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Subduction 

R. A. Weller 

Woods Hole Oceanographic Institution, Woods Hole, Massachusetts, U.S.A.  

Abstract. Water from the mixed layer is carried into the thermocline under the 
influence of Ekman pumping and buoyancy forcing and when flow carries water 
into sloping isopycnals at the base of the mixed layer. If that water is not subse-
quently entrained again, it has been subducted.  Early hydrographic analyses and 
more recent theoretical and model-based descriptions point to subduction occur-
ring over broad scales at mid-latitudes.  Observations made during the 1991-
1993 Subduction Experiment in the eastern mid-North Atlantic are used to ask 
the extent to which this broad-scale perspective was supported.  In doing so, 
questions arise about the regionality of conditions favorable to subduction and 
about how well we understand the role of large, persistent eddies. 

Introduction 

Subduction results in mixed layer water being in-
corporated into the main thermocline (Stommel, 
1979; Luyten et al., 1983). The Subduction Experi-
ment, in the eastern subtropical North Atlantic from 
June 1991 to June 1993, was carried out to examine 
the subduction process. In the Northeast Atlantic, 
Ekman convergence and pumping are anticipated. So 
too are spatial and temporal variations in heating and 
cooling which lead to water being isolated from the 
mixed layer or capped over, and lateral induction 
(Marshall et al., 1993). In particular, the spring re-
stratification that caps over the winter mixed layer is 
believed to be important as the T/S properties of the 
thermocline in the Northeast Atlantic (Montgomery, 
1938) have been identified as those of the late winter 
mixed layer.  

The large-scale spatial gradients and the seasonal 
cycle in atmospheric forcing in the Northeast Atlantic 
are examined here. So also is the variability of the 
upper ocean in that region.  This is done to look for 
evidence of the subduction process at work and to 
examine if that evidence is consistent with our under-
standing of how the surface mixed layer exchanges 
water with the interior through subduction. Surface 
forcing data were used from June 1991 to June 1993 
from within the region bounded by 10°N and 40°N 
and by 10°W and 40°W. Time series from five sur-
face moorings deployed in a large scale array (Fig. 1) 
within that region and the surface fields from the 
ECMWF (European Centre for Medium Range 

Weather Forecasts) numerical weather prediction 
model provided the information about surface mete-
orology and air-sea fluxes, which were computed 
using the TOGA COARE bulk formulae. Time series 
of ocean currents and temperature from the moorings, 
Lagrangian velocities and temperature profiles from 
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Figure 1.  The eastern North Atlantic showing the climatological 
mean sea level pressure field and the locations of the five surface 
moorings deployed from June 1991 to June 1993. 
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drifting, profiling floats, and temperature profiles 
from XBTs dropped during the mooring cruises and 
by Volunteer Observing Ships (VOS) provided the 
data used to examine oceanic variability and response 
to the surface forcing. 

The surface forcing in the Northeast Atlantic 

Climatological data (da Silva et al., 1994 and Ise-
mer and Hasse, 1985) indicate that the Northeast At-
lantic has a strong annual cycle in air-sea heat ex-
change and that in the mean the ocean loses heat to 
the north and gains heat to the south while over most 
of the region spanned by the moored array the mean 
net heat exchange is close to zero.  These climatolo-
gies also show the subtropical high pressure system 
(Fig. 1).  Because of this high, much of the region, 
especially to the south and east, has persistent North-
east trade winds. 

The surface moorings deployed during the Subduc-
tion Experiment were equipped with complete mete-
orological instrumentation that allowed the heat, 
freshwater, and momentum fluxes to be estimated by 
bulk formulae.  Similar instrumentation was deployed 
in the TOGA Coupled Ocean-Atmosphere Response 
Experiment (COARE) and allowed monthly means of 
the net heat flux to be estimated with an accuracy of 
better than 10 W m-2 (Weller et al., 2004).  The accu-
rate observations made during the Subduction Ex-
periment establish that the surface forcing of the re-
gion that differs from that indicated by the climatolo-
gies cited above.  In particular, the region is charac-
terized by a net heat gain of about 30 W m-2 (Fig. 2). 

Latent heat flux and the radiative fluxes were the 
dominant heat flux terms. The largest annual latent 
heat losses were in the southern part of the region 
where there were large air-sea moisture gradients and 
persistent trade winds. Monthly differences in short-
wave radiation across the array were due to seasonal 
changes in the sun’s zenith angle in combination with 
seasonal changes in cloud cover. The southern region 
often had low clouds during mid and late summer 
while the fewest clouds were seen then in the north. 
Differences in the net longwave flux across the re-
gion were due to differences in cloud cover and, less 
importantly, in the near surface humidity. The result 
was that the latitudinal differences in shortwave ra-
diation were offset by opposing differences in the 
latent and longwave heat fluxes. As a result, spatial 
gradients in net heat flux were small and the two-year 

mean net heat flux in the Northeast Atlantic was 
characterized by a broad area of moderate (~20 to 40 
W m-2) net annual oceanic heat gain, rather than the 
close to zero net heat flux of the da Silva et al. (1994) 
climatology.   

 
The subtropical high was shifted slightly to the 

north during the Subduction Experiment, but the spa-
tial structure of the wind field was generally consis-
tent with climatology. The directionally steady trades 
were strong in the southeastern half of the region and 
weakened toward the northwest. Periodic synoptic 
weather events dominated the winds at NW, and in 
the northwestern sector of the region the vector mean 
winds were small. This spatial structure in the wind 
field leads to a distinct pattern of downward Ekman 
pumping along the northwestern flank of the trade 
winds. Strong mean downwelling of 50 m yr-1 is indi-
cated for a 700 km wide region just south of C. 

Ocean Response to Surface Forcing 

The velocity data from the moorings showed clear 
evidence of wind-driven flow in the mixed layer di-
rected to the right of the wind stress. When a current 
meter record from just below the base of the mixed 

Figure 2.  The mean net heat flux field over the Northeast 
Atlantic from June 1991 to June 1993. 
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layer was subtracted from a record from within the 
mixed layer, the relative surface flow was directed 
off to the right of the wind stress.  Rotary cross-
spectral computations showed that this relative flow 
as well as the shear at the base of the mixed layer 
were coherent with the wind stress.  Where the per-
sistent trade winds dominated, the response to the 
wind forcing resulted in well-defined mean wind-
driven surface flow (Fig. 3).  Ekman transport esti-
mated from the current meter data agreed to within 
20% of that predicted from the wind stress.  The sur-
face wind-driven flow resulted in the anticipated 
convergence of flow in the mixed layer in the region 
of downwelling. 

 
Figure 3.  Two-year mean wind and wind-driven surface 
current vectors.  The surface current vector shown is the 
mean of the flow vector computed by subtracting the flow 
vector at 50 m from the flow vector at 5 m.   

The non-wind driven mean velocities in the upper 
ocean and the mean velocities from the thermocline 
down through the water column were consistent, in 
general, with the anticipated clockwise pattern of 
geostrophic currents found in the subtropical gyre of 
the northeast Atlantic and with previous observations. 
In the vicinity of NE and NW, eddies dominate the 
velocity field and the means are not well-defined. 
Mean velocities at C, SE, and SW were, however, 
better defined and stable; at C through the thermo-
cline, the flow was 1.5 cm s-1 to the southwest and at 
SW it was 3.8 cm s-1 to the west-southwest. That no 
stable mean could be established at NE was consis-

tent with much longer current meter observations 
taken by Müller and Siedler (1992) and others.  

The deepest average winter mixed layer was found 
at C, though the mixed layer at C was close in depth 
to those at NE and NW.  With the exception of SE, 
which was influenced by upwelling along the coast of 
Africa, mixed layer depths (Fig 4.) were not as dif-
ferent as might be anticipated based on the notion 
that a latitudinal gradient in winter mixed layer depth 
(deeper to the north) was essential for subduction. 
Deeper winter mixed layers to the north are part of 
the space/time geometry often indicated to favor sub-
duction in the Northeast Atlantic.  Through the two 
years a latitudinal gradient in mixed layer depth is not 
evident in Figure 4; but winter mixed layer depths at 
C and at SW are characteristically deeper than those 
to the north.   

 

 
Figure 4.  Thirty-day low-passed time series of mixed 
layer depth (upper) and SST (lower) at the five moorings.  
The MLD is the depth where temperature is 0.5°C down 
from the SST. 

In contrast to mixed layer depth, there were large 
spatial gradients in mixed layer temperature, espe-
cially in the winter. Surface water in the southwest is 
warmest throughout the year, and has the smallest 
annual cycle. The winter mixed layer at C is as warm 
as that at SW and much warmer than that at NE and 
NW. The XBT data from the mooring cruises as well 
as all the VOS XBT data from the region for these 
two years were examined to establish the spatial 
structure of the large scale temperature field. The 
deep warm mixed layer found at C and at SW is as-
sociated with a region of deep, warm mixed layers in 
the region of maximum Ekman pumping, from just 
northeast of C and running off to the southwest. This 



174  WELLER 
 
warm water is also found below the mixed layer, in 
the seasonal thermocline, where a region of warm 
water extends from the southwest to the northeast, 
with its axis slightly to the northwest of C.   Figure 4 
shows the strong spatial variability in mixed layer 
temperature, where the winter mixed layer tempera-
tures at C and SW are 3 to 4°C warmer than at NE 
and NW. 

The extent to which temperature and mixed layer 
depth variability at each mooring was determined by 
the local surface forcing was checked by comparing 
the cumulative surface heating (time-integrated sur-
face net heat flux) to the temporal evolution of the 
heat content of the upper ocean and by running vari-
ous 1-D ocean models forced with the fluxes ob-
served at the moorings. The time-integrated surface 
heat flux is positive at all sites, reflecting the net 
positive surface heating found over the Northeast 
Atlantic. In contrast, the upper ocean heat contents at 
all the mooring sites showed little net gain. The heat 
gained from the surface forcing must be removed by 
other processes.   

In the 1-D model runs, the timing of the seasonal 
deepening and shoaling of the mixed layer agreed 
well with the mooring data. The predicted sea surface 
temperatures were warmer than observed, particu-
larly at NE, NW, C, and SE; and the model mixed 
layer depths were always too shallow in the fall and 
winter. These model runs led to the conclusion that 
enforcing a 1-D balance led to the accumulation of 
heat at the moorings equivalent to an excess heat gain 
of 31.5 W m-2 at NW, of 23.6 W m-2 at NE, of 43.4 
W m-2 at C, of 14.0 W m-2 at SW, and 43.4 W m-2 at 
SE. The surface Ekman transport is in a direction 
nearly parallel to the lines of equal temperature in 
contour plots of SST, and it is not thought to contrib-
ute much to the mixed layer heat budget.  At C, SW, 
and SE, where the 1-D balance is worst, the mean 
geostrophic flow associated with the gyre scale circu-
lation and which would carry cooler water into the 
region is likely to offset the local heating. How the 
balance is achieved at NE and NW is less clear. 

Subduction 

It was anticipated that the “Ekman demon” geome-
try (Stommel, 1979) would be found, with shallower 
winter mixed layer depths found to the south in re-
sponse to more moderate air-sea interaction there, so 
that water subducted in the north would escape re-

entrainment.  However, the observed surface forcing 
did not have a strong latitudinal gradient in net heat 
flux and there was not a latitudinal gradient in winter 
mixed layer depths. Instead, all of the region was sub-
ject to net surface heating, and the region encompass-
ing C and SW had winter mixed layers as deep as at 
NE and NW.  Importantly, these deep mixed layers in 
the center and southwest of the region were much 
warmer than those to the north and as warm as at SE. 
Because of this, water from the NE that might leave 
the base of the mixed layer there and move to the 
southwest would move under a much warmer mixed 
layer and be well-protected from re-entrainment.  Fig-
ure 5 shows a composite of temperature data from 
moorings C and NE and of temperature data from 
XBTs dropped every hour while in transit between 
these moorings at different times.  Note that the 18°C 
isotherm is highlighted in white and that it is clear that 
this isotherm, which is close the base of the winter 
mixed layer in the north, deepens and moves beneath 
the deepest excursion of the mixed layer base at C. 

Two characteristics of the region, then, favor sub-
duction.  First, the presence of a warm cap in the cen-
ter of the region under which water from the base of 
the mixed layers found to the northeast can move and 
be protected from re-entrainment.  Second, the 
movement of water from the northeast to the south-
west which carries water under that warm cap and 
which is indicated in results from Jenkins’ (1998) 
tracer studies showing age increasing to the south-
west along isopcynals that slope downward from NE 
to SW. Maintenance of the warm, deep mixed layer 
between C and SW is clearly not by local air-sea in-
teraction alone.  Advection also plays a role, as does 
the Ekman pumping. The mean Ekman pumping was 
found to be strongest just south of C and at SW, at 50 
m yr-1.  The Ekman pumping deepens the mixed layer 
there, while a combination of air-sea interaction, mix-
ing, and advection control its temperature. 

Jenkins’ (1998) age gradients on the 26.4 kg m-3 
and 26.6 kg m-3 isopycnals are oriented northeast-
southwest, with the youngest water closer to the sur-
face in the northeast.  He suggests it takes 2 to 4 
years for subducted water to move 100 m deeper and 
to the southwest. The mean flows in the thermocline 
recorded by the moorings at C and SW are consistent 
with advection of water in the thermocline to the 
southwest at roughly the rate one calculates from 
Jenkins’ age gradient. An effort was made to simulate 
the combination of the seasonal cycling of the mixed  
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Figure 5.  A composite of temperature data from the NE and C moorings and from XBTs dropped during three cruises be-
tween the moorings from Weller et al. (2004).  The white line is the 18°C isotherm; color shows the vertical temperature 
gradients, and black lines denote other isotherm depths. 

 
layer and the movement of water into and along the 
thermocline.  To do this, a path was traced through 
the three-dimensional, time-dependent climatology 
provided by the gridded temperature and salinity 
fields available for the Northeast Atlantic from the 
GDEM (Generalized Digital Environmental Model, 
Teague et al., 1990) for the climatology. This model 
assimilates all available in-situ data. Its fields show 
the presence of the deep, warm mixed layer in the 

central and southwestern parts of the region. The 
simulated trajectory went from the northeast to the 
southwest, through NE, C, and SW, and then turned 
west at SW, taking 3 years to go from NE to SW. A 
parcel left behind when the deep winter mixed layer 
shoaled at NE was moved along an isopycnal surface 
at a rate based on taking 3 years to go from NE to 
SW.  The parcel descended under C and then fol-
lowed roughly a constant depth in the thermocline 
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between C and SW. At no time after the initial winter 
did the winter mixed layer depth at its location ap-
proach the depth of the parcel, reinforcing the notion 
that the deep warm layer near C provides a protective 
cap and fosters subduction of water from the north-
east. 

The assumption of steady transport along the path 
of subduction is probably incorrect. In the northeast-
ern part of the region eddy variability is strong, as 
indicated by Lagrangian float tracks as well as by 
Eulerian current records.  Still, the floats net low-
frequency advance is progress to the southwest from 
the region near NE at a rate roughly consistent with 
the rate inferred from Jenkins’ (1988) age map. 

Conclusions 

The eastern region of the subtropical gyre in the 
North Atlantic was found to be an area of net heating 
of ~30 W m-2 which contrasts with previous clima-
tologies which had suggested near zero heat gain.  
The heat gain together with the dominance of the 
Northeast Trades leads to convergence, advection, 
and pumping that create a warm, deep mixed layer in 
the central to southwestern part of the region. The 
presence of this deep warm layer favors subduction 
of water from the northeastern part of the region, be-
cause when that water leaves the base of the mixed 
layer and moves down and off to the southwest, it is 
carried well below the base of the warm mixed layer 
above and thus protected from re-entrainment.  The 
geostrophic flow in the thermocline in the center and 
southwestern part of the region is of the right magni-
tude and in the right direction to carry the subducted 
water from there to the southwest as suggested by 
other studies.  However, the mean flow in the north-
east is not large compared to the eddy variability 
found there; and in that region eddies presumably 
play an important role in establishing the transport of 
subducted water to the southwest. 

These results point to the need for model studies to 
use accurate surface forcing data and to properly pa-
rameterize eddy processes.  The additional heat gain 
found with the new observations favors subduction, 
as does the deep warm mixed layer.  Mean advection 
cannot explain how water from the northeast is car-
ried into the mixed layer, and eddy transport proc-
esses as described by Marshall (1997) should be con-
sidered. 
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