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ABSTRACT

The subsurface thermal structure in the tropical Atlantic Ocean (30°N-20°S, East of 80°W) is studied on
the basis of an extensive data bank of subsurface soundings, Calendar monthly maps are presented showing
mixed layer depth, base of thermocline, thermocline thickness, and vertical temperature gradient across the
thermocline. These maps are complemented by vertical cross sections depicting mixed layer depth, base of
thermocline, and selected isotherms: a zonal profile along the equator (50°W-10°E), a meridional transect
across the Eastern Atlantic (4°N-18°S), and a meridional section across the Central Atlantic (30°N-18°S).

The basinwide subsurface thermal structure is dominated by the annual cycle of the surface wind field with
extrema around April and August. The mixed layer is relatively shallow between 20°N and 10°S, with overall
greater depth in the western as compared to the eastern portion of the basin. Two systems of annual cycle
variation of mixed layer depth stand out. (i) Along the equator, the mixed layer depth increases from around
April to about Augnst, with largest variations to the west, in direct response to the annual variation of the zonal
wind component in the equatorial zone. (ii) In the North Equatorial Atlantic, a northward migration of a band
of shallowest mixed layer is apparent from'April to August, broadly concordant with the seasonal migration of
the confluence zone between the northeast trades and the cross-equatorial airstreams from the Southern Hemi-
sphere. Concomitant with this northward displacement, a belt of maximum mixed layer depth builds up im-
mediately to the north of the equator. The evolution of this trough-ridge structure in mixed layer depth is
related to the seasonal reversal of the North Equatorial Countercurrent. Various recent numerical model ex-
periments are in qualitative agreement with the present empirical documentation of the annual cycle of the
basinwide pattern of mixed layer depth.

The thermocline is likewise thinnest and most intense in the low latitudes, especially in the eastern portion
of the basin, but its spatial pattern and seasonal variations differ from those of the mixed layer. The near-
equatorial thermocline structure is characterized by a wide vertical separation of isothermal surfaces at the
Equator and extremum zones of thinnest and most intense thermocline at 4°S year round and at 4°N especially
in the latter part of the boreal winter semester. It is conjectured that easterly surface winds produce, at the
equator, upwelling above and downwelling below the thermocline and the opposite pattern of vertical motion
at some distance from the equator, thus leading to the observed thick and weak thermocline at the equator and
the isotherm packing around 4°N and S. The marked asymmetry of the surface wind field and the associated
wind stress curl pattern within the cross-equatorial airstreams at the height of the boreal summer may be factors
for the absence of this extremum zone of thermocline characteristics at 4°N at this time of the year. The
comprehensive documentation of subsurface thermal structure presented here is relevant in recent and ongoing
empirical and modeling studies of the tropical Atlantic Ocean.
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1. Introduction

The role of the tropical oceans in the functioning of
the global climate system is increasingly being recog-
nized in national and international planning docu-
ments (World Meteorological Organization, 1980, pp.
12-13, 39-41; National Climate Program Office, 1980,
p. 46-50; National Academy of Sciences, 1983, p. 10—
21; World Meteorological Organization—ICSU, 1983,
vol. 1, p. 1-20; Anonymous, 1984), of key importance
being the coupling between the lower atmosphere and
the upper hydrosphere. In the Atlantic, a background
climatology of the surface atmospheric circulation and
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oceanic heat budget has been produced nearly a decade
ago (Hastenrath and Lamb, 1977, 1978), and this has
served as a basis for investigations into the mechanisms
of interannual climate variability of various circum-
Atlantic regions (review in Hastenrath, 1984).

The time appears ripe to complement these studies
of the lower atmosphere by a background climatology
of the upper ocean. Important steps in this direction
have recently been made by the SEQUAL and FOCAL
programs (Anonymous, 1981; Merle, 1980c). An up-
dated bank of subsurface soundings compiled by the
French Navy provided the data source for a series of
recent empirical analyses (Merle, 1983; Merle and Ar-
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nault, 1985; Hastenrath and Merle, 1986), which sub-
stantially expand on previous work (Robinson et al.,
1979; Levitus, 1982, 1984; Lamb, 1984). The present
paper offers, for the first time, a comprehensive doc-
umentation of the subsurface thermal structure of the
tropical Atlantic Ocean in the course of the year. Such
an evaluation of the observed structure of the upper
ocean and its annual cycle is expected to serve as an
essential reference for the growing field of numerical
modeling studies, and to provide a background for em-
pirical investigations into the annual cycle functioning
of the combined atmosphere-ocean system in the At-
lantic domain.

2. Observations and basic data processing

The following description of the subsurface data
bank is in part repeated from Hastenrath and Merle
(1986). Subsurface temperature soundings in the trop-
ical Atlantic between 30°N and 20°S and East of 80°W
were compiled by the French Navy (Merle, 1983; Merle
and Arnault, 1985). The data bank comprises 51 782
expendable bathythermograph (XBT), 93 525 me-
chanical bathythermograph (MBT) soundings, and
28 557 hydrocasts (station data), a total of 173 864
soundings. Most profiles stem from the U.S. National
Oceanographic Data Center (NODC), but also included
are additional XBT from the French Navy, Nansen
CTD casts from the oceanographic vessel Capricorne,
as well as soundings from various early expeditions,
namely the Meteor in 1924, the Ailantis in 1931, the
Discovery in 1935, the Crawford in 1957, and the
Equalant in 1962~63, and GATE data. In general, the
collections terminate in 1978. The distribution of ob-
servations is irregular in space and time.

Data were processed by two degree latitude and four
degree longitude areas as shown in Fig. !. For each
block, each calendar month, and each type of data
(XBT, MBT, Nansen), soundings were evaluated in
context. Profiles, which at any standard level showed
temperature values departing by more than two stan-
dard deviations from the mean of all profiles, were re-
jected at all levels. For the area average profile, the
three types of data were weighted according to the
number of soundings retained. It is estimated that as
a result the uncertainty of temperature values at each
standard level is reduced to less than 0.1°C. However,
for the regions of better coverage such as the Gulf of
Guinea and the equatorial zone as a whole, and the
layers outside the thermocline, the data are considered
to be better than 0.05°C. Information was thus com-
piled for the standard depth 0, 5, 10, 20, 30, 40, 50,
60, 75, 100, 125, 150, 200, 250, 300, 400, 500 m, etc.
The spatial distribution of soundings is also illustrated
In Fig. 1. The density of observations broadly decreases
southward and with depth. Hastenrath and Merle
(1986, Table 1) describe the variation of observations
with depth, and compare the data volume of the present
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FiG. 1. Orientation map showing breakdown into rectangies of 2
latitude by 4° longitude, number of soundings per reciangle, am
location of zonal {(A) and meridional (B and C) cross sections in Figs
6-8.

study with the publications of Robinson et al. (1979).
Lamb and Bunker (1982), and Levitus (1982, 1984).
The present data compilation is considerably more
plentiful than those of Levitus (1982, 1984), Lamb and
Bunker (1982), and of Robinson et al. (1979) which
moreover terminates at 150 m.

In the analysis of subsurface observations the fol-
lowing criteria were used. The depth at which temper-
ature is 1°C lower than at the surface is chosen as mixed
layer depth (Figs. 2, 6~8), or top of the thermocline.
The base of the thermocline (Figs. 3, 6-8) is defined
as the level from which downward the temperature de-
creases by less than 2°C over a 50 m interval. Ther-
mocline thickness (Fig. 4) is the vertical distance be-
tween thermocline base and top. The temperature gra-
dient across the thermocline (Fig. 5) is the ratio of
temperature difference between top and base of the
thermocline over thermacline thickness.

3. Analysis and presentation

The central objective of this study is to ascertain the
annual cycle and spatial patterns of upper-ocean tem-
perature structure in the tropical £.tlantic, so as to pro-
duce the documentation needed for numerical model
simulations, as well as for empirical investigations of
atmosphere-hydrosphere coupling on the climatic time
scale. To this end, calendar monthly maps are pro-
duced, in the first place, of pertinent parameters of the
oceanic thermal structure. The parameters chosen here
are defined in section 2.

Of foremost interest is the depth of the mixed layer
(Fig. 2), representing the portion of the hydrospheric
column in which the influences of surface heat ex-
change and surface wind stress forcing are concen-
trated. It is therefore not surprising that this parameter
has been chosen for presentation in various earlier
studies of subsurface temperature conditions (Wyrtki,
1971; Robinson et al., 1979; Lamb, 1984). Inasmuch
as the thickness of the thermocline exhibits conspicuous
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FIG. 2. Monthly maps of mixed Jayer depth in tens of meters. Heavy solid lines denote 'relau'vc maxima,
and heavy broken lines relative minima. Parts A-F: January, February, March, April, May, June.

variations both spatially and in the course of the year,
which appear at least in part related to the surface wind
stress forcing, it was found appropriate to map, in ad-
dition to the mixed layer depth (Fig. 2; section 3a),
also the thermocline base (Fig. 3; section 3b), and ther-
mocline thickness (Fig. 4; section 3c). The latter two
parameters are not commonly found in subsurface
temperature evaluations. The topography of certain
isothermal surfaces (Merle, 1983) bears some resem-
blance to the distribution of thermocline base. The
three aforementioned parameters, mixed layer depth,
thermocline base, .and thermocline thickness, while
exhibiting coherent patterns, offer no clue on the re-
markable spatial and temporal differentiations in ther-
mocline intensity. In order to capture this important
feature of subsurface thermal structure, the temperature
gradient across the thermocline (Fig. 5; section 3d) was
also mapped here.

The mapping of the four indicative parameters dis-
cussed above is complemented by vertical cross sections
at three strategic locations, as shown in Fig. 1. The
marked seasonal changes of thermal structure in the
equatorial-vertical plane (Fig. 6; section 3e) have been
discussed in previous studies (Merle, 1980a,b, 1983;
Hastenrath and Merle, 1986). The meridional-vertical
cross section in the eastern Atlantic (Fig. 8, section 3f)
traverses the tongue of cold surface waters immediately
to the south of the equator, which becomes particularly
prominent at the height of the boreal summer. The
meridional-vertical transect across the central Atlantic
(Fig. 10, section 3g) encompasses, among other fea—
tures, the domain of the “amphibious intertropical
convergence zone complex” in the low-latitude North
Atlantic (Hastenrath and Lamb, 1977, charts 14-25,
50-61), and thus documents seasonal developments In
subsurface thermal structure pertinent to a particularly
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F1G. 2. (Continued). Parts G-L: July, August,

prominent quasi-permanent circulation system of the
lower atmosphere. All of these cross sections are con-
structed from observations averaged over broad bands
(ref. Fig. 1), thus ensuring considerable data stability.
The topographies of thermocline top and base entered
in the cross sections Figs. 6, 8, and 10, in addition to
the isotherms are intended to facilitate the comparison
with the maps, Figs. 2-4.

-a. Mixed layer depth

Calendar monthly maps of mixed layer depth are
presented in Fig. 2. Throughout the year and for the
basin as a whole, the mixed layer tends to be deeper
in the western as compared to the eastern portion of
the tropical Atlantic. During the boreal winter semester
(November-April), the mixed layer is particularly deep
in the northern portion of the map area, while a zone
of smallest values is found broadly between the equator

September, October, November, December.

and 20°N, extending from the coast of northern South
America to West Africa. From around April to August,
this band of shallowest mixed layer becomes more dis-
tinct and migrates northward. Concurrently, the mixed
layer in the northern portion of the map area shallows.
At the height of the boreal suminer, a tongue of shallow
mixed layer immediately to the south of the equator
extends from the African coast to the central portion
of the ocean, broadly concordant with the well-docu-
mented tongue of cold surface waters (Hastenrath and
Lamb, 1977, charts 56-57). At the same time, the
mixed layer deepens in a tongue just to the north of
the equator, most notably in the western portion of
the basin. After August, the mixed layer deepens in
the northern portion of the map ares, the band of shal-
low thermocline stretching from the Caribbean to West
Africa shifts southward, the tongue of shallow mixed
layer immediately to the south of the equator disap-
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FIG. 3. Monthly maps of base of thermocline, in tens of meters. Heavy solid lines denote relative maxima,
and heavy broken lines relative minima. Parts A-F: January, February, March, April, May, June.

pears, so that the enclosed zone of relative maximum
is eliminated, and the mixed layer in the southernmost
portion of the map area becomes shallower.

The patterns of mixed layer depth resemble the an-
nual cycle of the field of surface dynamic topography
(Merle and Arnault, 1985, Fig, 8), which in July and
August also shows a succession of approximately zon-
ally oriented troughs and ridges, and an intensification
of a trough to the south and of a ridge to the north of
the equator. The latter feature is directly related to en-
hancement of the North Equatorial Countercurrent at
the height of boreal summer (Garzoli and Katz, 1983;
du Penhoat and Tréguier, 1984; Philander and Paca-
nowski, 1984).

Prominent pattern changes documented in the map
sequence of Fig. 2 appear related to the annual cycle
of the surface wind field and to the sea surface tem-

perature pattern (Hastenrath and Lamb, 1977, charts
14-25, 50-61). Thus, the northward migration of the
zone of shallowest mixed layer, extending from the
coast of northern South America to West Africa, from
around April to August, parallels the northward shift
of a quasi-permanent discontinuity in the surface wind
field and associated maximum of wind stress curl and
Ekman pumping, as well as the northward displace-
ment of the band of warmest surface waters. Likewise,
the tongue of shallowest mixed layer immediately to
the south of the equator in the eastern Atlantic in July
and August coincides in timing with the most con-
spicuous development of the tongue of cold surface
waters. Possible contributing mechanisms include re-
mote wind stress forcing in the western portion of the
basin generating eastward propagating Kelvin waves
(Moore et al., 1978; Servain et al., 1982; Busalacchi
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FI1G. 3. (Continued). Parts G-L: July, August, September, Qctober, November, December.

1, 1983; Houghton, 1983; Weisberg and Tang,
1e and Patton, 1984) and in-situ wind stress
the eastern Atlantic associated with the in-
on of the cross-equatorial airflow during bo-
ner (Philander, 1978). It is noteworthy that
:d layer depth (Fig. 2) and sea surface tem-
Hastenrath and Lamb, 1977, charts 50-61)
rarked hemispheric asymmetry concordant
of the surface wind field (Hastenrath and
77, charts 14-25), and that these asymmetries
permost ocean layer are most pronounced
e boreal summer half-year, when the asym:
tk_le circulation of the lower atmosphere is
minent.
iap sequence Fig. 2 should be compared with
‘vious evaluations of mixed layer depth in the
Atlantic. Robinson et al.’s (1979, charts 14,
5,70, 84, 96, 112, 126, 140, 154, 168) calendar

monthly maps have a one degree square spatial reso-
lution, have different isopleth intervals, and extend
southward only to 5°S. With these qualifications, major
pattern characteristics are in good agreement with the
present maps, Fig. 2. Lamb’s (1984) maps are for bi-
monthly periods, possess a five degree square spatial
resolution; and different isopleth intervals, and extend
southward to 20°S. Within the limitations of the much
coarser temporal and spatial resolution of his maps,
they are found consistent with the maps of Fig. 2.
Recent modeling experiments and theoretical and
empirical studies are directly relevant to the observed
basinwide annual cycle of mixed layer depth docu-
mented in Fig. 2. Two major themes stand out: (i) vari-
ations in a vertical plane along the equator, and (i)
latitude shifts in thermal structure accompanying the
seasonal migrations of the surface wind confluence over
the equatorial North Atlantic. Merle (1980a,b) pointed
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! ﬁ} F1G. 4. Monthly maps of thermocline thickness in tens of meters. Heavy solid lines denote relative maxima,
.:.I and heavy broken lines relative minima, Parts A~F: January, February, March, April, May, June.
: out that variations of the easterly wind component the tropical Atlantic to the annual cycle of the surfac

along the equator are instrumental in depressing the
isothermal surfaces from around the end of the boreal
winter half-year towards the height of the summer, es-
pecially in the western portion of the basin. Concerning
the low-latitude North Atlantic, where the poleward
displacement of a zone of minimum mixed layer depth
and the development of a ridge of maximum depth
immediately to the north of the equator are particularly
conspicuous from around April to August, Garzoli and
Katz (1983), Philander and Pacanowski (1984) and du
Penhoat and Tréguier (1984) demonstrated that the
annual cycle of wind stress curl is responsible for
changes in mixed layer depth and the seasonal reversal
of:the North Equatorial Countercurrent. Busalacchi
and Picaut (1983) modeled the basinwide response of

wind field. Major seasonal characteristics reproduce
include the zonal changes of pycnocline depth abou
a nodal point at the equator, and significant meridion:
contrasts in the timing of seasonal variations in th
equatorial North Atlantic, all broadly consistent wit
Fig. 2. The comprehensive mapping of the annual cyc}
of mixed layer depth patterns thus has considerabl
relevance for recent and ongoing research on the trog
ical Atlantic.

b. Base of thermocline

Maps of thermocline base for all calendar mont}
are shown in Fig. 3. Pattern characteristics differ co
siderably from those of mixed layer depth (Fig. 2), d
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FIG. 4. (Continued). Parts G-L: July, August, September, October, November, December.

spite some similarities. As the mixed layer depth, the
base of the thermocline tends to be deeper in the west-
ern as compared to the eastern portion of the basin,
and overall it appears warped upward between about
15°Nand 10°S. A band of smallest values extends from
the coast of northern South America to West Africa.
Particularly conspicuous is the evolution of a tongue
of minimum values in the Eastern Atlantic immedi-
ately to the south of the equator from around February

to September. This broadly underlies the cold water,

current extending from the coast of Southwest Africa
into the equatorial Atlantic, and in July and August
coincides with a similar feature in the patterns of mixed
layer depth (Fig. 2) and sea surface temperature (Has-
tenrath and Lamb, 1977, charts 56-57). Within the
overall upward warping of the thermocline base be-
tween about 15°N and 10°S, Fig. 3 then shows two
zones of domings, one around 5°-10°N and the other
at 0°-5°S.

The maps of thermocline base (Fig. 3) resemble the
topography of the 20°C isothermal surface (not shown
here), although pattern details are far from identical.
The seasonal pattern changes of thermocline base (Fig,
3) appear also related to the annual march of subsurface
heat storage J, in the layer surface to 500 m depth, as
documented in Hastenrath and Merle (1986, maps Fig.
6). Some of the more prominent correspondences of
patterns are as follows. From February to May, the
thermocline base in the waters to the east of northern
South America rises concomitant with a depletion of
the oceanic heat content (Hastenrath and Merle, 198 §,
Fig. 6, parts B to E), while from May to September in
this area the thermmocline base deepens and the hy-
drospheric heat content increases. Broadly concurrently
the thermocline base shallows in a zone poleward of
about 10°N, where distinct heat depletion is indicated
in July and August. Likewise, the rise of the thermo-
cline base in the eastern equatorial Atlantic from May
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FIG. 5. Monthly maps of temperature gradient across the thermocline, in 1072 °C m™'. Heavy solid lines denote relative maxima,
and heavy broken lines relative minima. Parts A-F: January, February, March, April, May, June.

to August is associated with a pronounced oceanic heat
depletion in June and July. After September, a partly
reversed evolution towards the February conditions
takes place in the patterns of thermocline base and
oceanic heat storage (Hastenrath and Merle, 1986, Fig.
6). The relation between the annual cycles of ther-
mocline base and oceanic heat storage will be further
considered in the discussion of vertical transects in sec-
tions 3e-g.

¢. Thermocline thickness

The calendar monthly maps of thermocline thick-
ness presented in Fig. 4 represent the difference between
the thermocline base (Fig. 3) and the mixed layer depth
(Fig. 2). There is an overall thinning of the thermocline
from the western to the eastern side of the basin. During
much of the year, broad bands of large thermocline

thickness are found around 15°N and 10°S. Equator-
ward from these bread, ill-defined zones of maximum
values, distinct and narrow bands of thinnest ther-
mocline stand out at about 4°N and S, separated by a
ribbon of larger values along the Equator. The band
of thinnest thermocline around 4°N is most prominent
during the boreal winter half-year, while its Southern
Hemisphere counterpart persists through most of the
year. The narrow bands of thinnest thermocline (Fig.
4) are matched by maxima in the fields of vertical tem-
perature gradient across the thermocline (section 3d;
Fig. 5).

d. Temperature gradient across thermocline

The calendar monthly maps of the temperature gra-
dient across the thermocline, Fig. 5, offer 2 measure of
thermocline intensity. Throughout the year, the tem-
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FIG. 5. (Continued). Parts G-L: July, August,

srature gradients are smallest at the northern and
suthern extremities of the map area, and compara-
.vely large equatorward of 20°N and S. Comparison
=tween Figs. 4 and 5 indicates that regions and months
ith a thin thermocline also tend to be characterized
y comparatively steep vertical temperature gradients
cross the thermocline. Particularly striking in the map
2quence of Fig. 5 are the extensive bands of most in-
znse thermocline centered near 4°N and 4°S approx-
mately symmetric to the equator, and separated by a
aarrow zone of much weaker thermocline along the
-quator. As the northern hemispheric band of thinnest
.hermocline (Fig. 4), the belt of maximum thermocline
.ntensity around 4°N is best developed during the bo-
real winter semester (Fig. 5). Its southern hemispheric
counterpart is prominent throughout much of the year
zxcept at the height of the. boreal summer. As the
southern hemispheric belt of thinnest thermocline, the

September, October, November, December.

band of largest thermocline temperature gradient also
bends, in its eastern portion, southeastward and extends
1o the coast of Southwest Africa.

e. Zonal cross sections along the Equator

The subsurface thermal structure in the equatorial
zone of the Atlantic (Fig. 1, profile A) is documented
in Fig. 6 by calendar monthly vertical cross sections
along the equator, depicting selected isotherms along
with the topographies of mixed layer depth and ther-
mocline base as mapped in Figs. 2 and 3. Marked zonal
contrasts persist throughout the year, as recognized in
part previously by Merle (1980a,b, 1983), Katz (1981),
and Houghton (1983). In the eastern portion of the
transect, especially within the Guif of Guinea, the
mixed layer is shallow, and the thermocline thin and
intense. By contrast, the western extremity of the cross
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section, in particular the waters off the coast of Brazil,
are characterized by a deep mixed layer, and a thick
but comparatively weak thermocline.

From around April to August—-September the ther-
mocline thins, intensifies, and its base rises, especially
in the eastern portion of the transect; to the west there
is some tendency for a deepening of thermocline base
and-top. From after September to around April the
thermocline thickens and weakens, its base deepens,
again with particularly large effects in the eastern por-
tion of the transect. The thermocline intensity in the
west, and the mixed layer depth in all of the equatorial
zone, vary comparatively little throughout the year.
The implications of these annual cycle changes of sub-
surface thermal structure for the oceanic heat budget
have been discussed by Metle (1980a,b) and Hastenrath
and Merle (1986). In particular, the rise/drop of the
thermocline base in the eastern/western portion of the
transect from around April to August-September is
associated with a depletion/storage of heat in the upper
ocean (Hastenrath and Merle, 1986, Fig. 6, parts D-
1), while from after September to around April (Fig. 6;
Hastenrath and Merle, 1986, Fig, 6, parts I-L, A-D)
the reverse evolution is indicated.

. 'The calendar monthly vertical-zonal cross sections
along the equator, Fig. 6, are complemented by the
diagrams of the annual and longitudinal variation of
subsurface structure, Fig. 7. This illustrates the overall
deep mixed layer to the west, with greatest depth
around the height of the boreal summer, and an overall
shallow mixed layer to the east, with most extreme
conditions also during the northern summer half year
(Fig. 7, part a). The base of the thermocline (Fig. 7,

part b) shows a pattern similar but not identical to that

of mixed layer depth. The thermocline thickness (Fig.
7, part c) is overall largest in the west and least in the
east, and these zonal contrasts- become most pro-

-nounced during the boreal summer, when the ther-

mocline stretches in the west and shrinks in the east.

f. Meridional cross sections across Eastern Atlantic

Calendar monthly meridional-vertical cross sections
across the Eastern Atlantic (Fig. 1, profile B) are pre-
sented in Fig.-8. From around April to August-Sep-
tember, the thermocline immediately to the south of
the equator thins, intensifies, and its base rises. After
September, the thermocline in the equatorial region
thickens and weakens, and its base deepens again.

The calendar monthly vertical~-meridional cross
sections across the Eastern Atlantic, Fig. 8, are com-
plemented by the diagrams of the annual and latitu-
dinal variation of subsurface thermal structure, Fig. 9.
This shows the overall deepest mixed layer to the south
and the much shallower depths in the equatorial region,
as well as the shallowing from boreal winter to summer
near the equator (Fig. 9a). The annual and latitudinal
variation of the base of the thermocline (Fig. 9b) re-
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sembles that of the mixed layer depth (Fig. 9¢). Th
thermocline thickness (Fig. 9¢c) is overall largest to th
south and smaller in the equatorial region. A thin the
mocline is encountered around 4°S throughout mos
of the year.

g.. Meridional cross sections across the Central Atlant,

Meridional-vertical transects of the subsurface the
mal structure in the central Atlantic (Fig. I, profile
are shown in Fig. 10. As indicated in Fig. 1, this profi
(C) crosses the zonal-vertical profile (A) discussed i
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section 3e (Fig. 6). The prominent year-round pattern
characteristics are as follows. Mixed layer depth and
thermocline base are shallowest in the equatorial North
Atlantic, from where they deepen towards the northern
and particularly the southern extremities of the profile.
Overall, the thermocline is most intense in a zone im-
mediately to the south of the equator and weakest at
the northern and southern ends of the profile.

Around April, the domain of shallowest mixed layer
and thermocline base and steepest vertical temperature
gradient across the thermocline are found around 5°N.
As one proceeds towards August-September, this do-
main gradually shifts to poleward of 10°N. Broadly
concomitant with this is a shallowing of the thermo-
cline base and a steepening of the vertical temperature
gradient across the thermocline in a zone immediately
to the south of the equator. After September, the do-
main of shallowest thermocline top and base and
steepest vertical temperature gradient in the equatorial
North Atlantic migrates southward, and in the zone
immediately to the south of the equator the thermo-
cline shallows and weakens.

ey ‘:-"".“:y‘.!'=~,".‘ oo I.,l-l'!, e
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The annual cycle of subsurface thermal structure
documented in the meridional cross section (Fig. 10)
appears related to the oceanic heat storage (Hastenrath
and Merle, 1986, Fig. 6). As the domain of shallowegt
thermocline base migrates from around 5°N in Apri]
to poleward of 10°N in August so does a zone of
oceanic heat depletion, or negative Q, (Hastenrath and
Merle, 1986, Fig. 6, parts D-H). After September, the
reverse annual cycle development is indicated for both
the thermocline base and the oceanic heat storage Q,
(Hastenrath and Merle, 1986, Fig. 6, parts I-L, A-D).

The calendar monthly vertical-meridional cross
sections across the central Atlantic, Fig. 10, are com-
plemented by the diagrams of the annual and latitu-
dinal variation of subsurface thermal structure, Fig.
11. Overall, the mixed layer (Fig. 11a) is deepest in the
southern portion and at the northern extremity of the
profile and comparatively shallow in the equatorial re-

-gion; in particular, the diagram illustrates the gradual

northward displacement of the zone of shallowest
mixed layer from around April to August-September.
The annual variation of mixed layer depth along this
profile across the central Atlantic depicted in Fig. 11,
part a, resembles the annual cycle of heat storage av-
eraged over latitude bands across the ocean (Hastenrath
and Merle, 1986, Fig. 4, part b), in that meridional
shifts of a zone of shallowest mixed layer are reflected
in concomitant migrations of zones of heat depletion
and storage. As in Figs. 7 and 9, the base of the ther-
mocline (Fig. 11b) shows a pattern similar but not
identical to that of the mixed layer depth (Fig. 11a).
The thermocline thickness (Fig. 11c) exhibits an annual
and latitudinal variation quite different from that of
mixed layer depth (Fig. 11a). Overall the thermocline
is thinnest in the equatorial region. Of parti¢ular in-
terest are the extremely small values around 2-4°N
and S, being most pronounced during the respective
winter half-year. Figure 11 further illustrates that the
extrema of thermocline thickness differ from those of
mixed layer depth both by latitude and season.

4. Discussion and conclusions

This study used the most complete data bank pres-
ently available to ascertain spatial patterns and the an-
nual cycle of subsurface thermal structure in the trop-
ical Atlantic Ocean (30°N-20°S, east of 80°W). The
basinwide patterns of temperature structure in the up-
per ocean were in the first place documented through
the mapping of indicative parameters for all calendar
months, namely mixed layer depth, base of thermo-
cline, vertical distance from base to top of thermocline,
and vertical temperature gradient across the thermo-
cline. These maps were complemented by strategically
placed vertical cross sections depicting base and top of
thermocline and selected isotherms: a zonal transect
along the equator extends from the African to the South
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American coast; a meridional profile centered on the
Greenwich meridian stretches from the Gulf of Guinea
southward; and a third, meridionally oriented section
centered on 24°W cuts from the outer tropics of the
Northern Hemisphere across the equatorial region into
the South Atlantic.

Characteristic of the year as a whole is a relatively
shallow mixed layer and thin and intense thermocline
in the low latitudes, especially in the eastern part of
the basin. The annual cycle of the surface wind field,
with extrema around April and August, dominates the
basinwide subsurface thermal structure in the tropical
Atlantic. In the behavior of the mixed layer, the fol-
lowing systems of annual cycle variations stand out.
In direct response to the annual variation of the zonal
wind component in the equatorial zone the mixed layer
depth along the Equator increases from around April
to about- August, with largest variations in the west.
The northward migration of the wind confluence be-
tween the Northeast trades and the cross-equatorial
airstreams from the Southern Hemisphere over the
equatorial North Atlantic from April to August is ac-
companied by a northward migration of a zone of shal-
lowest mixed layer ‘and the development of a belt of
maximum mixed layer depth immediately to the north
of the equator. Advection of relatively warmer waters
from the western porton of the basin appears instru-
mental in the buildup of this ridge of deep mixed layer.
Furthermore, the evolution of this trough-ridge struc-
ture in mixed layer depth is related to the seasonal
reversal of the North Equatorial Countercurrent. In the
eastern Atlantic, seasonal variations are particularly
pronounced in a zone immediately to the south of the"
equator. The annual cycle variations of mixed layer
depth entail changes of oceanic heat content in the
course of the year. Various numerical modeling ex-
periments agree qualitatively with these observed ans-
nual cycle variations in the basinwide pattern of mixed*
layer depth.

The comprehensive documentation by maps and
transects (Figs. 2-5, 8, 10), offered in sections 3a~d, f
and g, bears out a remarkable structure of the ther-
mocline near the equator. This diverse evidence is here
placed in context and considered in relation to the mo-
tion field in the equatorial zone. A schematic synthesis
of thermal structure and zonal and vertical motion is
presented in Fig. 12,

The top of the thermocline, while standing highest
well to the north of the equator year round, is warped
upward at the equator and downward around 4°N,
especially around January-February and July-Sep-
tember. The base of the thermocline exhibits a doming
at about 4°S throughout much of the year, distinctly
greater depth at the equator, and another doming in
the Northern Hemisphere, being near 4°N around the
end of the boreal winter semester, but as far poleward

as 10°N at the height of the boreal summer. Implicit
in these patterns of thermocline top and base are

IG. 11. Latitudinal and annual variation of subsurface thermal
structure along profile C (ref. Fig. 1). Symbols as in Fig. 7.




1536 JOURNAL OF PHYSICAL OCEANOGRAPHY

marked meridional variations in thermocline thickness
and intensity (Figs. 25, 10). Thus, a zone of relatively

-thick and weak thermocline is found along the Equator,

and a band of thin thermocline and isotherm packing
at 4°S, throughout much of the year (Figs. 4, 5, 10),
while a zone of thin and intense thermocline around
4°N appears most prominently during the boreal win-
ter semester (Figs. 4, 5, 10). These peculiarities in near-
equatorial thermocline structure are not explained or
in fact recognized in the numerical studies referred to
in section 3b.

Figure 12 further sketches the characteristic equa-
torward plunging of isotherms and associated column
of weak vertical temperature gradient below the ther-
mocline and within a few degrees from the equator
known as “thermostad,” and apparent in the meridi-
onal-vertical cross sections (Fig. 10). Consistent with
the implied mass distribution, eastward flowing sub-
surface countercurrents (SSCC) are centered on the
poleward flanks and the upper edge of the thermostad,
at a typical depth of around 170 m and latitudes of

VOLUME }7

4°N and 4°S (Hisard et al., 1976; Cochrane et al., 1979,
Molinari, 1982; Hisard and Hénin, 1984). Further en-
tered in Fig. 12 is the core of the likewise eastward
flowing Equatorial Undercurrent (EUC) within the
thermocline, which is understood as being due to west-
ward wind stress and resulting eastward pressure gra-
dient within the thermocline along the equator.

An issue which begs explanation is the origin of the
parrow zones of thin and intense thermocline around
4°N and 4°S, contrasting with the much thicker and
weaker thermocline near the equator. This problem i
discussed here with reference to the synthesized me-
ridional-vertical cross section Fig. 12. A satisfacton
understanding of causalities is as yet lacking; in fact
the present empirical findings invite a thorough theo
retical investigation. However, McPhaden’s (1984
modeling study may enlighten the pertinent processes

McPhaden (1984) forced a linear steady-state equa
torial (1-3 deg latitude) model by hemisphericall:
symmetric curl-free easterly winds, and succeeded i1
reproducing much of the observed subsurface zona
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FIG. 12. Schematic meridional-vertical cross section of subsurface tem-

perature and flow structure, synthesized from the present analysis of sub-
surface temperature soundings, observations of zonal currents (Hisard et
al., 1976; Cochrane et al., 1979; Molinari, 1982; Hisard and Hénin, 1984),
and numerical modelling (McPhaden, 1984), Heavy broken lines denote
base of mixed layer and base of thermocline, dot raster regions of maximum
vertical temperature gradient, thin solid fine 14°C isotherm, and thin broken
line the thermostad, all from the present analysis of subsurface temperature
soundings. Ellipses indicate the cores of the eastward directed Equatorial
Undercurrent EUC and of the Subsurface Countercurrents SSCC (sources:
Hisard et al,, 1976; Cochrane et al., 1979; Molinari, 1982; Hisard and Hénin,
1984), Horizontal divergence and convergence is indicated by DIV and
CONY, respectively, and meridional and inferred vertical flow components
by arrows (source: McPhaden, 1984). ’ .
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-nt structure. He also produced model meridional’
ities, which are schernatically entered in Fig. 12.
.e surface, Ekman divergence commensurate with
urface easterlies prevails up to about 1.5 deg lat-
.. At the level of the EUC, there is geostrophic
ergence within about 1.5 degrees from the equator,
:n by the zonal pressure gradient off the equator,
1g way to divergence beyond these latitudes. In the
h range of the SSCC, there is a poleward geo-
>hic flow in both hemispheres consistent with the
nward reversal of the pressure gradient. At these
_bs divergence is found within about 1 to 1.5 deg
ude from the equator, giving way to convergence
aer poleward. Also sketched in Fig. 12 is the vertical
:ion pattern inferred from the horizontal divergence
convergence distribution obtained in McPhaden’s
34) model experiment. This seems directly related
he characteristic near-equatorial thermocline struc-
a2 synthesized in Fig. 12, Near the equator, vertical
stion is upward above, but downward below the
C. Beyond about 1.5 deg latitude there is marked
rizontal divergence at the level of the EUC, or in the
>rmocline layer and this appears compensated by
welling from the depths of the SSCC and down-
-lling in the shallow surface layer in which the marked
ar-equatorial divergence gives way to weak conver-
nce beyond about 1.5 deg latitude.
A sketch of possible causal relationships in the pe-
Jliar near-equatorial thermocline structure is pro-
ised in the following by way of working hypothesis.
arface easterly winds cause Ekman divergence and
swelling at the equator, as well as a pile-up of waters
1d a rise of isobaric surfaces toward the west. Due to
.e poleward increase of the Coriolis parameter, the
ieridional surface Ekman transport changes to con-
srgence and downwelling at a'few degrees from the
juator. Such a vertical motion field in the mixed
wer is conducive to the observed upward bulging of
ne thermocline top at the equator and the downward
carping around 4°N and 4°S. The zonal pressure gra-
iient causes the eastward flowing EUC at the equator
.nd also an equatorward geostrophic flow at the level
3f the EUC with divergence some distance away from
ind convergence at the equator. The convergence
vithin the thermocline at the equator is compensated
7y the aforementioned equatorial upwelling in the
nixed layer, and downwelling from the thermocline
Jownward. This gives way to upwelling at some dis-
tance away from the equator, below the thermocline.
Such a vertical motion pattern is conducive to the ob-
served equatorward plunging of isotherms a few degrees
away from the Equator and the origin of the column
of relatively warm and weakly stratified waters of the
thermostad. The implicit mass and pressure distribu-
tion is commensurate with eastward geostrophic cur-
rents centered at the poleward and upper edges of the
thermostad. Directly relevant to the observed near-
equatorial thermocline structure as synthesized in Fig.
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12 is the realization that easterly surface winds are ca-
pable of producing at the Equator upwelling above and
downwelling below the thermocline, a vertical spread-
ing of isotherms, and thus a thick and weak thermo-
cline, while leading to contrastingly different vertical
motion and thermal conditions a few degrees away
from the Equator. These are characterized by down-
welling above and upwelling below the thermocline
and hence a packing of isothermal surfaces, upward
warping of the thermocline base and downward bulging
of thermocline top, and thus a thin and intense ther-
mocline. ‘
It is noted from the empirical documentation, Figs.
4, 5, 10, that the simple, hemispherically symmetric
pattern synthesized in Fig. 12 is not obtained through-
out the year. While the southern hemispheric extre-
mum of thermocline thickness and intensity prevails
year round, its northern hemispheric counterpart is best
developed in the latter part of the boreal winter se-
mester but absent at the height of the boreal summer.
In this context it is recalled that the surface wind field
is least asymmetric with respect to the equator around
the end of the boreal winter half-year, whereas at the
height of the summer the confluence between the
portheast trades and the cross-equatorial airstreams
from the Southern Hemisphere is displaced far pole-
ward and a pronounced pattern of wind stress curl
dominates over the equatorial North Atlantic (Hasten-
rath and Lamb, 1977, charts 42-49). It is here conjec-
tured that the seasonally varying hemispheric asym-
metry of the surface wind field is a major factor for the
appearance and vanishing, in the course of the year,
of the northern hemispheric extremum of thermocline
thickness and intensity. These and related problems
invite more extensive theoretical investigations. It is
expected that the present comprehensive documenta-
tion of the observed annual cycle of subsurface thermal
structure may provide a useful reference for further
empirical and modeling studies of the upper hydro-
sphere in the tropical Atlantic.
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