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Motivation
• Among the factors affecting the BoB SST and air-sea flux are the 

mesoscale circulation and ML stratification. 
• Models often show too strong (long-live) eddy activity and weak 

stratification. 
• Relative Wind (RW) effect (i.e., surface current-wind interaction) 

affects the wind work and thus these processes.
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 τ = ρaCD(Ua−Uo)2 Bulk formula for wind stress

RW effect is an essential part of eddy-wind interaction
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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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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.
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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 
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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 
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which is where the patterns of weather and 
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decrease of about 25% in the kinetic energy of 
the eddy field7.
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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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relationship between CD and wind speed, especially when
the speed is less than 4 m/s, while for the greater wind speed
(>4 m/s) the relation is linear, and CD rises rapidly when the
wind speed is around 20 m/s. When wind speed is less than
4 m/s, all empirical relations (except CD1) are linear, whereas
CD1 reproduces the nonlinearity in LKB for low winds
(but overestimates it). All the linear relations are found to
overestimate the LKB drag coefficients for winds greater than
4 m/s. The greatest difference is around 0.7 × 10−3 (i.e.,
about 50% of the actual value).
[8] The rate of mechanical energy transfer between atmo-

sphere and ocean is essential for accounting the energy bal-
ance in the mixed layer. By mechanical stirring, the center
of gravity of the upper ocean is raised as the warmer sur-
face waters are forced to subsurface layers. A fraction of
the kinetic energy of the lower atmosphere enters oceans
as ATKE. This is an important process where discrepancy
in momentum transfer coefficient may increase the error in
estimating the ATKE and will cascade the error to ocean
mixing. Figure 4 shows the ATKE derived from different
drag coefficients using

ATKE ¼ !G " !Dð Þ"w#3* " "w"mh; ð1Þ

where u* = friction velocity = (ts /rw)1/2, ts = surface wind
stress, rw = water density, "m = depth independent back-
ground dissipation (2 × 10−8 m2/s3), h = depth, and hG and hD
are nondimensional constants (hG − hD = 1.25) [Kraus and
Turner, 1967; Shetye, 1986]. The first term on the right‐
hand side of equation (1) determines the generation of tur-
bulent kinetic energy and the second term is dissipation of
turbulent kinetic energy. Figure 4 reveals that there is sig-
nificant discrepancy in ATKE, especially for wind speed
greater than 10 m/s. As the ATKE in Figure 4 is hour based

and the wind forcing in OGCM is daily, the ATKE per day
will display significant differences (>250 J/m2/d) in the dif-
ferent formulations. According to Hellerman and Rosenstein
[1983], a 4% underestimation in wind stress can lead to the
underestimation of kinetic energy by 12.5%. This discrep-
ancy might cascade the error in the vertical ocean mixing,
which is an important issue in the current OGCM.
[9] Thus developing a strategy to compute CD consistent

with in situ observations over the Indian Ocean, which will
reduce the discrepancy between computed and empirical
relations, is important in view of accurate model simulations.
However, the most reliable formulations for momentum
transfer coefficient are highly observation‐dependent and
computationally expensive so not feasible for modeling. To
reduce the discrepancy in momentum transfer coefficient, we
have developed new empirical relations for the Indian Ocean
based on LKB, which has lowest discrepancy as well as the
minimum computational requirement. We have divided wind
speed into three intervals for the sake of accounting the ocean
roughness response under different wind regimes, as in the
work by Kondo [1975] (i.e., 0–3.75, 3.75–18, and >18 m/s).
These three intervals can be represented in terms of roughness
function; for wind speed <3.75 m/s, the roughness function is
smooth, for 3.75–18 m/s the roughness is in transition phase,
and for >18 m/s the roughness function is in a complete rough
state. Figure 5a shows that there is a nonlinear relation
between CD and wind speed up to 3.75 m/s. For lower winds,
<0.5 m/s, CD is between 1.2 × 10−3 and 2.2 × 10−3 and with
winds up to 3.75 m/s CD decreases with increasing wind (it
is 1 × 10−3 for 3.75 m/s), for winds greater than 3.75 m/s CD
increases with wind speed and becomes 1.6 × 10−3 when it is
17 m/s (Figure 5b), and for 30 m/s it is 2.2 × 10−3. Kara et al.
[2007] showed 1.25 × 10−3 as the global mean CD. They also
pointed out significant diurnal variations in CD and suggested
computing the daily CD as the average of hourly values. We

Figure 4. Estimated available turbulent kinetic energy (ATKE) using different momentum transfer coef-
ficients for particular wind speed.
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found throughout the ocean5.
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surface, for example where the Gulf 
Stream carries warm water northwards 
into a cooler surrounding ocean, affect the 
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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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Summary

Modulation of wind work by surface current has two effects 

1) Reduced eddy wind work, leading to less energetic geostrophic 
circulation (EICC) and mesoscale activity (EKE).

2) Reduced ageostrophic wind work (ATKE) and surface vorticity 
reduces vertical shear and increases upward upwelling velocity.
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