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Modification of Ocean Eddies by Air-Sea Interaction 
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A mixed-layer model is developed for seasonal time scales and used to investigate the modifica- 
tion of ocean eddies by air-sea interaction. An eddy is modified by the air-sea interaction for the 
local envionment and the feedback from its surface temperature signal, which alters the surface 
heat and water fluxes. This buoyancy forcing tends to decrease the eddy temperature anomaly, 
and seasonal changes in mixed-layer depth lead to the surface signal being removed in summer 
and reappearing in winter. The dynamical adjustment of the eddy is assessed by coupling the 
mixed-layer model to a quasi-geostrophlc model: the buoyancy forcing alters the eddy velocity 
profile and, over several seasons, may lead to the formation of a subsurface velocity maximum. 
After the spring decrease in mixed-layer depth, the eddy potential vorticity anomaly is reduced, 
and lateral mixing may subsequently play a role in further eroding the eddy. These modelling 
predictions are supported by the observations of a cold-core eddy in the seasonal boundary layer 
of the northeast Atlantic. 

1. INTRODUCTION 

Ocean synoptic-scale eddies are principally formed by in- 
ternal instability of the vigorous western boundary currents 
[Richardson, 1983]. The weaker mid-ocean eddy field may 
be generated by a variety of mechanisms: movement of ed- 
dies from the boundary currents, barDclinic instability in 
the open ocean [Gill et al., 1974], mean flow interaction 
with bottom topography and perhaps transient wind stress 
forcing [M•iller and Frankignoul, 1981]. An eddy acquires a 
water mass structure typical of its formation region. The 
eddy may subsequently move into a different region due to 
a combination of mean flow advection and self-propagation 
[Davey and Killworth, 1984]. In this new environment, the 
eddy appears as an anomalous water mass with a sea surface 
temperature signal. 

Ocean eddies are modified by air-sea interaction in the 
seasonal boundary layer through solar heating and the ex- 
change of heat, moisture, and momentum. This modifica- 
tion of an eddy depends on the air-sea interaction for the 
local environment and on the feedback from its surface tem- 

perature signal, which alters the surface heat and water 
fluxes. This process may become important in determining 
the eddy structure over a seasonal time scale, if the eddy es- 
capes being absorbed and destroyed in the western boundary 
currents. 

The influence of air-sea interaction on ocean eddies is 

investigated by examining a cold-core eddy detected in 
the seasonal boundary layer of the northeast Atlantic (sec- 
tion 2). The possible changes in an eddy during its lifetime 
are investigated further by applying a mixed-layer model 
(section 3) and integrating it for both the eddy and the lo- 
cal environment (section 4); this extends the work of Schmitt 
and Olson [1985] on wintertime convection in a warm-core 
Gulf Stream ring and that of Dewar [1986] on seasonal 
changes of warm- and cold-core Gulf Stream rings. The dy- 
namical changes in an eddy are then assessed by solving the 
quasi-geostrophic potential vorticity equation using realistic 
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diabatic forcing deduced from the mixed-layer integrations 
(section 5). 

2. A COLD-CO•tE EDDY OnSERVED IN THE 

SEASONAL BOUNDARY LAYER 

2.1. Observations of the Cold-Core Eddy 

A cold-core eddy was detected during the summer of 1983 
by the FS Poseidon 101b cruise in the northeast Atlantic 
[Leach et al., 1987]. This single section of hydrographic and 
velocity data extends for 650 km in the seasonal boundary 
layer from 43.6øN, 28.2øW to 48.8øN, 32.1øW and covered 
the period 0800 GMT June 26 to 2000 GMT June 27,1983 
(Figure 1). The hydrographic data were collected by a towed 
fish, multisonde system which oscillated from the surface to 
a depth of 60 m [Leach et al., 1985]. The velocity data 
were taken from an electromagnetic log instrument and 
Doppler-sonar current profiler at depths of 5 m and 50 m, 
respectively. 

The cold-core eddy is revealed by the low temperature 
and salinity signals on •r•. surfaces (Figure 2), which extend 
for approximately 120 km along the section. The center 
of the eddy was observed at 46.3øN, 30.2øW and a time of 
0200 GMT June 27, 1983. The eddy core extends for 40 km 
and is cooler and freshet by -1.2 4-0.1 øC and -0.33 4- 0.04 
than the local environment along the •rt = 26.7 surface. On 
either side of the eddy core, the temperature and salinity 
gradients are an order of magnitude larger than the mean 
gradients along the section. In these frontal regions, there 
is some finer structure in which the gradients reverse with 
length scale of the order of 10 km: this may be due to lateral 
mixing between the eddy and the surrounding environment. 

The cold-core eddy is associated with a cyclonic circu- 
lation in both sets of velocity data (Figure 3). The eddy 
velocity maxima of 58 cm/s occur within the temperature 
frontal regions, and the maximum horizontal shear is inside 
the anomalous core. If the eddy is taken to be cylindrl- 
cally symmetric, then the Rossby number is 0.27 and 0.33 at 
depths of 5 m and 50 m respectively. The geostrophic shear 
(perpendicular to the section) deduced from the depth of 
surfaces shows that the cyclonic signal is weaker by 3.5 cm/s 
at the surface than at a depth of 60 m. The observed eddy 

15,523 



15,$24 WILLIAMS: MODIFICATION OF OCEAN EDDIES BY AIR-SEA INTERACTION 

500 

60" 

40" 

30" 

N 

100" W 80' 60 • 40' 20' 0 ø 20' 

ß o 

"Ma. de•ra 

40" E 

; ß 
ß ..! ......... • Stereographic 

ß ;,,'o ! "'" projection .Canar,e •• ' 
: /:/•" ::••iii' reference point 

.•/,• .•:i 0 N,30W ß ' . •...::.:i;• 0 500 1000 1500 2000 km 
ß j:;..!'.."' i .... ß ..... , .... , .... 

. ' ß ' "'• ; }•;::ii:• • ........ '•' ........ •,oonm 
50" W 40" 30" 20 ø 10 ø O" 10" E 

N 

Fi$. 1. The northeast Atlantic in a stereographic projection [Woods, 1984]. A cold-core eddy is 
observed at 46.3"N, 30.2øW (circle) along a section of the FS Poseidon 10lb cruise (solid line): 
its salinity signal suggests that it originates from the north or west (dashed line). A mixed-layer 
model is run at a site 40.5øN, 26.5øW (triangle). 
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Fig. 2. Observed (a) temperature and (b) salinity values on (•, surfaces, every 0.1 from 26.2 to 
26.9, along the Poseidon section. An eddy is revealed by the cool, fresh water mass anomaly; the 
distance from its center is shown along the horizontal axis. 

circulation (with velocities reaching 58 cm/s) is therefore 
due to either a deeper barocllnic signal or a barotropic sig- 
nal. 

The cold-core eddy is also associated with an increase in 
potential vorticity, 

Q _. ((-{-f) Op (1) 
p Oz 

Here, • is the relative vorticity, p is the density, f is the 
Coriolis parameter, and z is the vertical coordinate. On 
the deeper •rt surfaces, the eddy potential vorticity is twice 
as large as the mean values along the section (Figure 4). 
The potential vorticlty maximum is due to both the smaller 
vertical spacing between isopycnals and the cyclonic relative 
vorticity, which accounts for 30% of the increase. 

The eddy potential vorticlty and density are nearly con- 
served below the mixed layer where dlabatic changes are rel- 
atively small. Therefore, lateral mixing around the eddy is 
inhibited by the presence of the potential vorticity anomaly 
along density surfaces. Air-sea interaction may eventu- 
ally reduce the potential vorticity anomaly in the seasonal 
boundary layer. Lateral mixing of typically 100 m s/s [Colin 
de Verdiere et al., 1986] should then become important and 
remove the remaining eddy salinity anomaly after an e- 
folding time scale of 130 days. 

2.2. Formation and Movement of the Cold-Core Eddy 

The cold-core eddy has a horizontal length scale of 34 km, 
as revealed from the temperature, salinity, and potential 
vorticity fields along the section (defined here as the dis- 
tance for the anomaly to decrease by a factor of I/e). This 
horizontal length scale is near the preferred scale for baro- 
clinic instability at the internal Rossby deformation radius 
La = NH/f; this is the order of 30 km for a depth scale of 
H,-• 1 kin, a mean Brunt-V•is•l• frequency of N,-, 0.003 s -• , 
and f,-, 10 -4 s -• . The cold-core eddy may have been formed 

by this instability process either in the open ocean or along a 
boundary current (where there are larger horizontal density 
gradients). 

The cold-core eddy is unlikely to have been generated lo- 
cally (at 46.3øN, 30.2øW), since it is associated with signif- 
icant salinity and potential vorticity anomalies: its salinity 
anomaly of-0.33 over a depth of 60 m would require a 
surface water input of 0.6 m, whereas the local water flux 
into the ocean is only -0.2 m/yr [Baumgartner and Reichel, 
1975]. Instead, the eddy probably developed in a cooler and 
fresher environment and then moved to the observed loca- 

tion in late June. 

The salinity signal implies that the eddy originated from 
a source region ranging from between 46.3øN, 42.3øW and 
49.7øN, 30.2øW (dashed line in Figure 1): hence the nearest 
possible formation site is 370 km away at 49.2øN, 32.6øW 
(using the climatological atlas of Robinson et al. [1979]). 
The potential vorticity of the eddy is also characteristic of 
a region to the north of latitude 49øN (using the Geochemi- 
cal Ocean Sections Study cruise data along 42øW [McDow- 
ell et al., 1982]). The eddy probably acquires the observed 
potential vorticity values (along •, = 26.7) in early May 
when the mixed layer becomes shallower than 60 m (see 
section 5.3). This implies that the eddy must have had a 
translational velocity of approximately 8 cm/s in order to 
move from the source region in early May to the observed 
location in late June (Figure 5). 

2.3. Air-Sea Interaction of the Cold-Core Eddy 

Air-sea interaction should decrease the surface signal of 
the cold-core eddy through additional surface heating. The 
eddy does not appear to have a clear surface tempera- 
ture signal, as it is not evident in an infrared satellite pic- 
ture taken 4 days after the hydrographic observations. In 
fact, the observed eddy temperature anomaly increases with 
depth from -0.6øC at 10 m to -2.0øG at 60 m (Figure 6a); 
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Fig. 3. Observed velocities along the Pose{don section at a depth 
of 50 m in a Mercator projection. The cold-core eddy detected in 
the water mass observations is associated with a cyclonic circula- 
tion. 

these differences are between profiles in the eddy core and 
those interpolated from the background environment. 

Additional surface heating of a cold-core eddy may pro- 
duce a shallower mixed layer. The observed mixed-layer 
depth of 9 m in the eddy is indeed less than the mean value 
of 14 m along the section (defined here by a temperature de- 
crease of 0.9øC from the surface). However, there are other 
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Fig. 4. Observed potential vorticity values along the 26.7 and 26.8 
•t surfaces. The cold-core eddy is associated with an increase in 
potential vorticlty; the distance from its center is shown along 
the horizontal axis. 
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Fig. 5. Schematic movement of the cold-core eddy from a possi- 
ble location in early May to the observed location in late June; 
T, $, Q, and h are the temperature, salinity, potential vorticity, 
and mixed-layer depth values for each site. 

shallow mixed layer regions along the section which are not 
associated with changes in water mass. 

Air-sea interaction should decrease the temperature 
anomaly of the cold-core eddy, but is unlikely to signifi- 
cantly alter the opposing salinity anomaly. The decrease in 
the temperature anomaly towards the surface leads to a re- 
versal in the horizontal density gradient between the eddy 
and the local environment (Figure 6b); hence there should be 
a subsurface maximum in the geostrophic flow. The eddy cy- 
clonic velocity field does indeed decrease towards the surface 
in both the direct velocity observations and the geostrophlc 
flow deduced from the depth of •t surfaces. 

In conclusion, air-sea interaction may have modified the 
structure of the cold-core eddy. The additional surface heat- 
ing may have produced a shallower mixed layer, decreased 
the surface temperature signal and formed the subsurface 
velocity maximum. These hypotheses are examined further 
by developing a mixed-layer model and integrating it for an 
ocean eddy and the local environment. 

3. AIR-SEA INTERACTION FOR THE 

OCEAN ENVIRONMENT 

3. i. Mixed- Layer Model Formulation 

A one-dimensional, Kraus and Turner [1967] type mixed- 
layer model is used to examine seasonal changes in the up- 
per ocean. The model does not include horizontal advection 
and vertical motion, and thus is only appropriate either for 
a Lagrangian frame or for locations where these processes 
are unimportant on an annual time scale. The model in- 
tegrates the density and turbulent kinetic energy equations 
for seasonal time scales [Niiler and Krauz, 1977]: 

8p 8• a 8I + _ (2) C•, 8z 

et -- g 'wJP' dz (3) 
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Fig. 6. Observed profiles or (a) temperature and (b) •rt in 
the cold-core eddy (solid line) and the background environment 
(dashed line); these are interpolated from the surrounding values 
(at 4-100 km) along the Poseidon section. 

The density changes are controlled by (1) the divergence of 
the vertical density flux •vip ', and (2) the solar heating I 
profile, (equation (2)). The vertical density flux depends 
on the surface heat and water fluxes, and the entrainment 
at the base of the mixed-layer. The mixed-layer depth h is 
calculated from the turbulent kinetic energy budget for sea- 
sonal time scales and depends on (1) the rate of production 
of available turbulent kinetic energy E•, and (2) the rate 
of conversion to potential energy, (equation 3). Here, G,• is 
the heat capacity of water, g is gravity, and • is the density 
expansion coefficient for temperature. These coupled equa- 
tions are solved numerically with the water column resolved 
into discrete depth layers. The density field is changed every 
time step by (1) solar heating, surface heat and water fluxes, 
(2) convective overturning, and (3) turbulent mixing. 

g.œ. Mixed-Layer Model Pararneterizations 

g.•.l. Solar heating, surface heat and water fluxes. The 
imposed solar radiation is calculated every hour from the 
solar zenith angle using monthly cloud cover and albedo 
[List, 1966; Payne, 1972; Budyko, 1974; Bunker, 1976]. The 
solar heating is applied throughout the water column using 
an empirical profile from a three-exponential fit with con- 
stant ocean turbidity (between Jerlov lB and II) [Dickson, 
1972; Horch et al., 1983]. 

The surface density flux depends on the surface heat and 
water fluxes: 

•v'p' -- - •----(Q•. + Q,• + Q ) + fi(_p•, - F..)So (4) 

Here, the surface fluxes are evaporation F•, precipitation 
P•, infrared radiation Qi•, latent heat Ql•, and sensible 
heat Q,•; So is the mcan salinity, and • is its density 
contraction coefficient. The imposed surface heat and water 
fluxes are interpolated from monthly and seasonal data of 
B,nker [1976], and Dotman and Bourke [1981]. 

The density flux at the base of the mixed layer depends 
on the entrainment of deeper, denser fluid: 

for shallowin• •p• - 0 

for deepenin• i • _ •pa• 

where •p is the density jump at the base of the mixed layer. 

g.•.•. Turbulent kinetic energy balance. The available tur- 
bulent mixing energy Es comes from wind mixing Ew and 
penetrative convection E•, and there is some loss through 
dissipation Ea: 

The wind mixing energy depends on the imposed wind speed 
us, which is estimated from the monthly Bunker data set: 

SEw 3 
- p,,.,:,v','.,,-,,. (?) 

Here, ca is the drag coefficient [Large and Pond, 1981], 
m•- 1.5 x 10 -z is the efficiency of wind mixing [Karo and 
Phillips, 1969], and pt is the air density. 

Penetrative convection is assumed to occur whenever the 

surface cooling and evaporation produces a statically unsta- 
ble density profile. The available turbulent kinetic energy is 
increased after overturning by a proportion n=0.15 of the 
released potential energy APE [Gill and Turner, 1976]: 

(8) 

The wind mixing energy is chosen to be dissipated exponen- 
tially with depth [Wells, 1979]: 

where h is the previous mixed-layer depth and ha is the 
dissipation scale (chosen here to be 140 m). 

The mixed-layer depth is calculated from the turbulent ki- 
netic energy equation (3) by comparing the available energy 
E• with the increase in potential energy required for entrain- 
ment (following Thompson [1976] and Friedrich [1983]). If 
there is sufficient available energy, then the surface density 
is increased by entraining the underlying density layer, and 
the available energy is reduced by the amount used. These 
energy comparisons are repeated, and the entrainment con- 
tinued, throughout the water column until there is no re- 
maining available energy to drive further entrainment. 

The mixed layer calculations are repeated at subsequent 
time steps with new imposed values of the solar heating, 
surface heat, water, and momentum fluxes. If the mixed 
layer becomes shallower, the density values adjacent to the 
previous mixed layer are adjusted such that both heat and 
potential energy are conserved [Adarnec et al., 1981]. 

g.g. Mixed-Layer Cycle 

The mixed-layer integration is started at the end of win- 
ter and run with hourly time steps at 40.5øN, 26.5øW in 
the northeast Atlantic (Figure 1; triangle): at this site, the 
annual heat and water fluxes into the ocean are close to 

zero [Woods and Barkmann, 1986]. The initial ocean profile 
is taken from the Robinson et al. [1979] atlas and the To- 
pogul. f Group [1986] data. The mixed layer varies seasonally 
according to the surface forcing (Figure 7): (1) the mixed 
layer shallows and the temperature increases when there is 
net surface heating after the spring equinox, (2) the mixed 
layer reaches its minimum value when the solar heating is, a 
maximum at the summer solstice, (3) the mixed layer subse- 
quently deepens and the temperature continues to increase 
through late summer until eventually the surface heating 
becomes less than the cooling from entrainment, and then 
(4) the mixed layer continues to deepen and cool until the 
end of winter. 
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At this chosen site there is good agreement between the a) 0 

model and the climatological observations from the Robin- 
son et al. [1979] atlas (crosses in Figure 7). The maximum 

5O 

mixed-layer temperature and depth in the model and obser- 
vations differ only by 1.2øC and 5 m. These differences may 

100 

be accounted for by a 10% error in the assumed solar heat- .• 
ing, surface cooling, or wind speed. The agreement may be • 
artificially improved by tuning the wind mixing efficiency or • ls0 
the ocean color, but the results are not significantly altered • 
by changing either the penetrative convection factor or the 200 
dissipation depth scale. 

25O 

4. AIR-SEA INTERACTION FOR AN OCEAN EDDY 300 

J.1. Surface Heat and Water Fluxes for an Ocean Eddy b) 

An ocean eddy is modified directly by air-sea interaction 
and indirectly by an excited secondary circulation (see sec- 
tion 4.2). The modification is investigated by integrating the 
mixed-layer model for an eddy using the appropriate surface 
heat and water fluxes. These fluxes depend on (1) the air-sea 
interaction for the local environment, and (2) the feedback 
from the eddy surface temperature signal (first and second 
terms on the right-hand side of equation (10)): 

Here, r, is the specific humidity and T, is the temperature 
(in degrees Celsius) at the sea surface, with values for the 
local environment and eddy indicated by the arguments (1) 
and (2); the constants are the transfer coefficients ce and ca 
[Large and Pond, 1982], the heat capacity of air C•,, the la- 
tent heat of evaporation L• and the Stefan-Boltzmann con- 
stant •r. This modification of the eddy does not include the 
feedback from local changes in the atmospheric boundary 
layer, as air parcels should remain over the eddy only for a 
few hours with surface winds of typically 8 m/s. 

The evaporative water and latent heat fluxes (equation 
(10)) may be rewritten in terms of sea surface temperature; 
the specific humidity is related to the saturated water vapor 
pressure e, (in millibars), which is empirically related to sea 
surface temperature [Gill, 1982]: 

(11) 

e, = 0.98 x 10 (•+b•")/(•+•") (12) 
Here, P• is the atmospheric pressure (in millibars) and the 
coefficients are a = 0.7859, b = 0.03477, c = 0.00412, and 
e=0.62197. 

The additional surface heat and water fluxes for an eddy 
with a surface temperature signal of +2øC are shown in 
Table 1 for an environment surface temperature of 14.5øC 
and a mean wind of 8 m/s (using equations (10) to (12)). 
A cold eddy receives an additional warming of 58 W/m 2 
and a freshwater input due to the decrease in evaporation 
of 1.2 mm/day. In contrast, a warm eddy receives an extra 
cooling of 80 W/m 2 and a water loss due to the increase in 
evaporation of 1.5 mm/day. The different flux magnitudes 
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Fig. ?. Annual cycle of (a) mixed-layer depth and (b) temper- 
ature at 40.5øN, 26.5øW in the northeast Atlantic: daily model 
values at o6oo LT (solid line) and Robinson et al. [1979] monthly 
observations (crosses). 

for warm and cold eddies are due to the nonlinear depen- 
dence of saturated water vapor on temperature (equation 
(12)), and the smaller sensible heat transfer coefficient for 
relatively stable atmospheric conditions. 

Secondary Velocity Circulation 

Air-sea interaction excites a secondary circulation in an 
eddy. A warm eddy receives additional surface cooling, 
which produces vertical downwelling and the surface con- 
vergence of the cooler surrounding water (Figure 8a). A 
cold eddy, on the other hand, receives extra surface heating, 
which results in vertical upwelling of cold water (Figure 8b). 
The heat balance of the eddy temperature anomaly (neglect- 
ing vertical and lateral mixing here) is given by 

OT' i OQ• OT' OT 
Ot -- poC• Oz u b•- - •v • (13) 

An additional surface heating Q• of 50 W/m 2 over hori- 
zontal and depth scales of 30 km and 100 m typically ex- 
cites a radial flow of u -,, 0.01 cm/s and a vertical up- 
welling of w ,, 0.02 m/day (from analytical solutions to 
the quasi-geostrophic potential vorticity equation [ Williams, 
1987]). Here, r is the radius and po is the reference density. 
Assuming horizontal and vertical temperature gradients of 
2øC/30 km and 5øC/100 m, then the typical magnitudes of 
the terms in (13) are 
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TABLE 1. Additional Surface Heat and Water Fluxes 

from the Ocean to the Atmosphere for an Eddy 
with a Surface Temperature Signal of -i-2øC 

Surface Fluxes Cold Eddy Warm Eddy 

poC,• az 
•T' 

•T 

•z 

o(o x 

0(-0.5 x 

x 

The temperature change produced by the surface heating is 
an order of magnitude larger than that from the induced ve- 
locity field. The influence of the excited secondary velocity 
field on the eddy heat balance is therefore neglected here. 

4.3. Initial Ocean Eddy Structure 

The ocean eddy is assumed to be cylindrically symmet- 
ric, with a magnitude and scale which roughly correspond 
to those of the observed cold-core eddy in section 2 (Ta- 
ble 2). At the start of the mixed-layer integration, the eddy 
temperature anomaly is chosen to be constant in the win- 
ter mixed-layer, and then to exponentially decrease with 
increasing depth: 

= oSo(t.) ß <-ao 

= ß > 
(14) 

The temperature anomaly is assumed to be partially com- 
pensated by an opposing salinity anomaly. The initial tan- 
gential velocity is given from the thermal-wind balance by 

+ + z < -ho 

(•) 
z > -ho 

Here, Vo =-aa.gkTo/(Vfo) is the velocity scale, fo is the 
reference Coriolis value, the compensation factor ac = 0.5 
for 50% partial compensation, k -x is the eddy horizontal 
scale of 30 kin, v-I is the temperature anomaly depth scale, 
and Jo(lCr) and Jx (kr) are Bessel functions. 

Mixed-Layer Cycle of an Ocean Eddy 

The mixed-layer model for the eddy is started at the end 
of winter and integrated for 2 years. A warm eddy re- 
ceives additional cooling due to its surface temperature sig- 
nal, which gives increased convection and produces a deeper 
mixed layer (Figure 9). On the other hand, a cold eddy 
receives extra warming, which produces a shallower mixed 
layer (Figure 10). These contrasting mixed-layer depths in 
eddies are observed by the Ring Group [1981], Nilsson and 
Cresswell [1981], and Joyce and Stalcup [1985]. 
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Fig. 8. Schematic cross-section of an eddy showing the secondary 
velocity circulation excited by air-sea interaction: (a) warm eddy 
and (b) cold eddy. 

Air-sea interaction decreases the initial eddy temperature 
anomaly and eventually removes the signal in the mixed 
layer during summer (Figure 11). This shallow mixed layer 
effectively hides the deeper temperature anomaly from the 
atmosphere. During this time, satellite infrared observations 
are unlikely to reveal the eddies. After the summer solstice, 
however, the mixed layer deepens, and the temperature sig- 
nal reappears as the deeper anomaly is entrained. The sea- 
sonal cycle continues with the buoyancy forcing gradually 
eroding the temperature anomaly over several years. This 
seasonal change in the surface temperature signal of an eddy 
is observed by the Ring Group [1981] and is also predicted 
by the mixed-layer modelling resvlts of Dewar [1986]. 

The temperature signals of tt, e warm and cold eddies are 
slightly different here due to their contrasting mixed-layer 
cycles. In the first year, the temperature signal is larger in 
the warm eddy than in the cold one (Figure 11), since the 
deeper mixed layer contains a larger proportion of the total 
temperature anomaly: subsequently, the signal may actually 

TABLE 2. Chosen Scales of the Ocean Eddy 

Parameter Variable Value 

Horizontal scale k -! 
Depth scale v, -! 
Initial mixed-layer depth ho 
Initial temperature anomaly To 
Initial compensation factor ac 
Initial velocity at z =-ho Vo 

30 km 

500 m 

240 m 

i2oc 
0.5 

:F36 cm/s 
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Here, D/Dr is the time rate of change following the motion, 
N is the Brunt-Viiisiilil frequency, pt is the perturbation 
pressure, p2 and pl are the densities of the eddy and the 
background environment. 

The controlling quasi-geostrophic potential vorticlty 
equation (16) is simplified here by assuming the eddy to be 
cylindrically symmetric, neglecting the nonlinear advection 
terms and the planetary vorticity gradient to give 

o (o or' ,\ 

, , ..... , , , , , , , , , , , , , , , , , , , , where 
M AM J J A S ON O J F MAM J J A S O N O J F MA 2 d./• 

Time (month)---• Pt(r, z, •) : P'(z, t)Jo(kr) and •7 - 1V dz 
Fig. 9. Mixed-layer depth cycles for 2 years, for a warm eddy 
(solid line) and the local environment (dashed line). 

become smaller in the warm eddy through the increased en- 
trainment of cooler, deeper water. 

The salinity of the warm and cold eddies is not signifi- 
cantly altered by the change in the surface water flux due 
to the presence of the temperature anomaly; this surface 
flux change only reaches a maximum value of the order of 
1 ram/day (section 4.1). The salinity signal is therefore a 
useful water mass tracer to help identify the origin of fea- 
tures. 

The modification of eddies by air-sea interaction is more 
marked when there are deep mixed layers, due to the larger 
exposure of the anomaly, than for shallow ones. Eddies 
should therefore be modified more in winter or at higher 
latitudes, than in summer or at low latitudes. This is sup- 
ported by observations of a warm-core ring showing that the 
rate of its dissipation increased by an order of magnitude 
during winter [ Okada and Sugirnori, 1986]. 

5. DYNAMICAL ADJUSTMENT OF AN OCEAN EDDY 

5.1. Introduction 

Ocean eddies are dynamically modified by buoyancy forc- 
ing through the additional surface heat and water fluxes 
altering the density field. The dynamical changes in the 
eddy are assessed by coupling the mixed-layer model to a 
quasi-geostrophic model, and solving the quasi-geostrophic 
potential vortlcity equation: 

- /,o 

The eddy perturbation pressure field is obtained by solv- 
ing (18) with rigid-lid upper and lower boundary conditions 
using the thermodynamic equation: 

(•9) 

The imposed Brunt-Vilisiili• profile is taken from an an- 
nual mean profile; the modelled values are chosen to become 
small but remain nonzero in the mixed layer (whereas in re- 
ality they should be zero). 

5.œ. Tangential Velocity Cycle of an Ocean Eddy 

Air-sea interaction alters the tangential velocity of an 
eddy by driving a secondary velocity circulation (Figure 8). 
The warm eddy is associated with an initial anticyclonic 
flow (solid line in Figure 12). Surface cooling induces ver- 
tical downwelling, which leads to a surface cyclonic velocity 
change and a deeper anticyclonic change. Consequently, the 
anticyclonic flow of the warm eddy is reduced in the sur- 
face layer and increased in the deep interior (dashed line in 
Figure 12). 

In contrast, surface heating of the cold eddy induces verti- 
cal upwelling and a surface anticyclonic change with a deeper 
cyclonic motion. Thus the initial cyclonic flow of the cold 
eddy (solid line in Figure 13) is decreased in the surface layer 
and increased in the deep interior (dashed line in Figure 13). 

Subsurface velocity maxima have often been observed in 
ocean eddies and rings [Swallow, 1971; Olson, 1980; Groupe 
Tourbillon, 1983; Joyce, 1984]: a subsurface velocity maxi- 
mum is indeed detected in the cold-core eddy examined in 
section 2. Over several seasons, air-sea interaction may form 

The quasi-geostrophic potential vorticity q consists of 
(1) relative vorticity ½, (2) planetary vorticity f, and (3) vor- 
tex stretching: 

q = ½+f+fo 0 ( I OP') p-• N• O• 

The buoyancy forcing B drives the dynamical changes 
in the eddy and is deduced from the mixed-layer integra- 
tions. The forcing depends on the modification of the eddy 
density anomaly by the additional surface heat and water 
fluxes (equation (10)): 

o 

5o 

lOO 

250• '-' i 

300 i i i i i i i i i i r i i i i i • i i i i i i i i • i 
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B(r,,z, t)-- -g•-• [p2(,z, t)- (•?) Fig. 10. Mixed-layer depth cycles for 2 years, for a cold eddy 
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Fig. 11. Surface temperature signal for 2 years, for a warm eddy 
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these subsurface velocity maxima in warm and cold eddies. 
The diabatic forcing does not alter the depth-integrated 

transport at the level of the quasi-geostrophic approxima- 
tion; however, the transport may be changed when a cy- 
clostrophic balance is used and the nonlinear advection 
terms are included. Dewar [1987] applies conservation of 
angular momentun and shows that cooling may in fact in- 
crease the transport of an anticyclonic ring through the ex- 
cited secondary circulation changing the shape and size of 
the ring. 

5.3. Potential Vorticity Cycle of an Ocean Eddy 

Air-sea interaction alters the potential vorticlty (equa- 
tion (1)) of the warm and cold eddies by modifying their 
stratification and relative vorticity in the seasonal boundary 
layer; this is discussed further for large-scale flow by Woods 
[1985]. The warm eddy initially has smaller potential vor- 
ticity values from both its low stratification (increased spac- 
ing between crt surfaces) and anticyclonic relative vorticity, 
whereas the cold eddy has larger values (Table 3). Over 
several seasons, air-sea interaction reduces the eddy tem- 
perature and density anomalies. After the following spring 
shallowing in mixed layer, the eddy stratification becomes 

V (cm/s) • 
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200 .• 
v 

300 • 
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Fig. 12. Tangential velocity profile for a warm eddy: initial profile 
(•o]ia line) ,nath, profile after 1 year 
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Fig. 13. Tangential velocity profile for a cold eddy: initial profile 
(,o]ia line) ,nath= profile after 1 year (a,,h•a nn•). 

more similar to that of the environment (Figure 14). In 
addition, the relative vortlcity of the eddy is decreased in 
magnitude in the surface layer. Air-sea interaction there- 
fore decreases the eddy potential vorticity anomaly in the 
seasonal boundary layer (Table 3). 

The potential vorticity anomaly effectively helps to pro- 
tect the eddy water mass by inhibiting lateral mixing when 
diabatic processes are relatively small. The reduction in 
the potential vorticity anomaly by air-sea interaction may 
lead to lateral mixing becoming important in eroding any 
remaining water mass anomaly (such as salinity or chemical 
tracers) throughout the latter part of an eddy's lifetime. 

6. DISCUSSION AND CONCLUSIONS 

Air-sea interaction alters the structure and the life cy- 
cle of ocean eddies in the seasonal boundary layer. Eddies 
are usually formed by internal instability of boundary cur- 
rents, and they acquire a water mass structure typical of 
their formation region. When an eddy moves into a differ- 
ent environment, it appears as an anomalous water mass. 
The eddy is then modified by the local air-sea interaction 
and the negative feedback from its surface temperature sig- 
nal. A warm eddy receives additional surface cooling, and a 
cold eddy experiences additional warming: this produces a 
deeper mixed layer in a warm eddy and a shallower one in 
a cold eddy. 

TABLE 3. Potential Vortlcity along the •t =26.3, 26.5 
and 26.7' surfaces in July for 2 years (10 -9 m -t s -t ) 

Environment Warm Eddy Cold Eddy 

Year 1 

26.3 2.6 1.3 4.7 

26.5 1.? 0.4 4.1 

26.7. 0.6 0.08 3.1 
Year 2 

26.3 2.7 2.2 3.0 

26.5 1.7 1.2 2.1 

26.7 0.6 0.4 0.4 



15,532 WIllIAMS: MODIFICATION OF OCSAN EDDISS BY AIR-SsA INTSRACTION 

0 

50 

100 

150 

200 

250 

300 
MAMJ JASONDJFMAMJJASONDJFMA 

50 f •100 

I 200 

250 • ...................... D'J' 'M' 

c) 0 

5O 

35O 

400 M'A'M' J' J'A'S'O'ND'J'F'MA'M J' J'A'S'O'N'D'J 'F'M'A' 
Time (month) ---- 

100 

;,oo 

250 
300 

Fig. 14. Mixed-layer cycle and depth of selected •rt surfaces 26.3, 
26;4, 26.6, and 26.8 for 2 years, for (a) local environment, (b) cold 
eddy, and (c) warm eddy. 

Air-sea interaction tends to reduce the eddy temperature 
anomaly. The surface temperature sisnal is effectively re- 
moved durin$ the summer in the shallow mixed layer. After 
the summer solstice, however, the mixed layer deepens, and 
the temperature sisnal reappears as the underlyinl[ anomaly 
field is entrained. Consequently, satellite infrared observa- 
tions are more likely to identify and track ocean eddies dur- 
in S winter. Air-sea interaction does not sisnificantly alter 
the salinity of an eddy, but does reduce its temperature and 
potential vorticity anomalies. Consequently, salinity is a 
useful tracer in identifyin S the oril[in of features. However, 
the reduction of the potential vorticity anomaly may even- 
tually allow lateral mixinl[ to become important in erodinl[ 
the remaininl[ salinity anomaly. 

Air-sea interaction alters the. eddy velocity profile by driv- 
inl[ a secondary velocity circulation. The eddy surface veloc- 
ity is decreased and the deeper flow is increased; at the level 
of the quasi-l[eostrophic approximation there is no chanl[e in 
the depth-intel[rated circulation. Over several seasons the 
air-sea interaction may lead to eddies acquirinl[ subsurface 
velocity maxima; these are often seen in ocean eddy and rinl[ 
observations. 

These modellinl[ predictlouis are supported by observa- 
tions of a cold-core eddy in the northeast Atlantic. The 
observations of the eddy reveal a shallower mixed layer, and 
a decrease in its temperature sil[nal and velocity field to- 
wards the surface. These features may have been formed 
throul[h air-sea interaction. 

The modification of eddies by air-sea interaction is more 
important in deep mixed layers, typical of winter or hil[h 

latitudes, than for shallow ones. Air-sea interaction may 
therefore produce different eddy structures, and perhaps 
lifetimes, accordinl[ to the time of year and the eddy path 
throul[h the ocean. 
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