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The Antarctic influence on Antarctic 
Intermediate Water 1 

by Eugene J. Molinelli' •' 

ABSTRACT 
lsopycnal geostrophic flow is postulated within the Antarctic Circumpolar Current. The 

major consequence of this is that a strong source (at least 3 X J 08m1sec-1) of water with 
Antarctic Intermediate Water densities (o-, = 27.2 to 27.3) and cold, fresh Antarctic Zone 
characteristics must occur in the southeast Pacific Ocean. This is consistent with the formation 
of isohaline thermoclines in the Subantarctic Zone of the southeast Pacific. 

Other characteristics of the flow , including the distribution of depth, temperature, salinity, 
dissolved oxygen and silicate on an isopycnal surface, are presented and discussed. Isopycnal 
mixing across the Polar Front Zone is expected to be important in general. The relation of 
this process to other mechanisms of Antarctic Intermediate Water formation is also discussed. 

I. Introduction 

In a recent paper, McCartney (1977) argues that the water mass traditionally 
referred to as Antarctic Intermediate Water (AAIW, and also called Subantarctic 
Intermediate Water) is derived from waters whose characteristics are determined 
by processes that occur solely in the subantarctic zone. The evolution of these 
Subantarctic Mode Waters (SAMW) culminates, after a circumpolar journey, in 
the subantarctic zone of the southeast Pacific Ocean and Drake Passage. Molinelli 
(1978) showed that waters with the proper density characteristics (o-0 = 27.2 to 
27 .3) were not found in the critical region of the subantarctic zone but, instead, 
were found in the Antarctic Zone and southern portion of the Antarctic Polar 
Front Zone (AAPF). The Antarctic sources were credited with the formation of 
isohaline thermoclines in the stratification of the Subantarctic Zone. These isohaline 
thermoclines represent deviations from the standard subantarctic stratification. 
The deviations can not be explained by the deep winter mixing which forms 
SAMW because they contain a vertical temperature gradient. Isopycnal mixing 
with Polar Front and Antarctic water readily explains their existence. In this 
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Figure I. Schematic vertical plane of hydrographic section. H represents dynamic height 
averaged over bracketed depth interval (weighted by thickness). Z represents thickness 
between arrowheads. Isopycnal transport is that accomplished through the area bounded 
by the density surfaces <T1,,. and ue, 

paper the arguments of Molinelli (1978) are supported by the results of isopycnal 
transport calculations which, in tum, are shown to be consistent with distributions 
of properties on an isopycnal surface. 

2. Isopycnal transport 

a. Definition of isopycnal transport. On a vertical section of density (actually, 
speci1ic gravity anomaly er, where p is a reference pressure, but the term density 
will be used for simplicity) there is an area that can be assigned to the neighbor-
hood of a density value. This area can be called an isopycnal area. When this 
area is multiplied by the horizontal component of velocity perpendicular to it, an 
isopycnal transport can be calculated. 

b. Calculation of isopycnal transport. Isopycnal transport is calculated in a 
manner analagous to the calculation of transport in 0-S class intervals introduced 
by Montgomery and Stroup (1962). The geostrophic relation gives the vertical 
distribution of the horizontal component of velocity perpendicular to an ocean 
vertical section along which density has been measured, give or take a constant. 
The geostrophic relation is therefore well suited to the calculation of isopycnal 
transports. Velocities can be determined at standard levels and linearly interpolated 
between. Isopycnal areas can be determined by linearly interpolating both in the 
vertical, to find the height, and in the horizontal, to find the base of the isopycnal 
parallelogram. Figure 1 illustrates the geometric simplifications made to determine 
isopycnal areas. 

The constant missing in the geostrophic relation is determined for Antarctic 
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north-south sections in the following way. There is a large transport into and out 
of every ocean via the Antarctic Circumpolar Current (ACC), the value of which 
is estimated as 139 (±30) X lO' m'sec- 1 in the Drake Passage (Bryden and Pills-
bury, 1977). The transport entering and leaving the oceans by all other routes 
total less than 5% of this value (e.g., Callahan, I 971). Therefore, to better than 
first order, the total transports across all north-south sections that cross the entire 
ACC, and nothing but the ACC, can be set equal. A ll sections that stretch from 
Antarctica to either Africa, Australia, New Zealand, or South America satisfy this 
requirement. The value to which the transports from these sections are set equal 
is 132 X !O' m'sec-1• This value is based upon the sum of 39 X !O'm'sec-1 

(the year-long average contribution to transport through the Drake Passage by 
speeds at 2700m depth determined by Bryden and Pillsbury, 1977) and the 
average transport in the Drake Passage relative to 2700m which is 93 x I 0°m' 
sec-1 (Nowlin et al., 1977). 

Error estimates are based on propagating measurement errors of temperature, 
salinity and depth at each station pair. For sections whose northern extremity does 
not terminate near one of the Southern Hemisphere continents, there is an addi-
tional source of error because the barotropic components of transport cannot be 
specified. For such sections the uncertainty in barotropic transport is assumed due 
to an uncertainty in speed of ±0.0lm sec-1 multiplied by the cross sectional area 
of the section. 

3. Application of isopycnal transport 

Lines of constant transport in two dimensional incompressible flow are stream-
lines. The small vertical dimensions and slopes of an isopycnal interval means that 
lines of constant isopycnal transport approximate streamlines. This parameter will 
then permit one to follow the evolution of water parcels in the ACC. In this 
procedure isopycnal transport is integrated from the south where the density sur-
faces intersect the sea surface. 

Isopycnal transport is a valid description of ocean water movements only where 
the density of a water parcel is not being altered. For the purposes of this paper, 
the regions of density alteration are considered confined to the surface 200m and 
the bottom 200m of the water column. Double diffusion in the Polar Front Zone 
(Joyce et al., 1978) can also alter the density of a water parcel. The effect of non-
isopycnal processes on the isopycnal transports can be considered analogous to the 

effects of sources and sinks on two-dimensional flow. 
Changes in water characteristics along a streamline are accomplished by iso-

pycnal stirring or by sources or sinks of water of the proper density. These proces-
ses are grouped, for this paper, under the term perpendicular fluxes, indicating that 
water did not advect into an area with the local characteristics. 



270 Journal of Marine Research [39, 2 

Table I. Data sources for hydrographic sections. 

Section Ship Cruise Station Numbers Month(s)/ 

Name Year(s) 

(Longitude) 

SOW R. D. Conrad 18 333-339, 341 Feb 1975 

60W Melville FDRAKE 29-37 Mar 1975 

71W Eltanin 5 43, 45-53 Oct-Nov 1962 

DISC75W Discovery 11 998 Oct 1932 
725, 727-734 Nov 1931 

75W Eltanin 5 40-42 Oct 1962 
10 205-214 Nov 1963 

DISC78W Discovery 11 1220-1224, 1226-1229 Dec 1933 
78W Eltanin 10 204, 215-218, 220-226 Nov 1963 
DISC80W Discovery II 983-86, 988-994 Oct 1932 
82W Eltanin 10 192-203 Oct 1963 

Thomas Washington PIQUERO 27-31 Feb 1969 
90W Eltanin II 251-253 Jan 1964 

Eltanin 13 292-297, 300, 303-308 May-Jun 1964 
Thomas Washington PIQUERO 32-40 Feb 1969 

95W Eltanin 17 421-435 Apr 1965 
I00W Eltanin 19 436-446 Jun-Jul 1965 
II0W Eltanin 19 446-453 Jul 1965 
115W Eltanifl II 227-245 Dec 1963-

Jan 1964 
120W Eltanin 33 818-829 Apr 1968 
135W Eltanin 17 405-416 Mar-Apr 1965 

Eltanin 19 454 Aug 1965 
Eltanin 24 578-581 Aug 1966 

160W Discovery II 1267, 1287 Jan-Feb 1934 
Eltanin 14 327-335, 337-344 Aug 1964 
Eltanin 28, 42 36, 1172 Apr 1967 

Mar 1970 
North wind NEMO 16-19 Feb 1972 

170E Thomas Washington ARIESll 44-47, 49-50 Feb 1971 
170E Eltanin 50 1508, 1510, 1512, 1514, Dec 1971 

1516, 1518, 1520, 1522, 
1523, 1525, 1527, 1529, 
1531, 1533 

Eltanin 36, 51 966, 52 Dec 1968, 

132E Eltanin 41 
Jan 1972 

I, 3-17, 20-21 Dec 1969-
Jan 1970 

115E Eltanin 45 1254-1269 Oct 1970 
85E Eltanin 47 1277, 1279, 1281, 1285 Feb-Mar 1971 

1286, 1290 
Eltanin 54 1547-1561 Jun-Jul 1972 40E R . D. Conrad 17 219, 252, 271, 273-275, Mar-Apr 1974 

277-283, 295-309 
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Figure 2. Postions and nominal longitudes of hydrographic sections used to define isopycnal 
transports and fluxes. Section at 60W and those within isohaline thermocline study area are 
mapped in the article by Molinelli (1978). Ship, cruise, station numbers and dates are, 
li sted in Table I. 

Nansen cast hydrographic sections from the historical data set at NODC are 
used in this analysis. They are listed in Table 1. Several are plotted in Figure 2, 
the remaining appear in Figure 4a of the paper by Molinelli ( 1978). 

a. Ocean slab models. Figure 3 shows clearly that isopycnal transport (transport 
within the 27.2 to 27.3 a-0 interval) increases significantly from 40E, south of 
Africa, eastward with the circumpolar current to 60W, south of South America. 
The increase is of fundamental importance. Water of this density is being injected 
into the Antarctic Circumpolar Current at the expense of water volume in another 
density interval. 

Water of the proper density is produced in the Indian Ocean (though not neces-
sarily south of Australia) and in the Pacific Ocean (Fig. 3). It is consumed in the 
Atlantic. Heat and salt fluxes can be used to define the average temperature and 
salinity transported into the isopycnal slab (Fig. 4). These properties can be used 
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Figure 3. Total isopycnal transport of the ACC through the seven sections that span the 
current, from top to bottom: 40E, 115E, 132E, !?OE, 90W, 60W and 50W. Surface to 
bottom transports have been normali zed to 132 Sv for all sections and error bars cal-
culated as described in text. 1 Sv = I 0'm'sec-•. The fi gure demonstrates the increase in 
transport in the Indian and Pacific Oceans which requires that sources exist there. The 
dashed line represents a distributed source with a strength of 0.215 Sv per 10• longitude. 

as boundary conditions for simple slab models to infer the net transport, and 
average properties, of indigenous sources and sinks. The inferred properties of the 
water gained or lost reveal geographic origins (e.g., cold, fresh additions imply an 
Antarctic source). Slab models for the Atl antic, Indian and Pacific Oceans with 
inferred net transports and average properties are shown in Figure 5. 

Transports at the circumpolar current boundaries of the slabs are good to within 
~ 10 % , but the inferred transport is not so well defined and may be off by a 
factor of 2 or more. The inferred temperature and salinity are dependent on, and 
sensitive to, the inferred transport chosen and so are also poorly controlled. 
Nevertheless, the numbers are useful as first order descriptions. 

The salient features of the models (Fig. 5) include: a 3 x 10•m•sec-1 source of 
Antarctic surface water in the Pacific consistent with the formation of isohaline 
thermoclines there (Molinelli , 1978), a 2 X 1 0'm'sec-1 source of warm, salty 
water in the Indian, consistent with the formation of Red Sea and Arabian Sea 
intermediate waters in that ocean (Rochford, 1958, 1961 and 1964); and a 5 X 
l0'm'sec-• sink of average properties in the Atl antic Ocean, consistent with the 
utili zation of intermediate waters in the North Atl antic for the formation of 
North Atlantic Deep Water (NADW, Worthington, 1976) and the consumption of 
surface waters in the Wedell Sea for the production of Antarctic Bottom Water 
(AABW). "Average properties" here means average properties transported into 
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Figure 4. Average temperature and salinity of waters in the 27.2 to 27.3 uo layer tran sported 
at the seven sections that span the ACC: 40E, 115E, 132E, 170E, 90W, 60W and 50W. 
The figure demonstrates the effects of warm and cold sources to the isopycnal layer. 

the Atlantic from the Pacific. The flow south of Africa is composed of two 
distinct regimes: an eastward flowing regime in the south carrying out water 
warmer and saltier than that entering from the Pacific; and a westward fl owing 
regime in the north, the Agulhas Current, carrying into the Altantic water even 
higher in temperature and salinity. 

A flow within each ocean consistent with the boundary conditions is proposed 
(Fig. 5) but is not unique. The numbers in these models are average properties of 
net transports. The actual flow may consist of many different water types, possibly 
none with the average values, that enter or leave the circulation in many combina-
tions. To disect these flows more detail on the structure of the ACC is presented 
in the next section. 

Since single sections, not the average of several sections, are used to separate 
the slabs, they may not represent the climatic mean transports at the boundaries. 
However, the effects of choosing different sections as slab boundaries were found 
to be not critical, in the few cases where choices existed. 

The model for the 27.2 to 27.3 interval in the ACC makes very good sense. 
As an independent check on the method that produced the model, it was applied 
to a density layer with a better known distribution of sources and sinks. NADW, 
recognized by its distinctive salinity maximum is produced solely in the Atlantic 
and incorporated into the ACC there. A density interval that spans the S-max in 
the Antarctic is the 37.0 to 37.1 u , interval. However, most of the variations in 
temperature and salinity occur at depths shallower than 1 000m (Jacobs and 
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Figure 5. Models for water in the AAIW density interval of the isohaline thermoclines. Open 
arrows represent measured flow and shaded arrows represent inferred sources and sinks. 
The scale for the width of the arrows is given by the 10 Sv (10 X !0'm'sec-') arrow in 
the upper left portion of the diagram. Temperatures and salinities listed are the average 
transported in the density interval. Heat and salt fluxes are obtained by multiplying the tem-
perature and salinity values by the transport. Broken arrows represent possible interior cir-
culations. Longitudes below vertical boundaries of boxes name the hydrographic sections 
(Table I and Fig. 2), that are used to separate the oceans. The significance of the warm salty 
source in the Indian and the cold fre sh source in the Pacific is discussed in the text. The 5 Sv 
sink in the Atlantic represents a signifi cant outflow of AAIW. 

Georgi, 1977, Figure 10a), so a CT0 interval is more appropriate to envelope the 
pertinent waters. The deep waters in the CT2 interval 37.0 to 37.1 occur in the <To 

range 27.77 to 27.83. Transports in this density range show a sole source in the 
Atlantic as required. They show a flow out of the ACC in the Indian Ocean with 
CDW characteristics, consistent with CDW utilization in the Weddell Basin for 
AABW formation. Thus the NADW slab models give credence to the results 
obtained for the 27.2 to 27.3 <To interval. 

Next, the isopycnal transport of the 27.1 to 27.2 <To interval is presented. This 
is the density interval fed by Subantarctic Mode Water (SAMW) in the southeast 
Pacific. The model is shown in Figure 6. 

The remarkable feature of this model is the strong 6 x 1 0•m•sec-1 source 
of 4 °C water in the Pacific, which flows through the Drake Passage to be lost in 
the Atlantic circulation. SAMW of this temperature is probably formed in the 
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Figure 6. Models for water in the AAlW density interval of Subantarctic Mode Water. Arrows 
and values as in Figure 9. The strong source in the Pacific has SAMW characteristics. The 
sink in the Atlantic represents an outflow of AAIW. 

southeast Pacific and spreads throughout the Pacific to supply the AAIW in that 
ocean. Figure 6 shows that more SAMW is produced in the southeast Pacific 
than is necessary to balance the loss of Pacific AAIW by cross isopycnal proces-
ses. The excess 6 X lO'm'sec-1 then supplies a component of AAIW in the 
Atlantic, possibly with a warm contribution by the Agulhas Current. 

The models of Figure 6 do not rule out isopycnal exchange with Polar Front 
Zone surface waters affecting the characteristics in the layer. The models merely 
indicate that such effects are not associated with changes in the volume of the 
layer. Since the affluent and effluent thermohaline properties for each ocean are 
so similar, the models of Figure 6 further indicate that the warming exchanges are 
in approximate balance with the cooling exchanges for each ocean. 

This section has demonstrated two major points: (1) that the likely contribution 
of Antarctic waters to the 27 .2 to 27 .3 cro layer is on the same order as the 
contribution by the intermediate waters of the Indian; and (2) that the total con-
tribution of the 27.2 to 27.3 cro layer to AAIW is on the same order as the 
SAMW contribution. 

b. A CC structure. It is possible to detail the structure of the ACC on a scale 
finer than that of the slab models. The transport between each station pair in a 
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Figure 7a. Average salinity (above) and potential temperature (below) transported at a par-
ticular position within tbe ACC at 50W. Position within ACC is measured by isopycnal trans-
port in tbe 27.2 to 27.3 u , layer summed from the south. Error bars are labeled. 

meridional section and the average value of some property being transported can 
be calculated. The average value of the property can be plotted against the cross 
stream coordinate, in this case the isopycnal transport (which is summed from the 
south where the density surfaces intersect the sea surface). Horizontal portions of 
the resulting curve indicate transport modes. 

The transport-weighted structure of the ACC for the 27 .2 to 27 .3 <To interval 
has been determined at several longitudes (Table 1). The temperature and salinity 
structures for two representative sections are shown in Figures 7a and b. Since 
the curves represent a density interval, the salinity structure is not determined 
exactly by the temperature structure. 

Normalized transports and error bars on Figure 7 are calculated according to 
the methods outlined previously. The error bars indicate how far a given transport 
is likely to be from the actual baroclinic flow, and are important when comparing 
one section with another. When comparing two points on the same section, 
however, the presented error bars are larger, in general, than the actual error in 
the difference between the two points. This means that the shape of the ACC 
structure for a given meridian is well defined, though stretching or shrinking of 
the transport axis is usually required to bring it in line with the real flow. 

The plots show two similar features. First, temperature (and salinity) increases 
wi th increasing isopycnal transport ( due to the fact that transport is defined to 
increase to the north). Second, properties change rapidly from zero to about 6 x 
lO'm'sec- 1 , north of which the water which makes up the ACC is rather homo-
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Figure 7b. Same as 7a, but for 78W. Dashed line is Discovery section taken 30 years earlier. 

geneous. This shape means that the curves are well defined because the errors in 
the abscissa (isopycnal transport) are largest where the curve is flattest. This 
shape also means that about half the ACC transport is associated with a relatively 
homogeneous water type. 

Structures at different longitudes can be compared directly using these plots, 
because lines of constant transport, determined from a fixed point ( or an imper-
meable wall) , are streamlines for two-dimensional incompressible flow. In this 
context, the southern boundary, where the bottom of the density layer outcrops, 
serves as the impermeable wall - no water of the proper density can cross it . 
Changes along a streamline indicate fluxes perpendicular to the streamline either 
by mixing (isopycnally) or by the presence of sources and sinks (due to non-
isopycnal processes in the field of flow. 

Comparisons of ACC structure at different longitudes show the importance of 
the perpendicular fluxes. When comparing only two adjacent longitudes, however, 
the errors allow little more than an order of magnitude estimate of the perpendi-

cular fluxes. 
Trends established by several sections can be interpreted with more confidence. 

Such regional trends in perpendicular fluxes become apparent when the data of 
Table t are combined on a longitude vs. isopycnal transport map. This map can 
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Figure 8. Map of temperature in the ACC. Vertic al coordinate is longitude, with positions of 
contin ents mark ed. Horizontal coordinate is isopycnal tran sport in the 27.2 to 27.3 uo layer, 
wilh streamlines represented by str aight vertical lines. South is to the left. Arrows indicate 
positions of hydrographic stations wi th montb(s) li sted to the left. Isotherms are labeled in 
degrees Celsiu s. Along streamlines waters alternately warm and cool. 

be thought of as a horizontal map with isopycnal transport in the place of latitude 
as the cross current coordinate. Temperature is plotted on this map and contoured 
in Figure 8. The error analysis shows that variations in isotherm position of lO'm' 
sec-1 or more are significant in almost every case. 

The warmest water in the 27.2 to 27.3 cr0 layer of the circumpolar flow is 5°C 
and is found at 40E, south of Africa. This high temperature marks the contribu-
tion by the intermediate waters of the Indian Ocean discussed with the slab model. 
The coldest water in the circumpolar flow (-l.5°C) is found from 82W to 78W 
in the southeast Pacific, where isohaline thermoclines are formed. 

When interpreting Figure 8, it is useful to discriminate between the effect of 
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Figure 9. Schematic map of temperature in the ACC for three ideal cases: no volume sources 
or sinks and no isopycnal mixing (a); a 2 Sv volume source of cold water with no isopycnal 
mixing (b); and isopycnal mixing with no volume sources or sinks (c). These cases help 
in interpreting Figure 8. 

isopycnal mixing and the effects of volume sources or sinks. If there were no 
isopycnal mixing and no sources or sinks, the temperature would not change along 
a streamline and isotherms would be straight and vertical (Fig. 9a). If there were 
no isopycnal mixing but a volume source in the south, the parallel lines would 
be deflected (right) to higher transport values by an amount equal to the transport 
of the source (Fig. 9b). If the source were also colder than the low transport 
temperatures, a new, colder isotherm would "appear." For a sink in the south, 
the parallel lines would be deflected (left) to lower transport values. If there were 
no transport changes but only isopycnal mixing, the original temperature structure 
would gradually homogenize (Fig. 9c); isotherms would not remain parallel, but 
middle temperature ranges would widen (increase their transport) and extreme 
temperature ranges would thin (decrease their transport). 

Northern sources and sinks do not deflect isotherms south of them and are 
therefore less noticeable, but extreme temperatures would mark them. Thus Figure 
8 depicts the warm source at 40E and the isopycnal mixing that occurs down-
stream from that point as the 4.5°C to 5°C range thins and 3.5 to 4.5°C range 
thickens from 40 to 160E. 

Figure 8 also shows a source near Kerguelen (SOE), a gradual sink south of 
Australia, a cold source at 120W and the very cold, very strong source near 80W, 
in the southeast Pacific. Some of the water introduced at 80W is removed in a 
sink between there and the Drake Passage (60W), but some of it mixes isopycnally 
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(in isohaline thennoclines) to cool more northerly waters. The source in the 
Paci.fie slab model attests to the net contribution of the SOW source. The SOW 
source is marked by the three Eltanin sections at 82W, 78W and 75W which 
were occupied on the same cruise. The year to year persistence of the SOW 
source is evidenced by the Discovery sections in the same locations (SOW, 78W, 
75W) occupied on separate cruises three decades earlier (see Fig. 7b). 

The existence of a sink between 78W and 60W is required because the total 
isopycnal transport at 78W (20 ± 3 Sv X 1 0'm'sec-1) is larger than any isopycnal 
transport through the Drake Passage (11 ± 2 X l0'm'sec-1, Table 2). The sink is 
probably caused by a heat loss to the atmosphere sufficient to increase the density 
of the circulating waters beyond 27.3 cr0 • It is possible that some waters are turned 
south, west of the Antarctic Peninsula, before being cooled into a denser layer 
(there is no estimate of baroclinic flow across this sector). This is consistent with a 
surface current cyclonic gyre in the Bellingshausen Sea. Warm waters (greater than 
3.7°C) in the northern ACC turning to the north at Chile can account for some of 
the decrease in transport. It is also possible that intermittent, large transports of 
cold water pass through the Drake Passage in other seasons. All the sections used in 
Table 2 were collected in the summer months, January to March. The high 
transports associated with the source region were all measured in the fall months, 
October to December. If this is the case, a seasonal variation in the strength of the 
Antarctic source is necessary, with the 3 X l06m'sec-1 inferred from the slab 
model representing a minimum. Since in the Antarctic Zone of the southeast Pacific 
the density interval lies in the winter mixed layers (Molinelli, 1978), a seasonal 
variation is reasonable. 

Table 2. lsopycnal Transport (27.2 to 27.3 u. layer) through the Drake Passage. 

Section (Month) Total Isopycnal Average Average 
Transport* Transport u s 

(Sv) (Sv) (°C) (%,) 

Melville mt (March) 110 12.3 2.8 34.18 
Melville II (Feb-Mar) 111 12.5 2.8 34.18 
Melville IV (March) 80 11.6 2.8 34.19 
Melville VI (March) 68 8.9 2.3 34.19 
Hudson (February) 75 10.2 2.7 34.18 
Piquero (January) 103 10.7 2.45 34.15 
Conrad (February) 13.9 2.8 34.19 

Average: 11.4 2.7 34.18 
Standard deviation: 1.7 

• 0 to 3000 db, before normalization to 132 Sv by introducing barotropic velocities. 
t Melville III is identified elsewhere in this chapter as the section at 60W. Location of the 

sections is plotted in Nowlin et al., (1977). 
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Figure 10. The mean depth of the 27.2 to 27.3 u, layer plotted against isopycnal transport 
integrated from the south. Individual sections are represented by separate symbols. Each 
point represents depth at one station against isopycnal tran sport up to that station. All 
sections show slopes similar to the 1 Sv ( I 011m3sec- 1 ) per 100 m depth represented by solid 
line on figure . 

4. An isopycnal surface 

Comparisons between the southeast Pacific and other regions, especially those 
north of the ACC, can be made by describing the distributions on a potential 
density surface. Here the 27.25 a-0 surface is described. Properties on the 27.25 
a-0 surface are obtained by linearly interpolating the data used in the !SOS Atlas 
(Gordon and Molinelli, 1981). Since density is not a linear function of 0 and S, 
the interpolated 0, S pairs do not return the nominal density when combined. Thus 
the 3,896 interpolated points represent a a-0 of 27.246 :!: 0.007. 

The distribution of properties on the 27 .25 isopycnal surface can be related to 
isopycnal transports (between 27.2 and 27.3) since, below 200m, a 100m change 
in depth corresponds to 1 0'm'sec- 1 of isopycnal transport (Fig. 10). Isopleths of 
the 27.25 a-0 surface can therefore be used as streamlines. The relationship springs 
from the fact that the density surfaces in the Antarctic tend to parallel each other. 
Regions of large depth change then indicate regions of large cumulative density 
gradients and hence large velocities relative to the bottom. The same dependency 
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Figure 11. Depth of 27.25 uo surface in meters. Hatched areas inside Om contour corre-
spond to regions where entire water column is denser than uo = 27.25. Density surface inter-
sects the bottom at contours enclosing dotted areas, which represent regions where the entire 
water column is lighter than o-, = 27.25. Isopleths also correspond to streamlines of isopy-
cnal flow. 

accounts for the relation of dynamic height in the Antarctic to depth of the S-max 
(which is approximately an isopycnal surface) pointed out by Gordon (1972). 

a. lsopycnal depth. Over the greater part of the ocean south of SOS, the 27.25 
cr0 surface is within I 00m of the sea surface or outcrops to the sea surface (Fig. 
11). The structure demonstrated by the zero depth contour is often due to the 
non-synoptic character of the data, but some regional differences are apparent. 

The waters above the continental shelves adjacent to the Ross Sea and Weddell 
Sea are always denser than 27.25 cr0 and therefore should not be important in 
determining the properties on that isopycnal surface. Waters above the Weddell 
Basin, between !OW and 20E, and waters near 110E and !SOW, and in the 
Weddell-Scotia Confluence along 60S are usually denser than 27 .25 cr0 and 
probably exert very little influence on it . 
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Figure 12. Potential temperature on 27.25 uo surface in degrees Celsius. Shaded areas are the 
same as in Figure 13. In addition, waters colder than -1 °C are hatched by lines running 
from the upper left to the lower right. 

Surface waters south and west of Kerguelen are very close to a o-0 of 27.25 
over large areas and are likely to be important. Also of likely importance is the 
area between 130W and 70W, where the outcropping of the 27.25 0-0 surface 
shows predominantly seasonal variations. The sources in those areas, based on the 
interpretations made previously, are consistent with this topography. 

The circulation defined by the isopleths is circumpolar between 200m and 600m. 
The subtropical gyre north of the ACC is evident in the Atlantic where the north-
ward flow in the Benguela Current of the eastern Atlantic is marked by the 800m 
contour and the southward flow of the Brazil Current is marked by the 800m and 
1000m isopleths. In the Pacific, northward flow east of 120W is denoted by the 
1000m and 800m contours. The 1000m isopleth in the Pacific also denotes the 
westward flow north of 30S and southeastward flow north and east of New Zea-
land that complete the gyre. The southward flow of the Agulhas Current is made 
apparent by the 800m and 1000m contours in the southwest Indian Ocean. The 
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Figure 13. Salinity on 27.25 u, surface in parts per thousand. Shaded areas arc the same as 
in Figure 13. 

northward arm of that gyre (1000m contour), however, occurs in the Tasman 
Sea. Westward flow immediately south of Australia returns this water to the 
Indian Ocean. Such circulation schemes at AAJ.W densities have been published 
before (Taft, 1963, Reid, 1965; and Johnson, 1973). 

The isopycnal topography intersects the sea floor on the continental slopes of 
all the northern continents and New Zealand (Fig. 11). Bottom boundary proces-
ses that mix across isopycnal surfaces are possible in these vicinities, as are bottom 
sources for parameters such as silicate (e.g., Edmond et al., 1979). 

b. Temperature, salinity and oxygen. Figures 12, 13 and 14 depict the distribu-
tions of temperature, salinity and oxygen, respectively, on the isopycnal surface. 
Though salinity values on an isopycnal surface must be determined by tempera-
ture, they are provided for reference and for easy water type identification. 

Waters at this density are colder than -1 °C near Antarctic and warm to greater 
than 6°C near Africa and New Zealand. Oxygen values vary in the opposite 
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Figure 14. Dissolved oxygen on 27.25 u, surface in milliliters per liter. Shaded areas are the 
same as in Figure 13. 

sense, from maximum values greater than 7 ml x 1-1 adjacent to Antarctica to 
values less than 4.5 ml X 1-1 next to the west coast of South America. 

The warm waters near Africa have salinities near 34.6%0, which correspond to 
a point on the 0,S diagram where the 27.25 <r0 surface intersects a ridge in the 
volumetric diagram presented by Wyrtki (I 971) for western Indian Ocean waters 
between the latitudes I OS and 40S. This implies a source to the 27 .25 u, 

surface with those properties. Those properties are warmer and saltier than the 
average properties of the net input to the ACC determined by the model in Figure 
5, so a cold source in the Indian Ocean is also necessary. The area near Kerguelen 
where the density surface is in contact with the atmosphere is capable of supplying 
the required cold waters. 

Along the 800m and I 000m isopleths, the warm Agulhas waters caught up in 
the ACC cool as they cross the Indian Ocean. There is not the decrease in oxygen 
that would be expected in the presence of respiration but, instead, an increase in 
oxygen occurs (Fig. 14). This suggests the importance of isopycnal mixing with 
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the cold, high oxygen Antarctic waters in the Indian Ocean. Vertical mixing can 
be disregarded because the higher oxygen waters, which lie above the 27.25 <To 

surface in this area, are warmer (see Wyrtki, 1971) whereas the increase in 
oxygen (Fig. 14) is accompanied by a decrease in temperature (Fig. 12). The 
more marked increase in oxygen and decrease in temperature near Kerguelen is 
probably caused by the source in that area temporarily replacing Agulhas water 
in the ACC. 

There are very warm, salty waters adjacent to the continental slopes of New 
Zealand (Figs. 12 and 13) indicative of a source in that region. East-west verti-
cal sections from the Scorpio Expeditions (Stommel et al., 1973), show that in the 
vicinity of the continental slope the salinity minimum is exceptionally weakened. 
This suggests cross isopycnal mixing confined to bottom boundary layers, as 
proposed by Anni (1978). Since both overlying and underlying waters are saltier, 
the salinity must increase and therefore the resulting water of the same density 
must be warmer. The model for the Pacific (Fig. 5) indicates that, unlike the warm 
waters of the Agulhas Current, not much of the water near New Zealand is incor-
porated into the ACC to pass out of its ocean of formation. The warm salty source 
does not occur over as wide a depth interval, and therefore is associated with less 
transport than the Agulhas source. The warm, salty waters from New Zealand 
spread northwards in the Tasman Sea and southeastwards in the Pacific Ocean, 
consistent with the circulation proposed for those regions. The New Zealand source 
appears to be quite important for the properties in the Tasman Sea (Figs. 12 and 
13). 

The low dissolved oxygen contents adjacent to New Zealand and Australia 
(Fig. 14) may be due to boundary layer mixing, if more (low oxygen) water denser 
than 27.35 <To were involved in the mixing than (high oxygen) waters lighter 
than 27.25 <To (as long as the average. density of the waters mixed were 27.25 <T0). 

It is also possible that oxygen consumption is enhanced in bottom boundary layers. 
In either of these cases oxygen content should be lowest against the slope and 
increase cross-stream. The broad area of low oxygen (Fig. 14) does not show 
extreme values at the slope. Alternately, the low values on the Pacific side could 
belong to older waters which have travelled slowly once around the Paci.fie sub-
tropical gyre, and have therefore, through aging in the presence of respiration, 
had their oxygen depleted. The low values next to Australia could simil arly be 
due to the age of the slowly moving water travelling into the Tasman Sea and 
westward against Australia. 

Northward flow in the southeast Pacific by waters warmer than 3.7°C (salinities 
greater than 34.27% is suggested by the 4°C contour (Fig. 12). There is some 
indication that the waters flowing north along Chile are warmed more effectively 
than those farther offshore, as expected in the presence of bottom boundary 
mixing. There is a relatively high (greater than 5 ml X 1-1) oxygen tongue 
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extending northward near 120W (Fig. 14), unmatched in the salinity or tempera-
ture distributions. This indicates general northward flow throughout the area. The 
secondary northward tongue, east of 90W, may not be higher in oxygen because 
it is older than the water flowing north near 120W. Isopycnal spreading from the 
bottom boundary next to Chile may also have an effect. 

Dissolved oxygen content is lowest in the east Pacific, north of 35S (Fig. 14). 
Vertical mixing of the northward flowing waters adjacent to the Chilean slope and 
subsequent spreading may explain this distribution, as there are strong oxygen 
minima above and below the 27.25 u 0 surface (Stammel et al., 1973). This lowest 
oxygen water may also be part of a separate circulation whose source is in the 
north. The extension of the low oxygen water out into the Pacific along 28S is 
consistent with the circulation scheme presented here (Fig. 11) and elsewhere 
(Reid, 1965; Johnson, 1973). 

Northward flow along the Argentine slope, as far as 40S, transports waters 
colder than 3 °C and fresher than 34.2%0 in the Falkland Current of the southwest 
Atlantic (Figs. 12 and 13). These waters have isohaline thermocline properties 
and oxygen contents over 6 ml X 1-1 (Fig. 14). Waters warmer than 4°C (salinity 
greater than 34.3%0 and oxygen concentrations less than 5 ml X 1-1) flow south-
ward in the western Atlantic as part of the Brazil Current (Figs. 12, 13, and 14). 
The mixture (3° to 4°C, 34.2%0 to 34.3%0, and 5 to 6 ml X 1-') flows to the 
east between the 600m and 800m isopleths (Fig. 11). There a portion flows to 
the north in the Benguela Current (see 800m isopleth in Fig. 11) after having 
been increased in temperature and salinity and decreased in oxygen by contact 
with Agulhas waters, as evidenced by the 800m contour crossing the 4 °C, 34.3%0 
and 5 ml x 1-1 contours respectively (Figs. 12, 13, and 14). Some flow probably 
exits the ACC to the north with little or no Agulhas influence between 20W and 
40W. The 1000m isopleth is closed west of there and the 4°C, 34.3%0 and 5 ml 
X 1 - 1 contours are deflected northward in that area. 

It is possible that not all of the isohaline thermoclines formed in the southeast 
Pacific contribute to the 5 X 1 0' m'sec- 1 that flow from the ACC into the Atl antic, 
demanded by the slab model. This is because some isohaline thermoclines are 
present in the water flowing into the Indian Ocean south of Africa (see Jacobs 
and Georgi, 1977, Figure 7b, station 284). 

c. Silicate. The pattern of the silicate distribution (Fig. 15) is not simply 
related to the distributions shown by the other properties. Silicate does not vary 
monotonically from Antarctic to Subantarctic waters. 

The maximum silicates are found adjacent to Antarctica and are probably 
related to the upwelli ng of CDW in those areas. There are variations with longi-
tude, with the Weddell and Ross Seas being highest in silicate concentrations. 

The most obvious feature is the silicate minimum (less than 30 µgm X 1-1
) at 



288 Journal of Marine Research [39, 2 

Figure 15. Dissolved silicate on 27.25 er, surface in microgram atoms per liter. Shaded areas 
are the same as in Figure 13. The dashed line marks the silicate minimum band. 

mid-latitudes (Fig. 15). The minimum is usually near the Polar Front Zone where 
the depth of the isopycnal surface increases sharply. This minimum could mark 
the transition, during northward spreading, from a shallow (photic zone) regime 
in which silicate is utilized to a deep regime in which it is not. A source of silicate 
in the subantarctic would then cause a minimum to occur near the Polar Front 
Zone. The source could be redissolution of biogenic particles that sink from sur-
face areas of production. The silicate distribution shows maximum subantarctic 
concentrations near Africa, Australia and New Zealand, which suggests that 
bottom boundary layers may be a source of silica as well. This can occur by a 
cross isopycnal mixing process, as was suggested for oxygen (since the waters 
deeper than the 27.25 u , surface are higher in silicate as well as lower in oxygen). 
Bottom boundary enrichment could also occur because sediments serve as silicate 
sources even where the sea floor is not classified as siliceous (Fanning and Pilson, 
1974). 

The silicate minimum could also mean that the waters of the northern Antarctfo 
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Zone do not come from the high silicate surface waters of the Antarctic Diver-
gence, but are derived instead from subantarctic waters orginally low in density, 
salinity and silicate that have crossed the Polar Front Zone and have undergone 
cooling there. 

The great northward penetration of low silicate water near Kerguelen and 
Argentina are possibly related to the sources of 27 .2 to 27 .3 a-0 water just up-
stream of these areas. If the second explanation for the silicate minimum is cor-
rect, the northward penetration represents the return at depth of subantarctic 
waters altered in the Polar Front Zone. 

In general it is troublesome to explain the silicate distribution. Features difficult 
to explain include the values below 10 µ,gm X 1 -, near the Argentine slope and 
the ridge of high silicate in the Argentine Basin. Perhaps these features demonstrate 
a failure to correctly intercalibrate the silicate measurements made on different 
ships and cruises. The non-conservative nature of silicates and the lack of informa-
tion on the distribution of its consumption and production cause the greatest 
problems. 

5. AA1W formation 

Wlist (1936) and Deacon (1933, 1937) have stated that Antarctic Surface 
Water (AASW) mixes with surface waters from the Subantarctic Zone to produce 
a mixture which sinks in the Polar Front Zone to form AAIW. Martineau (1953) 
concurs, but in addition postulates a source of AAIW at the sea surface front 
between the Brazil and Falkland Currents where cabbeling would occur. Mc-
Cartney (1977) claims that AASW is not involved in the formation, but that 
atmospheric effects on the surface waters north of the Subantarctic Front alone 
are enough to alter SAMW to AAIW. Gordon et al., (1977a and 1977b) argue 
that northward spreading of AASW (specifically T-min waters) across the Polar 
Front Zone, and vertical mixing with overlying waters, produce the required altera-
tion to form AAIW . According to the work presented here AASW mixes only 
isopycnally with waters at depth in the Subantarctic Zone. 

The surface origin of Wlist's model "has been inferred from the nearly 
straight line on a 0,S diagram between AAIW core values and surface characteris-
tics in the Polar Front Zone . . . . However, there are few stations with subsurface 
S-min within the 100% to 65% range of Wlist's AAIW spectrum" (Jacobs and 
Georgi, 1977). Thls is not a problem for the last three models (McCartney, 1977; 
Gordon et al., 1977a and this paper), which alter surface waters during the forma-
tion process before having them flow northward as AAIW . Another problem is 
that the Wlist model follows a core that crosses isopycnals. 

The model of Martineau is useful for explaining the northward penetration of 
AAIW along the slope of Argentina in the southwest Atlantic (Jacobs and Georgi, 
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1977) and the low silicate source evident in the area on Figure 15. However, it 
depends upon a cabbeling mechanism that is not demonstrated, where gradients 
are so small that cabbeling ought not be important. 

The evidence for the McCartney model consists of the approach (in temperature) 
of surface waters north of the Subantarctic Front, which are presumed to be 
moving with the ACC, toward AAIW characteristics. The problem with this 
mechanism is that the coldest, freshest, densest form of SAMW (which is found 
in the southeast Pacific) is not cold, fresh or dense enough to qualify as AAIW 
in the southwest Atlantic (Molinelli, 1978, and Georgi, 1979). However, SAMW 
does reach the characteristics of the lighter AAIW found in the Pacific. 

The model of Gordon et al. (1977a and 1977b) successfully explains the tem-
perature, salinity, oxygen and tritium of Subantarctic waters at AAIW densities 
along with the presence of occasional T-min layers. It unnecessarily violates the 
principles of isopycnal oceanography by requiring rather immediate vertical mixing 
over depths of a few hundred meters. 

The evidence for the final model is the shoaling or outcropping of AAIW den-
sities near the Polar Front Zone (Gordon et al., 1977a, Jacobs and Georgi 1977), 
the formation of isohaline thermoclines in the southeast Pacific (Molinelli, 1978), 
and the strong source of cold water of the proper densities in the AASW of the 
southeast Pacific. This last one is an important point. Jacobs and Georgi ( I 977) 
state that " . . . isentropic methods are more useful for tracing water mass properties 
. .. than for elucidating the processes of water mass formation." Isopycnal trans-
port, then, constitutes a welcome extension of "isentropic" analysis as it gives 
some information on the location and properties of sources. The source in the 
southeast Pacific may help to explain the exceptional northward penetration of 
low salinity AAIW in the southwest Atlantic, which was pointed out by Jacobs 
and Georgi. The lack of a topographic barrier to the north may also be important, 
as they suggest. 

In their review of AAIW characteristics and formation, Jacobs and Georgi 
(1977, p. 61) state "There are striking differences between S-min values in the 
southwest regions of the three southern hemisphere oceans . . . These differences 
cannot be accounted for by T, S characteristics at the surface in the Polar Front 
Zone ... nor are there wide salinity variations in the 200m circumpolar band. 
. . . There must then be strong differences in AAIW circulation or production 
rates . .. " What has been shown in this paper is that variation in production 
rates is at least part of the answer. The southeast Pacific produces more water in 
the 27 .2 to 27 .3 <To range than any other part of the ocean sampled by this techni-
que. Circulation should also be part of the answer, for example, where the Red 
Sea water is brought south in the Agulhas Current. 

In the same review, Jacobs and Georgi (p. 60) state "The S-min core is not 
coincident with a single isopycnal surface in all the southern oceans, nor at all 
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stations on a single meridional section." The cause for this situation can be that 
each isopycnal interval has its own distribution of sources and sinks. Take, for 
example, the 27.1-27.2 and 27.2-27.3 0"0 intervals used herein. The salinity and 
density of the S-min would then depend upon the position of the station with 
respect to the sources and sinks of the various density layers. 

6. Summary 

Although non-isopycnal processes occur at the sea surface, sea bottom and 
along fronts, most of the Southern Ocean should be dominated by isopycnal 
processes. The non-isopycnal processes can be treated as sources or sinks to an 
otherwise isopycnal layer. The strength of such sources and sinks can be deter-
mined from comparing isopycnal transports at various longitudes. 

Isopycnal exchange across the Polar Front at densities greater than those of 
SAMW explains the production of isohaline thermoclines in the southeast Pacific. 
Their production is consistent with 11 source of 27.2 to 27.3 O"o water in the area. 
Here the contribution of isohaline thermocline densities to AAIW (5 X IO•m•sec-1) 

is found to be on the same order as the contribution of SAMW (6 X lO'm'sec-1). 
In addition to the 3 X l0'm'sec-1 source of 27.2 to 27.3 O"o water in the south-

east Pacific, there is a warm salty 2 X l 0'm'sec-1 source in the Indian Ocean due 
to Red Sea and Arabian Sea waters. These waters contribute to the northward 
flow in the Benguela Current. Other likely sources identified were cool waters 
from the surface near Kerguelen and warm waters from the bottom boundary 
layers of New Zealand. 

Isopycnal mixing explains the increasing oxygen and decreasing temperature of 
warm Agulhas water incorporated into the ACC in the Indian Ocean, the forma-
tion of isohaline thermoclines in the southeast Pacific, and alterations in the Falk-
land-Brazil and Benguela Currents. Isopycnal mixing is likely to be important 
along the entire length of the ACC where the strongest gradients on the isopycnal 
surface are associated with the Polar Front. The front must then be maintained by 
the distribution of sources on either side of it. The Antarctic sources described 
above are important in the formation of AAIW. 
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