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Some Observations oF the Azores Current and the North Equatorial Current
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The regionscontaining the two zonal currents of the subtropical gyre in the eastern North Atlantic,
the Azores Current and the North Equatorial Current (NEC), have quite different physical characteristics. Associated with the Azores Current are strong horizontal thermohaline gradients that can be
located easily both at the surface and at depth with temperature data alone, thus making satellite IR
imagery and expendablebathythermographprofiles suitablefor observingit. During winter, the surface
expressionof the Azores Current is often found to the north of the strongestsubsurfacegradients.In
contrast to the Azores Current and to the central water mass boundary just to the south, the NEC has
relatively weak horizontal temperature and salinity gradients, requiring density information in order to
identify it. There is no clear surface manifestation found with the NEC. Common to both currents,
though, is that each transports 0(8 Sv) in the upper 800 m of the ocean near 27øW, with the largest
velocities being in the upper 400 m.

1.

INTRODUCTION

The current cores in the northwest Atlantic, particularly the
Gulf Stream, are recognized as being well-defined boundaries
between distinct water masses.Owing to the strong horizontal
temperature gradients at the surface,the Gulf Stream is easily
located in satellite infrared (IR) images [Cornillon, 1986], as
has been verified with in situ observations [Cornillon and
Watts, 1987]. Fiedler [1988] reported that some aspects of
subsurface structure within limited regions of the California
Current have surface manifestationspotentially detectable by
satellite sensors.However, as compared with the flows along
the western boundary, the currents in the mid-Atlantic have

relativelyweak signals.Also, as opposedto the western
boundary currents, little information exists with regard to
their structures. In this study we present spring and fall sections acrossthe two zonal flows contained in the North Atlan-

tic subtropicalgyre' the AzoresCurrent and the North Equa-

CTD stations along 2TW between 26øN and 15øN (Figure 1).
For the Azores Current we use stations along 33øW, together
with those on a diagonal line to the Azores, comprising a total
of seven CTD stations. The line of stations made by R/V
Meteor (cruise 60) along 27øW extends farther north and
spanned the Azores Current, but for our purposes the station
spacing was unacceptably large. As an alternative, we use
eight CTD stations of R/V Poseidon cruise P124 in November
1985 along 26ø30'W between 37øN and 31ø55'N (Figure 1).
Finally, as an additional section across the NEC, we use nine
CTD stations along 27øW between 16øN and 25øN taken in
November 1986 during cruise M4 of the new R/V Meteor. We
also present surface temperatures that were continuously measured at the ships' water intakes. Although there are uncertain
systematic errors in such measurements, of the order of 0.1øC
or less, the relative changes in temperature are well represented.

torial Current (NEC).

2.

OBSERVATIONS

The AzoresCurrent appearsto be related to a thermohaline
We first address the question as to whether we can identify
front [Gould, 1985' Kh'seet al., 1986] and is in closeproximity
and
describe the Azores Current and the NEC by surface or
to a deep chlorophyllmaximum I-Fashamet al., 1985]. The

near-surface data alone, such as satellite infrared images, survertical by a substantialamount, at least within ,the upper face temperature, and salinity from ship intakes, or from exportion of the water column. Kiise and Siedler [1982] and pendable bathythermograph (XBT) sections.Shown in Figure
Siedleret al. 1-1985]determinedthe locationof the subtropical 2 are the temperature and salinity distributions of all the sec-

structure of the Azores Current can be tilted away from the

tions in Figure 1 projected onto longitude. The strongesthorizontal
temperature and salinity gradientsin spring (M60) as
maximum horizontal temperature gradients at the surface,
which for them was north of 35øN. BUt by using conductivity- well as in fall (P124) appear to be between 33øN and 36øN, in
temperature-depth(CTD) data from the same cruises, the region of the Azores Current, from the surface down to
Stramma [1984] found the greatest transport rates as being 600 m to 800 m. Inspection of the corresponding relationship
(not shown) between potential temperature 0'and salinity S
south of 35øN. Such shifts are studied i n more detail here. We
front associated with the Azores Current on the basis of the

also discussdifferencesbetween the large-scale thermohaline
structures of the Azores Current and the NEC, whether these

reveals only very little change within the North Atlantic Cen-

tral Water,or NACW (lessthan0.02in practical
salinityat

fixed temperature), acrossthis front.
The situation differs at the southern boundary of the gyre.
Here, between 17øN and 23øN, the gradients in temperature
and salinity are weaker and are capped by the mixed surface
layer and subtropical salinity maximum [Bauer and Sledlet,
along 27øW and 33øW.To investigatethe NEC, we use eight 1988]. Furthermore, these gradients appear twice, first be-

currentsare associatedwith clear temperature gradients at the
surface, and which simple oceanographic measurementsare
required for investigatingthesecurrents.
In March and April 1982, during cruise M60 of R/V
Meteor, a pair of long meridional CTD sectionswere made

tween

17:N

and

19øN

and

then

between

21øN

and

23øN.

Again, inspection of the O-S relationship shows almost no
Copyright 1989 by the American Geophysical Union.
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0148-0227/89/88JC-04192505.00

change in the central water mass characteristics across the
northern part of the frontal zone which carries the NEC, as
will be shown below.
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South

of 21øN the transition

zone be-
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The Azores Current had a transport of about 10 Sv (1 Sv -

10ø m3/s) to the east betweenthe surfaceand 800-m depth,
with surface velocities exceeding 10 cm/s between 34ø and
35cN. The true maximum values of velocity within the current
were likely larger than they appear here becauseof the rela-

tively large station spacing.The largestvelocitieswere at the
surface,whereas the most intense northward temperature and

salinitygradientswere between100- and 600-m depth.In the
upper 100 m the gradientsweakenedand shiftedtoward the
north, with the strongestsurfacegradients for both temperature and salinity being between 35ø and 36øN. Also, the
sharpestchangesin surfacetemperaturewere north of 35øN
(Figure 3a). The surfacetemperaturechangedby more than
1øC,which shouldmake this temperaturefront visibleto satel-

30'

20'

lite IR observations.Surfacetemperature measurementsboth

by satellitesand shipswouldshowthe surfacefront,but to the
north of where an XBT section would show the Azores Current.

,o.I
I

M4

30"

A minimum in surface temperature was recorded at the
surfacefront (Figure 3a). Such temperature signatureshave

I

20"

10" W

Fig. 1. Locations of CTD stationsby R/V Meteor cruise60, (denoted as M60) in March and April 1982, by R/V Poseidoncruise 124
(denoted as P124) in mid-November 1985, and by the new R/V
Meteor cruise number 4 (denoted as M4) in November 1986. Also
shown is a schematicpresentationof the subtropical gyre in summer
in the upper200 m of the ocean[Strammaand Siedler,1988-].

been noted in records from numerous crossingsof the Antarctic Polar Front and the Subantarctic Front [Lutjeharms and
Valentine, 1984] and in the SargassoSea [Katz, 1969]. How-

ever,no physicalexplanationsare available.Also, at the Antarctic Polar Front, Lutjeharmsand Valentine observedthat in
about 75% of the casesthe subsurfaceexpressionswere to the
north of those at the surface.

tween

the

central

waters

of the

North

and

South

Atlantic

begins. In order to more clearly determine the locations of
strongest gradients, which correspond to the centers of currents, we elect fields of horizontal gradients instead.
In the following figures, the sea surface temperatures presented were recorded at engine room intakes, which were actually about 3 m below the sea surface. Derived from CTD
data are horizontal gradients of temperature and salinity, together with geostrophicvelocitiesand transports computed by
using referencedepths given by Stramma [1984]. Those depths
were obtained by using mean density profiles combined with
information on the advection of water masses from oxygen
and salinity extrema and a mass conservation scheme developed by Fiadeiro and Veronis [1982]. The resulting zero reference plane lies at a depth of 1500 m in the tropical eastern
North Atlantic and at 1200 m in the subtropics [Stramma,
1984, Figure 6]. The total error for the 0- to 1000-m transport,
caused by uncertainty in the reference level and data noise,
was estimated to be 15%. The gyre circulation is limited to the
upper ocean,with most of its transport being within 500 m of
the surface.Our figuresshow transport fields for the layer 0 to
800 m, thus representingnearly all the gyre transport. Below
800-m depth the flow field is weak [Stramma, 1984] and is
complicated by the Mediterranean Water outflow, and it is
not discussed

here.

With regard to the section made in November 1985 at
26-30'W (Figure 4), the Azores Current had a transport of
about 8 Sv to the east between the surface and 800 m but was

spreadacrossa broader extent than at 33øW. The largest
near-surfacevelocities,about 9 cm/s, were just south of 35øN,
while north of 36øN there was a small intense westward cur-

rent band that had a velocity maximum of about 7 cm/s near
500-m depth.No large northwardshift is observedin the sur-

faceexpression
suchas in Figure3. The temperaturegradient
againhad a subsurface
maximumbut wasdirectlybeneaththe
largestsurfacegradient,whichis wherethe maximumsalinity
gradient also occurred.

The surfacetemperaturerecordin Figure 4 is not continuousowingto a break of 3.5 daysfor mooringwork. It is likely
that the sharp changein surfacetemperaturethat occurred
then, about 1c•C,was an expressionof the Azores Current. But

both the shipintake recordand the verticalsectionof temperature gradientshowthat the largestchangeswere near 37øN,
north of the narrow westward flow. As in the caseof Figure 3,
several XBT sections(not shown) made in this area clearly

show a temperaturefront relatedto the AzoresCurrent.Althoughin this sectionthere is more than one regionhaving
strong thermal gradients,the one related to the Azores Current couldprobablybe identifiedin a satelliteIR imageon the
basis of spatial patterns.
The shift of the surface manifestation of the front in Figure

The jointed section M60 (Figure 1), which crossed the
Azores Current (AzC) in April 1982, is presentedin Figure 3.
The temperature and salinity gradients are computed with
actual distancesand are then projected onto 33øW. Therefore
the dots indicating station locations are closer together north
of 35øN than they are south of that latitude, whereas the

3 likely cannot be explainedby Ekman transport.Weather
observationsby R/V Meteor during the period of crossingthe

actual

with what would be required to causethe observedfrontal tilt.
Also, monthly means of Ekman transports in the region are
not consistent with the frontal shift. They are directed to the
southeast in April and to the west in November [Isemer and

distances

were about

the same over the entire section. If

the original temperature and salinity fields were projected
onto 33øW prior to the computations, the resulting gradients
north of 35øN would be more intense, but the spatial patterns
would be unchanged.

Azores Current showed winds with stable strength from the
northwest, while those by R/V Poseidon showed northerly
winds north of 34ø10'N, changing to easterliessouth of 34øN
and south of the Azores Current.

Hasse, 1987].

These winds are inconsistent
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Vertical sectionsof temperature and salinity for (top) spring and (bottom) fall projected onto longitude. CTD
stations are denoted by dots' ship identification is as in Figure 1.

An oceanic front in the Sargasso Sea was studied by Katz
[1969], who showed that frontal curvatures and slopeswere in
closeagreementwith geostrophicconditions,i.e., the slope was
a geostrophic result of the relative motion of two adjacent

to the Azores Current, there were no strong horizontal salinity
or temperature gradients related to the NEC. In fact, stronger
gradients in temperature and salinity were about 2ø to the
south, just north of 19øN between 200- and 500-m depth.

water

Thesegradientsin temperatureand salinity correspondto the

masses. Similar

observations

of frontal

tilt in the Sar-

gasso Sea were made by Voorhis and Hersey [1964]. A twodimensional primitive equation model was used by R. Onken,
J. Fischer, and J. D. Woods (personal communication, 1988)
to simulate the response of temperature distributions to the
dynamics of mesoscalefrontogenesis.They found that the isopycnic temperature gradient exhibits a local maximum on the
cyclonically sheared side of the frontal jet and that the thermal
front is tilted toward the cyclonic side when approaching the
top of the thermocline. The cross-jet asymmetry is due to the
divergenceof the cross-jetageostrophicmass flux, whereas the
tilt is a product of the cross-front advection of the isopycnic
temperature gradient. A more definitive explanation for the
shift awaits further investigation.
Observations from the crossing of the NEC at 27øW in
March 1982 are presented in Figure 5. The NEC was centered
at 21øN, having a transport of about 9 Sv to the west between
the surfaceand 800 m. The largestvelocitieswere in the upper
400 m, with the maximum being at the sea surface. In contrast

water mass boundary between the North Atlantic Central
Water and the South Atlantic Central Water (SACW) which
we will call the Cape Verde Front. Strong currents are not
associatedwith the Cape Verde Front becausethe salinity and
temperature gradients are density compensating. Another area
of strong gradients occurred between 17ø and 18øN between
100- and 200-m depth. This was associated with geostrophic
shears and was likely due to a small-scale intrusion of water
from the south that was sampled at 16ø40'N. The temperature
and salinity values (not shown) at that station were about the
same as those observed near 13øN during the same cruise.
Near

23øN

and between

50 and 150 m within

the center

of the

gyre, the subtropical subsurface salinity maximum occurs
[Bauer and Siedler, 1988].
The NEC was located within the NACW, with the Cape
Verde Front being farther south. This could be a reason for
the Cape Verde Front existing across the entire tropical Atlantic as opposed to losing its identity through mixing processes
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Fig. 3. Vertical sectionsacrossthe AzoresCurrent (AzC) from Fig. 4. As in Figure 3 but at 26ø30'W by R/V Poseidon in midMeteor cruise60 in April 1982projectedonto 33•W: (a) surfacetemNovember
1985.
perature measuredat ship's intake, in degreesCelsius;(b) CTDderivednorthwardtemperaturegradient,in degreesCelsiusper 100
km: (c) northwardsalinitygradient(1/100km); (d) geostrophic
veloci- Legeckis [1978] surveyed very high resolution radiometer
ty in centimeters
persecond(positiveto the west);and(e)geostrophic measurementsand pointed out that within the band of 25øN
transportfrom 0- to 800-mdepthin sverdrups
(1 Sv = 106m3/s)with
theseasurface
is nearlyisothermal.
Although
instrutransport positiveto the west. The referencelayer is definedin text. to 25øS
mentation and computational algorithmshave been improved
CTD stationsare denotedby dots.
sincethat time, it still seemsthat the NEC is unobservableby
satellite IR imagery. However, it might be observable in the
[Tomczak, 1984]. In a zonal section along 22øN near the Afrifuture with satellite altimetry.
can coast, Barton [1987] showed the southward flowing curThe horizontal gradientsof temperature and salinity at the
rent, which is part of the source of the NEC, to be west of the
NEC (Figure 5b) correspond to anomalous distributions in the
front within the warm and saline NACW, although the sepa- upper 100 m. While NACW is normally warmer and saltier
ration amounted to only a few kilometers. Barton also obthan SACW, the surfacelayer here containedwarmer, saltier
served the strong thermohaline front to have little density water in the south. This reversal highlights the difficulty in
signature and no enhanced geostrophic shears. He estimated using surface temperature as an indicator of the NEC. Howthe frontal width as 10 km, with associated
temperatureand ever, the salinity gradient shows no such anomalous reversal
salinity contrasts of up to 3øC and 1 practical salinity unit
above the Cape Verde Front, and is measurable at the surface.
(1%o by weight). In Figure 5a the ship surface temperature
Indications that the NEC carries only NACW can also be
shows only a small step in temperature just north of the NEC,
found in the distribution of tritium along a section at about
which is too small to be clearly measured by satellite IR data.
27øW made in March 1981 [Thiele et al., 1986, Figure 4]. On
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Fig. 5. As in Figure 3 but across the North Equatorial Current
(NEC) at 27':W by R/V Meteor in March 1982. Here negative values
are shaded.

the a, surfaces25.5 and 26.8, tritium values were lowest south
of 10øN then increased within the Cape Verde Front, reaching
a maximum at 20øN. After decreasing slightly toward 30øN,
they once again increased, finally attaining values north of
35øN that were larger than those at 20øN. The tritium maxima
at 20øN on the two surfaceswere higher than those at the sea
surface at the same location.

Therefore

the maxima

were due

to the NEC carrying water from regions north of 35øN within
the subtropical gyre to the south, then to the west at 20øN.
The

subsurface

maxima

of tritium

levels show that

this water

must originate from the North Atlantic and that almost no
mixing with the SACW takes place, as the SACW has very
low tritium

concentrations.

The meridional

section across the NEC

at 27øW in Novem-

ber 1986 from cruise 4 of the new Meteor is presented in
Figure 6. As in the March section,there appears to be no clear
surface temperature signal related to the NEC. The strongest
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gradients that are not density compensating, resulting in
strong geostrophicshears.These horizontal gradients can tilt
upward toward the north near the surface.To find and observe the Azores Current with simple oceanographic methods,
the use of XBT sectionsseemsto be appropriate. Additionally,
XBT sections can be used to compute geostrophic profiles
with the aid of historical temperature-salinity (T-S) curves
averaged on 3øx 3ø squares [Siedler and Stramma, 1983].
That method is used here to recalculate transports across the
two M60 sections. Salinities used are the weighted averages
from the 3ø x 3ø squares north and south of the ship positions. Here the 0- to 800-m transport between 33ø20'N and
36c•30'N is 12.5 Sv to the east, as compared to 11.0 Sv from
actual salinities. The strongest flow is observed at the correct
location between 33ø20'N and 35øN with 11.0 Sv. It appears
that XBT profiles combined with mean T-S curves can provide good estimates of geostrophic shear at the Azores Current. K6se et al. [1985] showed that such computations may
also compare well with geoelectrokinetograph (GEK) and expendable current profiler measurements. Surface temperature
and salinity measured at ship intakes might also be used as
indicators of this current, but such a surface manifestation

might be shifted to the north of the subsurfacefront. The shift
is apparently not related to wind-induced Ekman transport,
and it awaits further investigation. IR measurementsby satellite of the sea surface might also serve as a tool to observe the
thermal

front

related

to the Azores

Current.

But

there

is a

disadvantage in that substantial cloud cover south of the
Azores is frequent during much of the year, particularly in
winter. This is compounded by observations showing that in
midsummer the front is capped by a strong seasonalthermocline [Gould, 1985], implying that the sharpest surface thermal
gradient will occur mainly in the winter months. According to
Le.qeckis[1978], at latitudes higher than 35ø, frontal observations are independent of seasons, and between 25ø and 35ø
they are restricted to the autumn, winter, and spring months.
The NEC has weaker horizontal thermohaline gradients
than does the water mass boundary between the central
waters just south of the current, which are density compensating. XBT sectionswill clearly show the water mass boundary
to the south but not the NEC. Likewise, surface observations

of temperature or salinity can probably detect the southern
water mass boundary but not the NEC. As was done for the
Azores Current, the NEC transport of the M60 section is
recalculated with the aid of mean T-S profiles. Between
23-•20'N and 20•N the 0- to 800 m transport is estimated as
2.7 Sv to the west, which compares poorly with the 8.9 Sv
from

actual

salinities.

We conclude

that

the NEC

can not be

adequately sampled without obtaining vertical profiles of both
temperature and salinity.
While our observations come from only one spring and one
fall section for each current, and variations in time are possi-
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