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Subtropical Shelf Front off eastern South America 
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Abstract. Historical hydrographic data from the continental shelf off eastern South America 
are used to examine the therrnohaline properties of the water masses in the region between 
20øS and 40øS. The continental shelf water masses are originated by dilution of open ocean 
waters of the western boundary currents of the South Atlantic Ocean. On the basis of tern- 
perature-salinity relation, two distinct water masses are identified, namely, the Subantarctic 
Shelf Water and the Subtropical Shelf Water. Subantarctic Shelf Water originates by dilution 
of Subantarctic Water, primarily in the southeast Pacific, due to excess precipitation and con- 
tinental runoff and enters the continental shelf near 55øS. The Subtropical Shelf Water is 
modified South Atlantic Central Water diluted by continental runoff from the coast of Brazil. 
In addition, substantial dilution of the upper shelf waters takes place at the mouth of Rio de la 
Plata (approximately located at 36øS) and, in a lesser extent, at the Patos-Mirim Lagoon (at 
32øS). The Rio de la Plata and the Patos outflows form a low-salinity tongue that caps the 
shelf water leading to a salinity decrease to values <30. The low-salinity tongue extends 
northward over the shelf penetrating farther north in winter than in summer. The extent of the 
low-salinity water has a strong impact on the vertical stratification and acts to limit winter 
convection to the layer above the halocline. There is little or no indication of mixing between 
Subantarctic Shelf Water and Subtropical Shelf Water. An intense temperature, salinity, and 
nutrient front separates these water masses. The front is oriented along the north-south direc- 
tion, located on average near the 50 rn isobath at 32øS and extends southward toward the shelf 
break near 36øS. Between 32 ø and 34øS the Subtropical Shelf Front follows the 100 to 200 rn 
isobaths and separates Subantarctic Shelf Water from the oceanic South Atlantic Central 
Water. On the basis of the temperature and salinity distributions, beneath the low-salinity sur- 
face layer, the Subtropical Shelf Front appears as an extension of the Brazil-Malvinas Conflu- 
ence over the continental shelf of South America. Thus the location of the Subtropical Shelf 
Front may be linked to the migrations of the separation point of the Brazil-Malvinas Conflu- 
ence from the continental slope. 

1. Introduction 

On the basis of the temperature and salinity characteristics, 
waters entering the continental shelf of eastern South America 
northeast of Cape Horn are moderately diluted subantarctic 
waters. Excess precipitation in the southeast Pacific and con- 
tinental runoff from southern Chile reduce the salinity over 
the shelf to values <33.9 [Deacon, 1933; Lusqui•os and 
Valdez, 1971]. Further dilution takes place by way of mixing 
with waters entering the shelf at the Straits of Magellan near 
55øS with salinity as low as 32.3 [Lusqui•os and Valdez, 
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1971; Krepper, 1977; Piola and Rivas, 1997]. In response to 
this inflow the salinity over the shelf increases from the coast 
to the shelf break where it reaches values higher than 33.8. 

On the basis of property distributions [Brandhorst and 
Castello, 1971; Lusqui•os, 1971; Lusqui•os and Valddz, 
1971; Guerrero and Piola, 1997], current observations [Piola 
and Rivas, 1997; Rivas, 1997], and models [Lusquigos and 
Shrott, 1983; Forbes and Garraffo, 1988; Glorioso and 
Flather, 1995; Rivas and Frank Langer, 1996] at latitudes 
higher than -•40øS, a mean flow over the shelf toward the 
NNE is inferred. The intense westerlies stress over the sur- 

face appears to be the main forcing for the mean circulation 
over the shelf [Forbes and Garraffo, 1988; Bakum and Par- 
rish, 1991 ]. 

North of-•37øS, however, the flow direction and intensity 
are more variable. This may be in part due to a substantial de- 
crease in the westerlies north of-•40øS and a relatively larger 
seasonal component in the wind stress variability [Hellerman 
and Rosenstein, 1983]. On the basis of a simple wind-driven 
model of the flow off southern Brazil and Uruguay it has been 
suggested that the mean flow reverses seasonally, being to- 
ward the SSW in summer and toward the NNE in winter 

[Peteira, 1989]. The current reversal in this model is associ- 
ated to the southward displacement of the South Atlantic 
high-pressure cell during the summer, which causes a reversal 
in wind stress in the region from 30 ø to 40øS [see HOfiich, 
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1984; Lima et al., 1996]. More recently, from the inversion 
of the heat conservation equation applied between 30 ø and 
35øS, Zavialov et al. [1998] have calculated a near-surface 
flow toward the NNE throughout the year. 

The entire area is characterized by a net annual heat gain 
from a maximum of 68 W/m 2 near 39øS decreasing northward 
to 38 W/m 2 north of 30øS [see Bunker and Goldsmith, 1979]. 
The highest heat input (~190 W/m 2) occurs in November and 
December, while 'the heat loss to the atmosphere is maximum 
in May, varying between 60 and 80 W/m:. 

Over the shelf, south of ~40øS, evaporation exceeds pre- 
cipitation by 50 cm/yr [H6fiich, 1984], and mean continental 
runoff is small (<5000 m3/s [United Nations Educational, 
Scientific and Cultural Organization (UNESCO), 1996]). 
The negative ocean mass balance induces a moderate north- 
ward salinity increase from 55 ø to 38øS. At 40øS the low- 
salinity tongue (S<33.6), whose origin can be traced south- 
ward to the Straits of' Magellan, is located on the middle shelf 
[Brandhorst and Castello, 1971; Guerrero and Piola, 1997]. 

The major freshwater inflow into the area is associated with 
the Rio de la Plata discharge, which averages 23.3x103 m3/s. 
A secondary freshwater discharge is from the Patos-Mirim 
Lagoon system, located near 32øS, averaging between 1500 
and 2000 m3/s [M6ller et al., 1991; M6ller, 1996]. In re- 
sponse to the continental runoff, between 30 ø and 36øS, 
subantarctic water and subtropical waters are frequently 
capped by a low-salinity layer. North of 34øS, the influence 
of the river discharge is stronger in winter and spring and 
weak in summer [Castello and M6ller, 1977]. Farther north, 
in the Southeast Brazil Bight (SBB), between 22 ø and 28øS, 
both the dynamics and the water mass structure are influenced 
by open ocean intrusions caused by the frequent meandering 
of the Brazil Current (BC) [Miranda and Castro, 1981; Cam- 
pos et al., 1995; Castro and Miranda, 1998]. Intense coastal 
upwelling is frequently observed in the region around Cabo 
Frio (22øS), and Ilha de S•o Sebasti•o (24øS). Wind-driven 
and shelf break upwelling induced by BC cyclonic meanders 
are believed to be responsible for pumping up nutrient-rich 
South Atlantic Central Water to the euphotic zone in the inner 
shelf [Campos et al., 1995, Matsuura, 1996]. 

In this paper we use historical hydrographic data collected 
over a period of several decades to describe the water mass 
characteristics and their distribution. The data handling and 
quality control procedures are described in section 2. The sur- 
face water characteristics and the role and extent of conti- 
nental runoff on the shelf water masses are discussed in sec- 

tion 3. On the basis of temperature-salinity and dissolved sili- 
cate distributions the water mass characteristics, their distri- 
bution, and seasonal variability are presented in sections 4 and 
5, and in section 6 the results are discussed. 

2. Data and Methods 

The historical hydrographic data used in this paper were 
obtained from the Argentine Oceanographic Data Center 
(CEADO). CEADO also archives data received from the Na- 
tional Data Centers in Brazil and Uruguay. Data originated by 
research institutions in other countries are obtained by 
CEADO through World Data Center-A in Washington, D.C. 
The station locations over the continental shelf are shown in 

Figure l a. In Table 1 the stations are sorted by ship name and 
country. The number of stations occupied each year after 

1950 is shown in Figure lb. Prior to 1950, only five hydro- 
graphic stations, occupied in the region by R/V Meteor in De- 
cember 1924 and January and July 1925, are archived by 
CEADO. The rather long time lapse between data collection 
and its public availability leads to the substantial reduction in 
the number of stations archived in the 1990s. 

Owing to the changes in methods and instrumentation during 
the time spanned, the data quality is heterogeneous. All sta- 
tions were checked for vertical stability and temperature and 
salinity data leading to c•r inversions >0.02 were flagged as 
doubtful and excluded from the analysis. Quality control of 
silicate data was based on potential temperature-silicate scat- 
terplots. Within 1 øxl ø areas and for each season, silicate data 
within 1 øC bins falling beyond two standard deviations were 
flagged as doubtful and excluded from the analysis. 

3. Surface Characteristics 

The distribution and seasonal variability of the surface tem- 
perature and salinity play a key role on the stratification over 
the shelf. Summer (January, February, and March) and winter 
(July, August, and September) distributions will be discussed. 
The surface temperature, salinity, and silicate averaged over 
1 ø latitude bands are shown in Figure 2 and in Table 2. To re- 
flect the continental shelf characteristics, the data collected in 
the Patos Lagoon have been excluded from the analysis. The 
shelf surface layer undergoes large seasonal temperature 
changes (Figure 2). South of 33øS, the amplitude of the sea 
surface temperature cycle exceeds 9øC [see Podestc• et al., 
1991] and reduces to <3øC north of 23øS. The decrease is 
gradual (~0.25øC/degree latitude) south of 24øS, but a sharp 
reduction in summer sea surface temperature occurs north of 
24øS. In this region the summer surface temperature variabil- 
ity is largest (3.73øC; see Table 2). Several repeat stations oc- 
cupied in the area (not shown here) show large in phase tem- 
perature and salinity fluctuations. The surface T-S char- 
acteristics reveal that the cold anomalies match the South At- 

lantic Central Water (SACW) characteristics. SACW fre- 
quently occupies the near-bottom region of the outer conti- 
nental shelf [Castro et al., 1987; Campos et al., 1995; Castro 
and Miranda, 1998] and is upwelled to the near surface in 
summer in the region off Cabo Frio [Bakum and Parrish, 
1990; Matsuura, 1996]. 

South of 37øS, the surface salinity shows only small varia- 
tions between 33.63 and 33.7. Near 37øS the influence of the 

Rio de la Plata discharge is apparent, producing a sharp 
freshening of the surface waters to <25 (Table 2) [see also 
Guerrero et al., 1997a, b; Frami•an et al., 1999]. A 
secondary source of low-salinity water is located at the mouth 
of Patos Lagoon, near 32øS [Ciotti et al., 1995; MOller, 1996]. 
The northward penetration of a quasi-continuous surface 
salinity minimum extending from Rio de la Plata is apparent 
throughout the year (Figure 3). In summer the 33 isohaline, 
which indicates dilution of shelf waters, reaches 32øS (Figure 
3a), whereas in winter the isohaline extends well north of 
28øS (Figure 3b). Thus the surface salinity distribution 
suggests some degree of seasonal variability in the surface 
circulation, in agreement with the results of Peteira [1989]. 
Similarly, northward penetration of low surface salinity water 
(S<32) beyond 32øS over the southern Brazilian shelf is 
apparent in synoptic data collected in spring 1987 and winter 
1988 [Lima et al., 1996, Figures 4d and 4fl. In contrast, a 
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Figure 1. (a) Hydrographic stations taken over the continental shelf (bottom depth<200 m) off eastern South 
America. Also shown are the 200, 1000, 2000, 3000, 4000, and 5000 m isobaths. (b) Yearly occupation of 
hydrographic stations after 1950 (only five stations were taken before 1950; see text). 

limited northward extent of surface waters fresher than 34 is 
found in the summer of 1990. As a result of the seasonal 

variability, north of 30øS, the summer surface salinity exceeds 
35, while in winter, similar values are only observed north of 
25øS (Figure 2 and Table 2). 

In summer, high mean surface silicate concentration (>10 
pmol/kg) are observed between 38 ø and 36øS. The high 
values in winter extend northward up to 30øS. The highest 

silicate concentrations appear to be associated with the 
freshwater discharge of Rio de la Plata and Patos Lagoon [see 
Castello and M6ller, 1977]. South of this region, the surface 
silicate is, on average, <10 pmol/kg, but large variations are 
observed. North of 30øS, the concentration decreases to 
values ranging between 2 and 10 pmol/kg (Figure 2 and Table 
2), while the higher surface silicate in the south is indicative 
of subantarctic influence. Thus the seasonal silicate 
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Table 1. Hydrographic Data Collected on the Continental 
Shelf Used in This Study 

Ship Name Country Cruises Stations 

Alntirante Saldanha Brazil 51 2610 

Capitan Canepa Argentina 35 624 
Squalus Brazil 17 617 
Professor W. Besnard Brazil 14 505 
Miguel dos Santos Brazil 5 304 
Alntirante Cantara Brazil 6 278 

Dr. E. Holmberg Argentina 8 187 
Orion Brazil 5 118 

Velliger Brazil 2 109 
Baependi Brazil 3 83 
Shinkai Maru Japan 7 81 
Solintoes Brazil 1 67 

Bertioga Brazil 3 45 
Larus Brazil 1 42 

Capitan Oca Balda Argentina 3 33 
Walther Herwig Germany 1 31 
Cantocim Brazil 1 28 

El Austral Argentina 7 27 
Ernst Haeckel Germany 1 26 
Bracui Brazil 2 22 

Akadernik Knipovich Russia 1 19 
Goyena Argentina 2 17 
General San Martin Argentina 1 15 
Coates United States 1 13 

Kaiyo Maru Japan 1 12 
Nasa Brazil 1 12 

Igaraty Brazil 1 9 
Atlantis United States 2 7 

Iguaterni Brazil 1 7 
Cornodoro Laserre Argentina 1 6 
Guanabara Brazil 1 6 

General Zapiola Argentina 2 6 
Meteor Germany 1 4 
Mikhail Lornonosov Russia 1 2 
Ob Russia 1 2 

Thomas Washington United States 1 2 
Edisto United States 1 1 
Glennon United States I 1 

Islas Orcadas Argentina 1 1 
Undaunted United States 1 1 
Total 196 5968 

differences observed between 32 ø and 26øS also reflect the 

changes in penetration of low-salinity water from Rio de la 
Plata. 

4. Temperature-Salinity Distributions 

Seasonal temperature versus salinity (T-S) distributions were 
prepared on the basis of all hydrographic data collected over 
the shelf (bottom depth <200 m) that passed the quality con- 
trol criteria described in section 2 (Figure 4). For clarity, in 
Figure 4, only samples with salinity >30 are included; thus the 
effects of continental discharge of Rio de la Plata and Patos 
Lagoon are not fully observed. For reference, the open ocean 
T-S characteristics are also shown schematically in Figure 4. 
These are representative of the major upper ocean water 
masses advected into the region by the Brazil and Malvinas 
Currents and, in Figure 4, are indicated as A and B, respec- 
tively. The warmest, shallower water within the southward 
flowing Brazil Current is the Tropical Water (TW), with tem- 
perature and salinity higher than 18.5øC and 36 [Campos et 
al., 1995], found immediately above the SACW. 

Although there is a large variability in T-S space, two well- 
defined water masses emerge in every season: one relatively 

warm and salty (5534.5) and another relatively cold and fresh 
(S<34.0). The warm, salty shelf water is characteristic of the 
northern part of the region, while the cold, fresh shelf water is 
typical of the southern part of the region. In the middle shelf 
the transition between these water masses is located in the vi- 

cinity of 33øS. Since the data are relatively evenly distributed 
over the shelf (Figure 1), a relatively narrow transition zone or 
front must exist between the water masses. In section 5 we 

will discuss the transition zone in detail. 

In summer, two varieties of warm (T>15øC) and salty 
(5534.5) shelf water are observed (Figure 4a). At Or>24.5 
kg/m 3 the saltiest variety closely follows the open ocean TW- 
SACW transition. Throughout the year this water mass is 
found in the outer shelf, where the bottom is deeper than 90 
m. The less salty variety is isohaline (S ~ 35.5) in the O'r 
range between 23.5 and 26 kg/m 3 and occupies the inner 
shelf, where the bottom is shallower than 50 m. We refer to 
this water mass as Subtropical Shelf Water (STSW). In T-S 
space the summer northern shelf water masses converge at a 
point close to 17øC, 35.5, and water colder than 17øC falls 
again close to the SACW characteristics. In winter the warm- 
est surface temperatures observed in the northern shelf de- 
crease on average to values of ~23øC, and it is more difficult 
to identify the STSW from the SACW. The winter northern 
shelf T-S distribution appears to be a product of cooling of the 
upper layer, with little change in salinity. The decreased sur- 
face temperature of the upper layer leads to a decreased verti- 
cal stratification. Water less dense than 24.5 kg/m 3 is fre- 
quently associated with a low-salinity layer, which is referred 
to as Coastal Water (CW) [see Castro and Miranda, 1998]. 

The coldest and densest northern shelf waters are found 

north of 23øS in the South Brazil Bight. This water falls well 
within the pure SACW T-S characteristics and is associated 
with the intrusion of SACW (line A in Figure 4 [see Matsu- 
ura, 1996; Castro and Miranda, 1998]). In winter the cold 
(T-10.5øC) and dense (or ~26.8 kg/m 3) water occupies the 
middle and outer shelf (where depth >70 m). Winter water 
onshore from the 70 m isobath is generally warmer than 16øC. 
In summer the coldest SACW observed in the South Brazil 

Bight is warmer than 13.5øC but, in contrast with the winter 
situation, extends to shallower waters beyond the 40 m iso- 
bath. Thus significant seasonal differences in characteristics 
and extension of the SACW intrusion, in agreement with the 
results of Castro et al. [1987] and Campos et al. [1995], are 
suggested. 

The cold, fresh variety of shelf water is located, on average, 
south of 33øS. Except for the low-salinity surface layer, this 
water mass is characterized by a rather uniform salinity, aver- 
aging-33.85 (Figure 4). The T-S distribution of open ocean 
subantarctic water, advected northward with the Malvinas 
Current, is indicated as line B in Figure 4. In contrast to the 
northern shelf, the southern shelf T-S distribution is always 
less salty than the water within the open ocean boundary cur- 
rent. Thus an intrusion of open ocean water is not observed in 
the south. Only near the 200 m isobath is there a narrow band 
where mixing of outer shelf bottom water and slope water 
causes a relative salinity minimum (S<34) within the 5 ø to 
7øC temperature range. As shown in section 3, the southern 
shelf water undergoes large seasonal changes in sea surface 
temperature, from ~20øC in summer to <10øC in winter (Table 
2). Associated with the seasonal variation in SST is a large 
change in the vertical stratification, from strongly stratified 
summer conditions to weakly stratified or homogeneous win- 
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Figure 2. Meridional distribution of (a) temperature, (b) salinity, and (c) silicate averaged over 1ø latitude 
bands. Only data collected over the continental shelf are included. 

ter conditions. In summer the surface water density decreases 
to c•r ~23.5 kg/m 3, and an intense thermocline is observed 
[Guerrero and Piota, 1997]. In winter the surface density in- 
creases to C•r ~25.5 kg/m 3. Given the T-S distribution and 
stratification characteristics, we refer to the southern shelf 
water mass as Subantarctic Shelf Water (SASW). The coldest 
(T~5.1øC) and densest (c•r ~26.8 kg/m 3) variety of SASW is 
found in the outer shelf at the bottom in summer and fall and 

throughout the water column in winter and spring. This near- 
bottom shelf water has density similar to the densest SACW 
found at the bottom in the outer shelf in the north but is sub- 

stantially colder and less salty. At c•7>26.0 kg/m 3 an increase 
in salinity from 33.65 at 9øC to 34.05 at 5.1øC in the SASW is 
evident mostly in the winter data. This inflection in T-S space 
marks the limited influence of open ocean Subantarctic Water 
which is characteristic of the outer shelf south of 35øS [see 

Piota and Gordon, 1989]. As pointed out above, very few 
observations lie between the bulk of STSW-SACW and 
SASW. 

North of 37øS, the SASW is capped by low-salinity water 
from Rio de la Plata. The Rio de la Plata and the Patos-Mirim 

outflows also undergo large seasonal temperature changes, 
which are apparent in Figure 4. The Rio de la Plata surface 
temperature ranges from >20øC in summer to <11øC in winter 
[see Guerrero et at., 1997a, b]. In winter the Rio de la Plata 
water marks the coldest variety of diluted inner shelf water 
found in the region south of 35øS. The Patos-Mirim outflow 
surface temperature varies between ~24 ø in summer and 
~13.5øC in winter [Mdtter et at., 1991]. In the inner shelf 
(depth<50 m) between 25 ø and 34øS the winter Rio de la 
Plata and Patos outflows produce a well-defined branch in T-S 
space along the mixing line of the STSW characteristics from 
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Table 2. Summer and Winter Surface Temperature T, Salinity S, and Silicate over the continental shelf averaged over 1 o 
Latitude Bands. 

Summer Winter 

Latitude, T, S Silicate, T, S Silicate, 
øS øC Ixmol/kg øC Ixmol/kg 

39.5 18.50 (0.99) 33.66 (0.10) 8.78 (4.75) 9.05 (1.53) 33.70 (0.15) 
38.5 19.22 (1.04) 33.69 (0.11) 7.23 (4.39) 8.87 (1.25) 33.63 (0.20) 
37.5 19.75 (1.68) 32.22 (2.07) 12.68 (11.91) 9.69 (1.66) 33.39 (0.83) 
36.5 20.70 (1.03) 25.95 (6.34) 14.63 (9.53) 11.94 (1.67) 25.42 (6.90) 
35.5 20.58 (0.79) 18.85 (8.39) 7.80 (0.00) 11.53 (1.28) 31.23 (3.59) 
34.5 22.61 (0.84) 31.75 (2.27) 1.93 (0.78) 12.65 (1.65) 31.72 (3.64) 
33.5 23.34 (0.71) 32.58 (0.77) 6.80 (0.00) 14.29 (1.98) 30.67 (2.88) 
32.5 24.04 (0.53) 33.68 (1.48) 1.00 (0.00) 14.46 (1.83) 30.54 (2.52) 
31.5 24.31 (0.66) 34.74 (1.03) 18.04 (2.64) 32.40 (2.74) 
30.5 24.22 (0.90) 35.32 (0.69) 2.90 (0.00) 17.48 (1.32) 33.09 (2.26) 
29.5 24.31 (0.66) 35.78 (0.23) 0.22 (0.06) 16.77 (1.33) 32.28 (1.71) 
28.5 23.67 (1.86) 35.28 (0.84) 3.12 (1.45) 17.44 (1.70) 33.32 (1.59) 
27.5 25.40 (0.33) 35.03 (0.45) 17.79 (0.62) 33.66 (0.97) 
26.5 25.98 (0.67) 35.27 (1.05) 3.36 (1.53) 19.04 (1.07) 34.57 (0.93) 
25.5 26.20 (0.93) 35.25 (1.06) 4.79 (1.52) 19.94 (0.89) 34.60 (0.96) 
24.5 27.16 (1.36) 34.67 (1.24) 3.96 (3.35) 21.08 (0.78) 35.58 (0.77) 
23.5 25.93 (1.78) 35.19 (0.92) 4.18 (3.39) 21.32 (1.27) 35.00 (3.95) 
22.5 22.32 (3.73) 35.62 (0.49) 26.15 (23.35) 21.32 (1.15) 35.55 (0.81) 
21.5 22.38 (0.99) 36.45 (0.44) 
20.5 25.01 (1.91) 36.25 (0.07) 1.90 (0.00) 22.45 (0.43) 36.44 (0.36) 

4.36 (4.27) 
16.53 (25.45) 
3.89 (4.67) 

21.58 (29.29) 
19.80 (19.86) 
30.76 (26.50) 
28.55 (20.26) 
12.46 (22.73) 
11.18 (9.88) 
9.83 (5.45) 
6.82 (4.08) 
5.26 (2.44) 
6.89 (5.20) 

11.20 (5.20) 
9.10 (5.83) 
6.84 (4.60) 
4.98 (2.28) 
3.43 (1.49) 
2.83 (2.00) 
3.66 (2.62) 

The standard deviations for each band are given in parenthesis. 

T-•19 ø to 20øC and S-•35.6 to T-•13øC and S-•30. Low-salin- 

ity (S<35) winter water warmer than 20øC (e.g., warmer than 
the local TW) is only found in the inner shelf north of 25øS. 

5. Subtropical Shelf Front 
On the basis of the meridional variation of sea surface tem- 

perature and the seasonal temperature-salinity distributions it 
is evident that below the low-salinity cap, two distinct water 
masses occupy the continental shelf in the region bounded by 
20 ø and 40øS. Moreover, it is apparent that a relatively nar- 
row transition zone or front separates these water masses. In 
this section we describe the transition zone. 

As shown above, the freshwater discharge of Rio de la Plata 
and Patos-Mirim Lagoon produce a widespread influence on 
the sea surface salinity. Large seasonal variations in sea sur- 
face temperature are also observed. Because the sharp transi- 
tion between the SASW and STSW is apparent below the up- 
per layers, we focus first on the temperature and salinity 
structures below the seasonal thermocline. We have chosen 

the 50 m depth layer, which is deep enough to minimize the 
large seasonal variability observed in the upper layers and yet 
includes a wide area of continental shelf. 

The distribution of temperature (Ts0), salinity (Ss0), and den- 
sity (c•s0) at 50 m depth in summer and winter from all stations 
located between the 50 and 100 m isobaths is shown in Figure 
5. Data farther offshore have been excluded to avoid an un- 

wanted influence of the deep ocean regimes. South of-•38øS, 
most data fall below 12øC; the few observations near 40øS 
with T50-•14øC were obtained in a region where the annual 
temperature cycle is high [Podestc• et al., 1991] and warm 
anomalies are frequently observed [Piola and Rivas, 1997]. 
Both summer and winter temperatures increase northward, 
reaching-18øC at 33øS and remain relatively unchanged far- 
ther north up to 28øS. The northward temperature increase is 

more abrupt (from 10.8 ø to 18øC) in winter. Although some 
high-temperature observations are found north of 28øS, in 
summer, T50 decreases on average to values varying between 
15 ø and 17øC. Over the shelf between 27 ø and 24øS, T50 is 
consistently 2øC higher in winter than in summer. This is the 
region where substantial intrusions of SACW are frequently 
observed [see Matsuura, 1996]. It is noted that north of 
-33øS, the coldest (and densest) variety of winter surface wa- 
ter is found off Cabo Frio, at 23øS. This water is virtually 
pure SACW that forms the branch of cold, salty water appar- 
ent in the summer and winter T-S distributions at 07. >26 
kg/m 3 (Figure 4). 

Between 40 ø and 35øS the salinity at 50 m remains remarka- 
bly constant (-•33.65) with values typical of the SASW. Be- 
tween 34 ø and 32øS, S50 increases to 35.5, typical of the 
STSW. In summer, S50 shows little variability north of 32øS, 
except for the region near 23øS, where the salinity varies be- 
tween 35 and 36.5. In winter, low-salinity (S<34) waters ex- 
tend from 30 ø to 26øS. The low-salinity observations cannot 
be associated to northward penetration of SASW because no 
low-temperature observations are found in that latitude range. 

The middle shelf temperature and salinity at 50 m suggest 
that a relatively narrow and intense frontal zone separates the 
SASW from the STSW; we refer to this feature as the Sub- 
tropical Shelf Front (STSF). On average, the front appears to 
be located in the vicinity of 33øS. Because the front location 
and vertical and horizontal extent may have substantial vari- 
ability, next we present one quasi-synoptic data set, which 
covers most of the shelf and western boundary currents in the 
area between 25 ø and 40øS. 

From late August to mid-November 1977, the R/V 
Altairante Saldanha occupied 201 hydrographic stations ar- 
ranged in 24 vertichl sections across the continental shelf and 
the western boundary currents (Figure 6). The cruise covers 
the shelf area between 25øS in the southern South Brazil 
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Figure 3. (a) Summer (January-March) and (b) winter (July-September) surface salinity distributions. Con-' 
tour interval is 5 for S<30 and 1 for S>30, and selected contours (S>35) at 0.5 are dashed. Note the noah- 
ward extension of the Rio de la Plata plume during winter. Dots indicate station locations. The shading indi- 
cates areas where S<33. 

Bight and 38øS, south of the mouth of Rio de la Plata. The 
salinity distribution at 50 m depth (Figure 6) reveals a sharp 
salinity front separating SASW (S<34) and STSW (5535). 
The front intersects the bottom off the mouth of Patos Lagoon 
at 32øS and is oriented in a noah-south direction across the 

shelf and farther offshore where it marks the subsurface tran- 

sition between the subantarctic and subtropical waters at the 
Brazil-Malvinas Confluence. 

Middle shelf vertical temperature and salinity sections from 
R/VAlmirante Saldanha are shown in Figure 7. The sections 
were prepared from the hydrographic stations located as close 
as possible to the 100 m isobath (see Figure 6 for section lo- 
cation). South of 35ø30'S the temperature is <12øC, and the 
thermal stratification is weak. These characteristics are typi- 
cal of winter SASW (see Figure 5a). Near 34øS (stations 65 
and 76), temperature increases to values >15øC throughout 
the water column, marking the transition between SASW and 
STSW. The front location and thermohaline characteristics 

observed in late winter 1977 agree with the transition found in 
the historical data at 50 m depth. 

The salinity section also shows a relatively uniform water 
mass south of 36øS, with values ranging between 33.65 and 
33.7. Near 35øS, in the upper 30 m of the water column, the 
low-salinity plume (S<26) from the Rio de la Plata discharge 
is evident. The plume extends noahward to -32øS. Below 
the low-salinity layer an intense salinity front is observed. 
The cross-front temperature and salinity gradients at 70 m are 
6øC/100 km and >1.5/100 km, respectively. Noah of the 
STSF at depths >30 m, there are no salinity observations <35. 
Though large horizontal temperature and salinity gradients are 
associated with the STSF; below the upper layer, these gradi- 

ents are nearly density compensating, and no large cross-front 
density gradient is found (Figure 7c). The 26 kg/m 3 isopycnal 
deepens noahward from the sea surface at 37øS to nearly 100 
m at the STSF and rises gently farther noah to reach 60 m in 
the SBB. Thus a wedge of low-density water is observed at 
the STSF, below the low-salinity water from Rio de la Plata 
(Figure 7c). 

The silicate section along the outer shelf (not shown) indi- 
cates near-surface values as high as 40 pmol/kg near 34øS, as- 
sociated to the Rio de la Plata discharge. Within the SASW, 
south of 38øS, silicate values vary between 4 and 7 pmol/kg 
and decrease noahward to <1 pmol/kg. In the South Brazil 
Bight, silicate varies between 1 and 4 pmol/kg, and there is a 
near-bottom maximum (7 to 12 pmol/kg) associated to the 
winter penetration of SACW in the outer shelf. 

There are substantial changes in the cross-shelf salinity 
structure at either side of the STSF. At 32øS, noah of the 
STSF (Figure 8a), the STSW is identified as a mixture of 
SACW penetrating to the middle shelf (5535) and the low- 
salinity upper layer. At 36øS the SASW (S<33.8) occupies 
most of the central and outer shelf and the low-salinity water 
influenced by the Rio de la Plata outflow is limited to the in- 
ner shelf (Figure 8b). The temperature and salinity contrast 
observed across the STSF (Figure7) is highest in the 25.5 to 
26 kg/m 3 Or range. At 36øS, SASW is found within the 25.5 
to 26 kg/m 3 Or interval, while noah of the STSF the same 
density range corresponds to the much saltier (S > 36) sub- 
surface layer characteristic of the Tropical Water and the outer 
shelf near-bottom high-salinity intrusion (S > 35) associated 
to SACW. The cross-shelf sections clearly show that there is 
neither northward penetration of SASW to 32øS nor south- 
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ward penetration of STSW to 36øS. These water masses must 
be advected offshore at the STSF. 

6. Discussion 

The large meridional variations in subsurface water mass 
properties observed over the middle and outer shelf below the 
upper 30 to 40 m of the water column (Figures 5 and 6) re- 
semble the variations observed in the open ocean across the 
Brazil-Malvinas Confluence. Synoptic distributions of tem- 
perature and salinity in the area (e.g., Figure 6) suggest that 

the location of the Subtropical Shelf Front may be linked to 
the point where the Brazil-Malvinas Confluence separates 
from the continental slope. The cross-front thermohaline gra- 
dients at the Brazil-Malvinas Confluence are associated with 
the convergence of water masses of the western boundary cur- 
rents. Similarly, the STSF must be maintained by the conver- 
gence of the SASW and STSW. Thus, below the low-salinity 
layers associated with the Rio de la Plata and Patos discharge 
the northward flow of SASW and southward flow of STSW is 
suggested. 

The northward flow of shelf water in the region south of 
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40øS has been inferred on the basis of observations and mod- 

els (see Piola and Rivas [ 1997] for a review). However, there 
has been considerable debate on the direction of the mean 
flow between 40øS and the mouth of Rio de la Plata. The 

controversy arises from the presence of subtropical plankton 
species in summer near shore, which has been interpreted as 
advection of subtropical water well south of 35øS. Balech 
[1949, 1971] referred to the warm coastal drift, and Boltov- 
skoy [1970, 1981] suggested that the observations of rela- 
tively high near-shore sea surface temperature were due in 
part to water from the western branch of the Brazil Current 
introduced over the shelf associated to local wind forcing and 
eddies. The intrusion of water from the Brazil Current or a 

southward extension of STSW should produce a rather large 
salinity increase in the area. However, the horizontal salinity 
distributions (e.g., Figures 3 and 6) and the T-S distributions 
(Figure 4) reveal that the SASW is relatively homogeneous in 
salinity, not significantly different from its source farther 
south. Though the flow direction cannot be inferred from 
these distributions, we find no evidence indicating the pene- 
tration of subtropical water over the shelf south of~35øS. 

Campos et al. [1996a] and Stevenson [1996] described the 
trajectories of three surface drifters deployed in the Brazil 
Current near 24øS in February 1993. After drifting toward the 
SE for a period of 4 to 6 months, all drifters moved onshore 
(at different times and latitudes) and described an elongated 
cyclonic loop to return northward over the shelf and reach, in 
July, latitudes close to that of deployment. Sea surface tem- 
perature from the drifters was close to 25øC along the south- 
ward path over the Brazil Current and 20øC over the shelf. 
Satellite-derived sea surface temperatures reveal that the cold- 
est water tongue over the shelf (17øC) extends northward to 
26øS [Campos et al., 1996a]. An additional drifter deployed 
at the Brazil Current in late April 1993 near 30øS also drifted 
onshore and followed a similar path and temperature trend, 
suggesting that the northward recirculation was indeed a large 
scale feature at the time. The path over the shelf and the rela- 
tively low sea surface temperature have been interpreted as a 
northward penetration of the Malvinas Current [Stevenson, 
1996]. The historical winter data reveal that relatively cold 
surface waters (T~17øC) are frequently observed over the 
shelf and may explain the observations of 1993 [see Campos 
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Figure 6. Salinity distribution at 50 m depth based on the 
hydrographic data collected from Almirante Saldanha 
betweeen late August and mid-November 1977. Small dots 
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tions used to prepare the vertical sections of Figure 7, and the 
large dots indicate stations used to prepare the vertical sec- 
tions of Figure 8. Thin lines are the 100, 200, 1000, 2000, 
3000, 4000, and 5000 m isobaths. 

et al., 1999]. The northward flow revealed by the surface 
drifters is possibly associated with the northward penetration 
of the winter low-temperature and low-salinity water from the 
Plata and Patos outflows to 27øS (Figure 3b). 

Alternatively, the northward flow may be associated with a 
northward recirculation of SASW. However, on the basis of 
the historical temperature and salinity distributions (e.g., Fig- 
ures 3 and 4), northward penetrations of SASW north of 30øS 
seem unlikely. Low sea surface salinity data (S<33) collected 
near 25øS in winter 1993 [Campos et al., 1996b] suggest that 
the northward penetration of low surface temperature water 
has substantial contributions from the Rio de la Plata. The 
climatological distribution of surface salinity (Figure 3b) 
shows that the northward penetration of low-salinity water is 
semipermanent during winter. 

There are also substantial and rather abrupt morphological 
variations along the continental shelf, which may significantly 
alter the flow. South of 39øS, the shelf width varies between 
350 and 500 km and decreases to <200 km at 37øS. The 
width continues decreasing northward to <90 km at 31 øS off 
southern Brazil. In the South Brazil Bight, near 25øS, the 
shelf widens again to 240 km. Thus, owing to the width and 
depth reduction the cross-shelf area decreases northward by a 
factor of 4.5, from 45x103 km 2 near 42øS to 9.7x103 km 2 at 
3 IøS. Consequently, either a significant increase in the ve- 
locity field or an export of shelf waters to the deep ocean ba- 
sins to the east is expected north of ~39øS. Observations of 
low-salinity water within the core of the Brazil-Malvinas Con- 

fluence near 40øS [Gordon, 1989; Provost et al., 1995] sug- 
gest that the advection of SASW occurs at the separation 
point of the boundary currents from the continental margin. 
The intense thermohaline contrast across the STSF (Figures 4, 
7, and 8) suggests that most of the SASW and STSW are ex- 
ported to the open ocean along the front. 

The northward extension of the low-salinity water from the 
Rio de la Plata outflow into the shelf off southern Brazil pro- 
duces a major impact on the vertical stratification. Though 
winter heat loss to the atmosphere will weaken the vertical 
stratification and favor vertical mixing, the low-salinity cap 
acts to limit and may eventually prevent vertical mixing. Evi- 
dence for the cooling of the low-salinity cap is found in the 
winter T-S distribution (Figure 4b). In the latitude range 24 ø 
to 33øS the winter surface waters show a trend in T-S space 
from the warm, high-salinity STSW 20øC at 35.5 toward 12øC 
at 30, and a subsurface T maximum (T-•20øC) is frequently 
observed. Winter heat loss to the atmosphere progressively 
cools the surface water, but convection is limited to the layer 
above the halocline. For instance, the Altairante Saldanha 
station 76 (Figure 4b) located over the 100 m isobath shows a 
cold, low-salinity surface layer capping the warm, salty 
STSW. This vertical structure has been referred to as inverted 

40 ø thermocline [Castello and MOller, 1977]. Inner shelf obser- 
vations at 30øS from winter 1966 show low surface tempera- 
ture (T=13.84øC) and salinity (S=26.09) water capping mix- 
tures of SACW, where (7517øC). Thus low sea surface tem- 
peratures observed in winter over the shelf off southern Brazil 
may be partly associated with the northward spreading of low- 
salinity water from the Rio de la Plata and Patos-Mirim La- 
goon. 

Between 30 ø and 26øS, relatively low temperature 
(T50<18øC), salinity (S50 < 34), and density (o50<24.8 kg/m 3) 
are observed at 50 m (Figure 5). In this area the late winter 
sea surface temperature is in the range 15 ø to 17øC, the water 
column is virtually isothermal, and the vertical salinity (and 
density) gradient is weaker than farther south, allowing some 
degree of vertical mixing. At 50 m depth the T-S characteris- 
tics match the surface T-S found at the vicinity of the head 
and the offshore edge of the low-salinity plume, suggesting 
that the low-salinity observations are associated to subduction 
or isopycnal mixing from the plume's edge. This is con- 
firmed by the observation of vertically homogeneous water 
columns at the edge of the low-salinity plume in winter 1962 
Thus, north of 34øS, the vertical extent of winter convection 
will strongly depend on the spreading of low-salinity waters 
over the shelf. 

To evaluate the possible effect of seasonal changes in the 
salinity distribution over the shelf, a simple mass and salt bal- 
ance is used. The mean freshwater imbalance through the sea 
surface is small throughout the region [Baumgartner and Rei- 
chel, 1975; HOfiich, 1984] and is therefore neglected in this 
analysis. The SASW salinity upstream from the Rio de la 
Plata is 33.65; thus all water with salinity <33.65 must be a 
product of dilution by the continental discharge. The mean 
volumes of water fresher than 33.65 in summer and winter are 

3.24x103 and 3.89x103 km 3, respectively, and the averaged 
salinity within that layer is 30.336 in summer and 30.389 in 
winter. On the basis of model estimates [Forbes and Gar- 
raffo, 1988] the input (northward) transport of SASW is set to 
0.97x106 m3/s in summer and 1.26x106 m3/s in winter. The 
Paranti discharge regime has undergone rather large inter- 
annual and interdecadal variations [Garcia and Vargas, 
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Figure 7. Alongshelf vertical sections of (a) temperature, (b) salinity, and (c) density anomaly (t;r) from data 
collected from R/V Altairante Saldanha in winter 1977. The section was prepared using stations close to the 
100 m isobath; see Figure 6 for station locations. Dots indicate water sample locations. Temperatures higher 
than 15øC and salinities higher than 35 are shaded to mark the STSW. 

1998]. Here we calculated the Rio de la Plata seasonal dis- 
charge based on 25 year-long monthly means of the Paranti 
and Uruguay rivers from the period between January 1973 and 
December 1997. From these data the mean freshwater dis- 
charge is 21.6xl 03 m3/s in summer and 23.2x103 m3/s in win- 
ter. On the basis of mass and salt conservation the volume 
transport of diluted waters (above the 33.65 isohaline) is 
0.22x106 mS/s in summer and 0.24x106 mS/s in winter. The 
transport estimates of the low-salinity water lead to mean 
residence times over the shelf of 6.2 months in summer and 
5.6 months in winter. These estimates must be regarded as a 
first approximation because freshwater imbalances through 
the sea surface and vertical mixing across the 33.65 isohaline 
have been neglected. 

The Paran/t River, which is the major contributor to the Rio 
de la Plata, shows highly coherent variability at a 30 month 

period with equatorial Pacific sea surface temperature anoma- 
lies, associated to El Nifio-Southern Oscillation (ENSO) [De- 
petris et al., 1996]. During intense events outflow values 
>50x103 m3/s have been recorded. In May and July 1983, 
June 1992, and November 1997 the Rio de la Plata monthly 
averaged outflow increased sharply from its average of 
~23x103 tO >40x103 m3/s. In response to the Rio de la Plata 
increased outflow associated with the 1982-1983 ENSO 

event, in late April and May 1983, the 30 isohaline extended 
-•150 km offshore and 200 km along the coast of Uruguay be- 
yond its average position (R. Guerrero, personal communi- 
cation, 1998). Similar effects of increased discharge from the 
Patos Lagoon on the salinity distribution have been observed 
during the 1987 ENSO [Ciotti et al., 1995; Lima et al., 1996]. 
Wintertime cold sea surface temperature anomalies observed 
over the shelf, coherent with ENSO, have recently been re- 



6576 PIOLA ET AL.: SUBTROPICAL SHELF FRONT OFF EASTERN SOUTH AMERICA 

80 81 82 83 85 

0 ß ß ß ß ß 

5O 25.5 

lOO 

150 

200 
• 0 50 100 150 
•' 22 523 24 25 26 • 0 •' 26.0 

26.0 

lOO 

<33.65 

150 

200 
0 50 lOO 15o 

Distance (km) 
Figure 8. Cross-shelf vertical salinity sections near (a) 32øS and (b) 36øS from data collected during winter 
1977 from R/V Altairante Saldanha. The station positions are indicated in Figure 6. The shaded areas 
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ported [Campos et al., 1999]. The displacement of isohalines 
associated with the river discharge variability is likely to pro- 
duce, locally, a significant impact on the vertical stratification. 
When the discharge from Rio de la Plata and the Patos La- 
goon increase in phase, the latter enhances the low-salinity 
plume. Numerical simulations [Kourafalou et al., 1996] pre- 
dict the increased river discharge should produce an extension 
of the coastal low-salinity tongue and of the cross-shelf low- 
salinity bulge. The seasonal change in the extent of the low 
surface salinity reported here is of the order of 800 to 1000 
km, a factor of 5 larger than the changes observed during the 
1983 large discharge event. It is possible that the increase in 
the offshore extension of the low-salinity water near the river 
mouth reaches the continental margin, is embedded in the 
core of the Brazil-Malvinas Confluence, and contributes to 
the low-surface salinity filaments observed by Gordon [1989]. 
Thus the seasonal variability, presumably associated to 
changes in the wind stress, appears to have a wider impact on 
the extent of the low-salinity water and on the stratification 
over the shelf than the large interannual discharge variability. 
Unfortunately, the relatively sparse surface salinity observa- 
tions preclude a quantitative comparison with the river dis- 
charge and circulation variability beyond the seasonal times- 
cale. 

7. Summary and Conclusions 

The historical hydrographic data available over the conti- 
nental shelf off eastern South America reveal that in the upper 
layer, there is a widespread influence of the continental dis- 
charge, primarily from Rio de la Plata (34øS) and, locally, 
from Patos Lagoon (32øS). During the austral winter the low- 
salinity plume (S<33) reaches 28øS, while in summer it is 
constrained to south of 32øS. The seasonal variability of the 
alongshore extent of the low-salinity plume, presumably in- 
duced by variations in the wind stress, is larger than the 
changes induced by the river discharge variability. 

A sharp contrast in water mass characteristics exists below 
the low-salinity plume. The relatively cold, fresh Subantarctic 
Shelf Water dominates south of ~33øS, while warm, salty 
Subtropical Shelf Water extends primarily north of that lati- 
tude. These water masses are separated by a relatively narrow 
frontal zone referred to as the Subtropical Shelf Front. The 
front runs approximately in a meridional direction and, due to 
its position and thermohaline characteristics, appears as an 
extension of the Brazil-Malvinas Confluence (Figure 6). 

The separation of the Brazil-Malvinas Confluence from the 
continental margin presents considerable meridional fluctua- 
tions [Olson et al., 1988; Provost et al., 1992]. Part of the 
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variability appears to be associated with the annual cycle, 
northward penetrations of the Malvinas Current up to 33øS in 
winter, and southward penetrations of the Brazil Current in 
summer [Olson et al., 1988; Garzoli and Garraffo, 1989; 
Matano, 1993; Matano et al., 1993]. Theoretical studies 
suggest that meridional excursions of the separation point are 
related to imbalances of the transports of the colliding western 
boundary currents [Agra and Nof, 1993; Lebedev and Nof, 
1996]. It is uncertain whether such variability is due to Mal- 
vinas Current variability or to the strength of the South Atlan- 
tic anticyclonic circulation [Matano, 1993; Garzoli and Giu- 
livi, 1994; Smith et al., 1994], though high Brazil Current 
transport events (--,40x10 -6 m3/s) seem to correspond to ex- 
treme southward penetrations [Goni et al., 1996]. Because 
the STSF appears as an extension of the Brazil-Malvinas Con- 
fluence over the continental shelf, it is possible that it also 
presents significant spatial fluctuations correlated to Brazil- 
Malvinas Confluence displacements. Although the thermo- 
halinc changes across the STSF are large, the frontal fluctua- 
tions are difficult to detect from the historical hydrographic 
data used in this study. Moreover, because the upper layer 
dynamics must be linked to the plume of low-salinity water, 
which controls the upper layer density field and which also 
undergoes large seasonal fluctuations, variations of the STSF 
may not be readily detectable based on satellite observations. 
It is therefore suggested that a more complete understanding 
of the dynamics and variability of the STSF structure will re- 
quire a combination of modeling and observations. 
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