10% reduction in EKE in the mid-latitudes and ~50% in the tropics
• Primarily due to increased eddy drag (τʹ·uʹ, direct effect) 
• Change in baroclinic and barotropic instability (indirect effect) of 

secondary importancebetween both for the year 2001. Besides a small eddy signal
in the Gulf Stream/North Atlantic Current system, there are
only minor systematic changes in the mean circulation of
the model. This applies for the subsequent years as well
(Figure 4). The only systematic effect of including the ocean
currents in the formulation of the wind stress forcing is a
reduction of the mean South Equatorial Current (SEC) and
Equatorial Under Current (EUC) in the tropical Atlantic
Ocean, coming along with a slight decrease of the depth
level of the EUC (not shown) and a decrease of the
equatorial upwelling as discussed below. This effect is
consistent with the results of Pacanowski [1987], who
found a similar response in a non-eddy-resolving model
of the tropical Atlantic and a better agreement between their
model results and situ current meter observations after
including the effect of ocean currents on wind stress in
their model.
[26] The near-surface eddy kinetic energy (EKE,

u02o
2 where

the prime denotes deviation from a seasonal mean), on the
other hand, is significantly different in the reference exper-
iment and WINDFEED. Figure 3 shows the EKE in both
experiments for the year 2001. Note that we have estimated
the EKE (and the other correlations discussed in sections 3.3
and 3.4) as deviations from the seasonal mean of velocity
(and other quantities) to exclude the seasonal cycle from the
analysis. Note also that we have used the individual
seasonal means for 2001–2006 in both experiments to
obtain the perturbation quantities. Clearly, the effect of
including the ocean currents in the wind stress is to damp
EKE. This effect is large in the tropical Atlantic, decreases
toward higher latitudes and has a second peak where the
Gulf Stream separates from the American coast. The sub-
sequent years are similar with respect to the reduction of
EKE (Figure 4).

3.3. Eddy Kinetic Energy Budget

[27] To identify the mechanisms behind the large differ-
ences in the eddy activity of the reference experiment and

WINDFEED, we consider the budget of EKE, !e ¼ u02o
2 as

given by the standard Reynolds averaging procedure

@t!eþrh # ðuoeþ u0op
0Þ þ @zw0p0 ¼ !S þ b0w0 & e; ð3Þ

where p0 denotes pressure fluctuations, b0 buoyancy
fluctuations and w0 fluctuations of the vertical velocity.
The EKE budget equation (3) is derived by taking the
average of the scalar product of the horizontal momentum
perturbation u0o with the horizontal momentum budget of
the primitive equations. The terms on the l.h.s of equation
(3) describe changes of EKE (@t!e) due to advective and
radiative processes which cancel out in the domain integral
while the terms on the r.h.s of equation (3) can be
interpreted as production of EKE due to lateral shear,
!S ¼ &u0ou

0
o #ruo, production by baroclinic instability, b0w0,

and dissipative processes, e [Beckmann et al., 1994]. Note
that e includes also the surface forcing of EKE arising from
the wind acting on the ocean, u0o # t 0.
[28] We define two pathways via which changes in the

EKE can be affected by changes in the parameterization of
the wind stress, a direct one and an indirect one. The
indirect pathway refers to changes in wind stress acting
on the ocean, driving changes in the mean circulation and
mean available potential energy which in turn will affect the
EKE production terms !S and b0w0. The direct pathway, on
the other hand, is the drag effect by a modified wind stress
on the EKE budget (entering equation (3) via e), as
explained later.
[29] First we quantify the indirect pathway: Figures 4c

and 4d show the zonal averages of the production terms of
EKE in the reference experiment and WINDFEED. While
differences in b0w0 are only small, the production terms !S
show similar differences as the EKE itself in the two
experiments. The reduction of !S in experiment WINDFEED
relative to the reference is both due to a reduction in the
lateral shear of the mean flow, ruo, and a decreased
magnitude of the tensor u0ou

0
o. The decrease in lateral shear

is in particular large in the tropical Atlantic.
[30] Second, we continue with a quantification of the

direct drag effect (of the revised wind stress formulation) on
the total kinetic energy of the ocean and in particular to the
EKE following Duhaut and Straub [2006] and Zhai and
Greatbatch [2007]. The work P done by the wind stress t is
forcing the ocean’s total kinetic energy uo

2/2 and is given by

r0P ¼ t # uo ¼ racDjua & uojðua & uoÞ # uo; ð4Þ

Figure 3. Eddy kinetic energy (EKE) (average of the upper 50 m) in 2001 in log10(EKE cm&2 s&2) for
(a) the reference experiment, (b) WINDFEED, and (c) difference (WINDFEED – reference experiment)
in cm2 s&2.
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Result from previous studies and goal of this study

• Previous studies considered either SST or Uo 
in τ formulation in ocean-only models and saw 
weakened eddy variability. 

• This study examines the relative magnitudes of 
SST and usfc effects in a fully coupled regional 
model.



Regional coupled model

• Seo et al. 2007, 2014
• An input-output based 
coupler; portable & flexible

• 7 km O-A resolutions & 
matching mask

• 6-yr integration (2005-2010)

WRF or bulk physics

τ (Q & FW)

Ocean

6-h NCEP FNL monthly SODA

WRF ROMS

Scripps Coupled Ocean-Atmosphere Regional Model

6-h coupling

Atmosphere

SST & Usfc

Smoothing of mesoscale SST 
and Uo (Putrasahan et al. 2013)

Utot

Te

Ue

TbTtot

Ub
5° loess smoothing

(~3° boxcar smoothing)
Similar results with different 

smoothing (e.g, 3° loess 
smoothing)



Experiments

Experiments τ formulation includesτ formulation includesτ formulation includesτ formulation includes

CTL Tb Te Ub Ue

noTe Tb Te Ub Ue

noUe Tb Te Ub Ue

noTeUe Tb Te Ub Ue

noUtot Tb Te Ub Ue

Ttot =  Tb + Te

Utot = Ub+ Ue 5° loess filtering (≈ 3° boxcar smoothing)

τ=ρCD(Ua-Uo)|Ua-Uo|

✔︎
✔︎
✔︎



Eddy kinetic energy



Eddy kinetic energy

• Te no impact  • 25% weaker EKE with Ue • 30% weaker EKE with Ub+Ue

APRIL 2003 769M A R C H E S I E L L O E T A L .

FIG. 13. Comparison of SSH standard deviation (CI 5 1 cm) and mean-summer, surface EKE
(CI 5 50 cm2 s22), as observed and modeled (with 5-km resolution). (TOPEX/ERS altimeter SSH
standard deviation was provided by T. Strub, and drifter surface EKE by P. Niiler.)

ther offshore. As a result, the offshore integrated EKE
at 500 km is only 15% lower than its nearshore value.
By comparison, the mean surface EKE is 50% lower,
decreasing offshore in a more abrupt and systematic
way. Earlier studies have attributed the decay of the
surface EKE signal in the coastal transition zone to
damping by vertical mixing (Kelly et al. 1998;
McCreary et al. 1991). Haney et al. (2001) suggest

an alternative mechanism without significant damp-
ing: namely, the EKE generated during the upwelling
season from baroclinic instabilities may also spread
downward via a transformation into more barotropic
currents. With a quasigeostrophic CCS model, Ikeda
et al. (1984) similarly show that the growth of dis-
turbances in the CC follows an inverse cascade, in-
cluding to larger vertical scales, due to nonlinear in-

Drifter climatology

Marchesiello et al. 2003
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noTeUenoUe noUtot

cm2s-2

JAS 2005-2010



Eddy kinetic energy
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FIG. 13. Comparison of SSH standard deviation (CI 5 1 cm) and mean-summer, surface EKE
(CI 5 50 cm2 s22), as observed and modeled (with 5-km resolution). (TOPEX/ERS altimeter SSH
standard deviation was provided by T. Strub, and drifter surface EKE by P. Niiler.)
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way. Earlier studies have attributed the decay of the
surface EKE signal in the coastal transition zone to
damping by vertical mixing (Kelly et al. 1998;
McCreary et al. 1991). Haney et al. (2001) suggest

an alternative mechanism without significant damp-
ing: namely, the EKE generated during the upwelling
season from baroclinic instabilities may also spread
downward via a transformation into more barotropic
currents. With a quasigeostrophic CCS model, Ikeda
et al. (1984) similarly show that the growth of dis-
turbances in the CC follows an inverse cascade, in-
cluding to larger vertical scales, due to nonlinear in-
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Monthly EKE time-series

— CTL = 171
— noTe = 174
— noUe = 231
— noTeUe = 230
— noUtot = 247

25-30% 
EKE difference

High EKE in summer, low in winter
Reduced eddy activity in both seasons!

summer winter



Eddy kinetic energy budget
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BCBT P

u′τx′ v′τy′ 

Summertime EKE budget in CTL

150 m average

• v’τy’: Source of EKE
• v’ is a linear response to nearshore τy’

• u’τx’: Dissipating EKE
• Eddies (via u’) “systematically” oppose 
τx’ in the upwelling zone

v′τy′
u′
τx′

• P a primary source of 
EKE.

• BC secondary and 
BT negligible



BCBT P

u′τx′ v′τy′ 

Summertime EKE budget in CTL

150 m average

• v’τy’: Source of EKE
• v’ is a linear response to nearshore τy’

• u’τx’: Dissipating EKE
• Eddies (via u’) “systematically” oppose 
τx’ in the upwelling zone

v′τy′
u′
τx′

• P a primary source of 
EKE.

• BC secondary and 
BT negligible

along-shore mean



Cross-shore distribution of EKE and key EKE budget terms

• EKE maximum offshore 
at 150km
• P maximum near the 
coast (20-30 km) by 
offshore advection

• No significant change in 
BC bet’n CTL noTe

• Some reduction of 
BC in noUe 

• Decreased wind work
• noUe ➞ CTL: 20% 
reduction
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Eddies increase the eddy drag and reduce the momentum input.

42% 
stronger 
eddy 
drag

16% 
weaker 
wind 
work

CTL=1.74
noTe=1.86
noUe=1.90
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noUe=-0.33

[1
0-5

kg
s-1

m
-3
]

[1
0-5

kg
s-1

m
-3
]

 u′τx′ = eddy drag

v′τy′= wind work

eddy drag

wind work



Ekman pumping velocity
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SST-induced Ekman pumping (5)440
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To the extent that the high-pass filtered curl of the surface r ⇥ ⌧⌧⌧ investigated here is, to first441

order, a function of the combination of surface current and SST effects, eddy-centric composite442

averages of ˜W
tot

are expected to be qualitatively similar to composite averages of W
tot

.443

Because of the dependence of eddy-induced Ekman pumping on wind direction (section 4)444

the composites of midlatitude eddies investigated here are constructed in 2 different coordinate445

systems, a rotated coordinate systems that aligns the large-scale background wind direction to446

a polar angle of 0� (this corresponds to no rotation for eddies in a westerly wind field) and an447

unrotated, north-south/east-west coordinate system. The wind direction was computed for each448

individual eddy realization as the average large-scale background wind direction, defined by 6

� ⇥449

6

� smoothing of the vector wind components, in a 4

� box centered on the eddy SSH extremum.450

Composites of W
cur

were computed by (9) from geostrophic surface currents (derived from451

SSH) and the large-scale, background wind. Composites of W
SST

were computed by (5) and452

(4) based on a globally constant coupling coefficient ↵c

crlstr

= 0.013 N m�2 per �C (Table 1).453

Composites of W
tot

were computed from (3) based on QuikSCAT measurements of surface stress454

and geostrophic relative vorticity ⇣ derived from SSH .455

Composite averages of the different components of eddy-induced Ekman pumping for north-456

ern and southern hemispheres midlatitude eddies constructed in the rotated coordinate system (left457

2 columns of Figs. 7 and 8, respectively) are very similar to the Ekman pumping signatures of ide-458
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intervals as the SSH observations using temporal low-pass filtering with a half-power filter cutoff146

of 30 days.147

Scatterometers are not able to estimate the relative wind in the presence of rain. As rain is148

more likely in regions of convergent winds associated with cyclonic surface stress curl, a small149

but systematic anticyclonic bias is introduced in the surface stress curl measurement (Milliff and150

Morzel 2001; Milliff et al. 2004). Because mesoscale eddies propagate and evolve more slowly151

than raining atmospheric disturbances, this bias is not a major concern; QuikSCAT adequately152

samples the surface stress curl associated with eddy surface currents since measurements of the153

relative wind are on average rain-free more than 85% of the time in the regions invested in sections154

5 and 6.155

Wind influences the potential vorticity of the ocean’s interior through Ekman pumping. Fol-156

lowing Stern (1965), the total Ekman pumping can be decomposed as157
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where ⇢
o

= 1020 kg m�3 is the (assumed constant) surface density of seawater, f = 2⌦ cos ✓ is158

the Coriolis parameter for latitude ✓ and Earth rotation rate ⌦, and � = @f/@y. The surface stress159

⌧⌧⌧ has zonal and meridional components ⌧x and ⌧ y, respectively, and ⇣ is the relative vorticity160

of the surface velocity field estimated from centered finite differences of the SSH fields. The161

resulting Ekman pumping fields computed from (3) were spatially high-pass filtered to remove162

Stern 1965

Ekman pumping velocity

background wind stress

Wlin Wζ Wβ WSST

Curl-induced 
linear Ekman pumping Vorticity gradient-induced 

nonlinear Ekman pumping 

β Ekman pumping
(negligible)

SST induced Ekman pumping



Chelton et al. 2004

WSST =
∇× #τ SST
ρo f +ζ( )

≈
αc∇cSST
ρo f +ζ( )

Although the effects of ocean currents on
the wind stress are readily apparent in the
curl, ocean current signatures are insignifi-
cant in the wind stress divergence because of
the quasi-geostrophic and very nearly nondi-
vergent nature of ocean velocity. The bands
of relatively weak divergence and conver-
gence associated with the Gulf Stream (top
panels of Fig. 1 and figs. S1 and S2) are
attributable to the previously discussed
SST effects on low-level winds.

SST also affects the wind stress curl over
the Gulf Stream, but this is of secondary
importance compared with the effects of the
current. This becomes apparent by calculat-
ing the Gulf Stream contribution to the wind
stress curl. Where the Gulf Stream flows
north off the Florida coast, the surface ocean
velocity can be estimated from QuikSCAT
data by assuming that all of the east-west
variation of the measured northward wind
component is attributable to the effects of
ocean velocity on the surface stress. Surface
current cross sections calculated in this man-
ner (Fig. 6) compare well with observations
(39), confirming that the observed wind
stress curl couplet is attributable primarily to
the surface velocity of the Gulf Stream.

Similar examples of ocean current–induced
couplet curl bands in Fig. 3 and fig. S2 include
the Loop Current in the Gulf of Mexico (see also
Fig. 5, top right), the Labrador Current, the
Aleutian Current, the Kuroshio Current in the
region between Taiwan and Japan, the Agulhas
Current where it separates from the coast of
South Africa, the Somali Current northeast of
Socotra Island, the Malvinas Current off Argen-
tina, the North Brazil Current, and numerous
segments of the ACC.

The curl couplet in the western North
Atlantic becomes less well defined after the
Gulf Stream separates from the coast at Cape
Hatteras, because the broadening of the cur-
rent and the transient nature of the unstable
meanders east of 70°W blur the effects of
ocean velocity on the 4-year average wind
stress curl. A signature of the Kuroshio Ex-
tension east of Japan is similarly blurred by
transient meanders that develop after the Ku-
roshio Current separates from the coast of
Japan (27). In such regions of meandering
currents, the effects of SST become the dom-
inant factor affecting the 4-year average wind
stress curl field.
Discussion. High-resolution measure-

ments by the QuikSCAT scatterometer reveal
a rich diversity of persistent small-scale fea-
tures in the global wind stress field that can-
not be detected by other means. These fea-
tures are clear in the 4-year average fields of
the wind stress divergence and curl. Small-
scale variability is evident in both the diver-
gence and curl in island and coastal regions,
where orography influences low-level winds.
Over the open ocean, most of the small-scale

variability in the divergence field can be at-
tributed to accelerations and decelerations of
surface winds blowing across SST fronts ow-
ing to SST-induced effects on low-level
winds. The resulting convergences and diver-
gences generate vertical motion that can in-
fluence atmospheric dynamics and thermody-
namics at higher levels in the atmosphere
(40). SST effects are also manifest in the curl,
which is intensified where winds blow paral-
lel to SST fronts.

The high-resolution QuikSCAT data also
reveal the surprisingly strong influence of
steady ocean currents on the 4-year average
wind stress curl field through the relative
motion between the ocean currents and the
overlying winds. Ocean currents significantly
affect the curl on an instantaneous basis
wherever they are narrow and intense. Be-
cause of the quasi-geostrophic and very near-
ly nondivergent nature of ocean velocity,
ocean currents do not have a significant effect
on the wind stress divergence.

An important consideration for ocean cir-
culation modeling is that current-induced fea-
tures in the wind stress curl are absent in the
wind stress fields produced from NWP mod-
els (Fig. 2 and figs. S3 and S4). The models
estimate the winds relative to fixed locations
(the model grid points) and thus effectively
consider the ocean surface to be motionless.

Because they do not account for the effects of
ocean currents on the wind stress, NWP mod-
els do not provide the true wind stress that
drives the ocean circulation (36, 38).

The importance of ocean current effects
on the wind stress depends on the magnitudes
and relative directions of the current and
wind velocities. For 6 m s–1 winds typical of
the global open ocean, a moderate surface
current of 0.3 m s–1 flowing parallel or anti-
parallel to the wind modifies the wind stress
by 10%. In regions of strong currents such as
the Gulf Stream and the Kuroshio and Equa-
torial Current systems, ocean current effects
on the wind stress can easily exceed 20%. It
is thus clear that oceanic influence on the
wind stress is at least regionally important.

Because the existence of persistent small-
scale features in the wind field has not here-
tofore been appreciated, the full implications
of these wind patterns for ocean dynamics are
only beginning to be explored. The impor-
tance of the small-scale variability can be
inferred from the zonally integrated wind
stress curl across an ocean basin, which pro-
vides an approximate estimate of the volume
transport of the western boundary currents
(1). Neglect of small-scale variability can
result in underestimates of the volume trans-
ports of subtropical western boundary cur-
rents by more than 20% (6). Stochastic forc-

Fig. 4. SST effects on wind stress divergence and curl. Shown are binned scatter plots of spatial
high-pass–filtered fields of the wind stress divergence as a function of the downwind SST gradient
(top row) and the wind stress curl as a function of the crosswind SST gradient (bottom row) for four
geographical regions: the Southern Ocean (60°S to 30°S, 0° to 360°E), the eastern tropical Pacific
(5°S to 3°N, 150°W to 100°W ), the Kuroshio Extension (32°N to 47°N, 142°E to 170°W ), and the
Gulf Stream (35°N to 55°N, 60°W to 30°W). The comparisons are based on the first year of
satellite SST measurements by the Advanced Microwave Scanning Radiometer (44) for the
12-month period from August 2002 to July 2003. The points in each panel are the means within
each bin computed from 12 overlapping 6-week averages, and the error bars are the !1 standard
deviation over the 12 samples in each bin. The standard deviations are larger for the Kuroshio and
Gulf Stream regions because of seasonal variations in the magnitudes of the divergence and curl
perturbations. The coupling between SST and surface winds implied by the slope s of the straight
line fit by least squares to the binned averages in each panel varies geographically (and seasonally,
not shown here), presumably depending on the detailed structure of the MABL, and is consistently
larger for the divergence than for the curl (3, 4).
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Fig. S7.  The wind stress vectors and curl around South Georgia Island in the South Atlantic averaged over
conditions during which the winds were within ±15º of the prevailing westerly wind direction in this
region.  This accounts for about 20% of the QuikSCAT overpasses.  To accommodate the large dynamic
range of the curl in the lee of the island, the color scale differs from the color scales in Figs. S1-S4 and in
the curl figures in the text.  Distortion of the wind field by 2934-m Mount Paget and twelve other mountain
peaks exceeding 2000 m can be detected in the curl field more than 500 km downwind of the island.  Wind
shadows develop in the lee of South Georgia Island when the winds blow from other directions as well
(S13).

Fig. S6.  Schematic illustration of the divergence and curl of the wind stress  ô  resulting from spatial
variations of the SST effects on the surface winds summarized in Fig. S5. Near a meandering SST front
(heavy black line), surface wind speeds are lower over cool water and higher over warm water, shown
qualitatively by the lengths of the vectors.  Acceleration where winds blow across isotherms generates
divergence, Ä_•ô  (green area).  Lateral variations where winds blow parallel to isotherms generate curl,
Ä_xô  (red area).  The magnitudes of the divergence and curl perturbations are proportional to the magni-
tudes of the downwind and crosswind SST gradients, respectively (see Fig. 4 in the text).

τ̂θ ˆ▽dT= (▽T·τ)ʹ▽cT =(▽T×τ)ʹ·k̂
▽T

SST-induced Ekman pumping velocity



Wind stress curl and cross-wind 
SST gradient WSST =

∇× #τ SST
ρo f +ζ( )

≈
αc∇cSST
ρo f +ζ( )
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Ekman pumping velocity
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SST-induced and current-induced Ekman pumping velocity

• SST and vorticity induce 
the Wek responses of 
comparable magnitudes but 
with distinctive spatial 
pattern.
‣ indicative of different 
feedback processes



Summary
• Surface EKE is weakened almost entirely due to 

mesoscale current effect on wind stress.
- SST has no impact (at odds with some previous 

studies)
• EKE budget: eddies enhance the eddy drag and weaken 
the wind work.

- Thus eddies have both direct and indirect impact.

• Eddies modify Ekman pumping velocity. 
• SST via a linear relationship between ▽×τ′ and ▽cTʹ.
• Current via gradient of surface vorticity.
• Ekman pumping velocities due to SST and current are 

comparable in magnitude but different in spatial pattern.
- Implying different feedback processes
- Subject of ongoing study.
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