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surface temperature of oceans surrounding subequatorial 
Africa: seasonal patterns, spatial coherence and long-term trends 

Villacastin-Herrero*l, UnderhilF, R.1.M. and L.v. Shannon3t 

'Marine Biology Research ~H,,,.H'.'v, ZOol(lgy Department, University Rondebosch. 7700 South Africa; 2Department of 
Statistical Sciences, University of 3Sea Fisheries Research Ins:tittne, Private Bay. 

A Fourier-type regression is used to model 
monthly values and trends of sea sur-

temperature (SST) in 88 areas the South Atlantic 
and South 1ndian oceans surrounding subequatorial 

based on more than two million measurements of 
SST over a period of 8i years (1910-1990). in most of the 
81 areas norlh of400S, the model accounts for a large por
lion of the observed variance in SST records and predicts 
well-defined seasonal trends in SST. in the more southerly 
areas (between 20° and 40"S), the in SST occurs in 
rPl1rll.flrv closer to the Equator it occurs in March, and in 
some areas near the Equator the South 
rn;,unnn,'H Current in April. In most the Indian Ocean 

around the coast and immediately 
south the Equator in the Atlantic Ocean, the minimum 
SST is in August. Elsewhere in that Atlantic 
Ocean investigated it is in September. seasonal 

in SST occur near the African coast in regions 
mT,me,/'ICf!a by the Angola and Agulhas currents and in the 
central South Atlantic where isotherms meridion
ally. Coherence in SST residuals between modelled results 
and observed data indicates that several of 
the ocean are influenced similarly. These 
conform with known oceanographic rellIU,res. 

western South Africa show nrr1nliflP< 

eral ocean areas and because of the Im".-,,,,,,", 

oCI~an()gj"aphic regimes are likely to be 
The model suggests an average warming 
region between 1910 and 1990. 

The marine environment around southern Africa is varia
ble, being influenced both by local events and intrusions of 
water from farther afield. 1 For example, the shelf off western 
southern Africa may be influenced by input of water from the 
north, the east and the south. I- 3 The variability of the marine 
environment has important consequences for the fish popula-
tions. and other resources, of the 4.5 

have indicated that in the 
coastal waters off southern Africa are linked with environmental 
"h'.n<T''''~ in the North Atlantic Ocean,6 and that "'''1Hl!;'''~ 
distributions and abundances of organisms in the sys
tem may be linked to changes in the biota of the North 
Atlantic, and even in some systems of the Pacific Ocean/ .... 9 

McLain et ai.,10 in a comprehensive study of sea surface tem
peratures within the Benguela, found that SST anomalies were 
more time rather than with distance. Walkeri I 
suggested that ocean dynamics and atnlosph€lric 
the South-East Atlantic should encompass a 

Dos,slble associations between SST and 
The basin-wide spatially 

effects within the have been further evidenced by 
Brundrit,12 who found good correlation between nearshore SST 
and sea-level trends. 

This paper further explores the possibility of linkages in the 
marine environment over large spatial scales by investigating 

between records of sea surface temperature in areas 
of 5" latitude and 5" longitude or, where data are sparse, combi
nations of such areas. The region considered is that surrounding 
subequatorial Africa, from the Equator to 50"S, and from 25"W 
to 500 E 

Material 

For all areas, SST records archived by the South African Data 
Centre for (SADCO) were used in the analysis. 
SST data at SADCO are mainly those taken merchant Volun-
tary Ships (VOS) and by ships of opportunity, collated 
at the Office in the UK. They provide the longest 
available time series of surface oceanic measurements around 
southern Africa. For some areas data were with infor-
mation obtained from SST charts compiled the Maritime 
Office of the South African Weather Bureau and from Bruce. 13 

SST data for the 1910-1990 Table 1) were as 
in these years there were usually more than five records 
for most 5 x 5" areas. In earlier years there was a of SST 
records. Total numbers of SST observations used for each 5 x 5" 
area, or combination of areas, are listed in Table 1. The entire 

area had more than two million records for the period 
investigated. Data was high in the main commercial ship
ping lanes and around the coast, whereas in the ocean and at 
southern latitudes there were considerably fewer measurements. 
Numbers of SST records in each year are shown for three areas 
(chosen from the three main oceanic areas) in 2. There is 
substantial variation between months in the number of records 
available. Few data were collected World War II 

whereas there were many observations in the 1970s 
and 1980s. 

As SST records in the SADCO database had not been 
checked, they were screened for outliers by 
box-whisker of the data. Records were deleted if 
ated from those in the same 5 x 5° area for the same month in 
that year and in the three preceding and three years 
by more than two standard deviations. Biases in SST records 
result from changes in non-climatic factors such as methods of 
measuring temperature (canvas buckets, subject to eVlloo'rative 
cooling, were used prior to 1945 and intakes 
thereafter),14 ships used to measure SST 
sion from sail to steam and trends in ship 
routes.I~17 Corrections to account for these biases were made 
from information in Jones et al., IS who used a database of over 
63 million records to compare trends in SST records in the 
Southern Hemisphere with land air temperatures. SST values 
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Fig. I. The 88 areas considered in the analysis, showing the values of SST for each month computed by the 
Fourier model (commencing January, ending December). 

between 1903 and 1940 were increased by 0.49°C. Those in 
1941 were increased by 0.19°C. Records between 1942 and 1945 
were reduced by 0.1 0c. These corrections are in accord with fac

tors employed by Folland et al. 19 Although the quality control 
applied to the data is by no means exhaustive, it was believed to 
be reasonable in view of the nature of the statistical analysis in 

use here. 

Table I. Numbers of SST records for each of the areas used in the 
analysis, 1910-1990. Area numbers refer to those used in Fig. I. 

9508 

2 10931 

3 9592 

4 144915 

5 52963 

6 15659 

7 25464 

8 26141 

9 29051 

10 8168 

11 8457 

12 12187 

13 35164 

14 129501 

15 12153 

16 12354 

17 11449 

18 25459 

19 20540 

20 12880 

21 11072 

22 9556 

23 12595 

24 72056 

25 83713 

26 10368 

27 11987 

28 46777 

29 12925 

30 11300 

31 12136 

32 10852 

33 17583 

34 61689 

35 80163 

36 32274 

37 33851 

38 47820 

39 2143 

40 4268 

41 14535 

42 14613 

43 50793 

44 135475 

45 37995 

46 77415 

47 7220 

48 16250 

49 10999 

50 7386 

51 7643 

52 51115 

53 23473 

54 163979 

55 32176 

56 79710 

57 50065 

58 42947 

59 33658 

60 10608 

61 11704 

62 19347 

63 17642 

64 77247 

65 246627 

66 99948 

67 96035 

68 60726 

69 21060 

70 22174 

7t 3282 

72 5237 

73 6840 

74 7617 

75 8543 

76 14570 

77 21356 

78 9027 

79 7340 

80 6218 

81 10879 

82 1652 

83 1816 

84 2624 

85 6806 

8tl 2732 

87 3733 

88 12397 

Methods 

For each month in each year and area, the mean and standard 
deviation of SST, as well as the minimum and maximum, were 
determined. This allowed us to identify the clear outliers. A mul
tiple regression model was used to describe seasonal patterns of 
SST in each block. The dependent variable was Y" the mean of 
all available SSTs in month t, where t is measured in months 
since January 1910. The functional form of the model was: 

Y,=a + bt + CI sin9, +dl cos 9, + C2 sin 29,+ d2 cos29,+ e (I) 

where a, b, CI' C2' d l and d2 are regression coefficients estimated 
by the method of least squares; 9" in degrees, represents the mid
point of the month of the year in which the observation Y, was 
made; and e represents the residuals, assumed to have a normal 
distribution with mean 0 and variance 0 2. The term bt in the 
regression model enables us to test for long-term trend in SST. 
The trigonometric terms enable us to model the annual season
ality in SST. Thus the value of 9, for observations made in Janu
ary of any year is 15°, for February is 45°, ... for December is 
345°. The inclusion of the terms for second harmonics (sin 29, 
and cos 29,) improves the flexibility of the model in fitting the 
seasonality. Higher order harmonics were tried but not required. 
Similar models for seasonality have described rainfall 
probabilities2o and the occurrence of migrant birds.21 

The Fourier-type model with trigonometric terms, as in Equa
tion (I), holds an advantage over the more standard approach of 
computing the mean SST for each month, because fewer parame
ters are required to describe the seasonal pattern. Here, we use 
four parameters rather than 12 to describe seasonality. In addi
tion, the regression method enables the fitting of a term to take 
account of long-term temporal trends, and the regression coeffi
cient bin (1) represents the average monthly linear trend in SST. 

Monthly anomalies were computed as the residuals from the 
fitted model (I). These residuals were used to compute 'dis
tances' between two areas, i and j say. Let ei' be the difference 
between the observed and fitted values in block i in month t. 
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Fig. 2. Numbers of SST records available for (0) area 1, (b) area 66 
and (c) area 8, January 191O-December 1990. Locations of the areas are 
shown in Fig. 1. 

Then, the 'distance' between areas i andj was computed over all 
pairs of values eil and 

(2) 

where nij was the number of months for which both the residuals 
eil and e jl were available. 

The 88 x 88 matrix of distances between areas thus computed 
was represented in three dimensions using non-metric ordina
tion.22 The from a non-metric ordination can be read in the 
same way as a map. Areas are plotted close 
together in the three-dimensional space jf they have similar pat-
terns for their residuals. Thus a group of areas close 
together must show cohesion in their SST patterns time. 
The quality of the output from a non-metric ordination is meas
ured by means of a stress function, and the algorithm attempts to 
find the representation with minimum stress.22 The stress func
tion used was 5.3.6 of Greenacre and Underhill.23 This 
function does not suffer from the disadvantages of the standard 

stress in that with the modified 
stress function the detailed local arrangement of the points is 
meaningfu I and can be interpreted.23 

Results 

the percentage variation in the data 
the model based on a Fourier-type regres-

(1)]. For the southernmost areas 
a small of the variance (0- t 5%) was 

accounted a poor fit of the model. For areas 
71 between 35" and 40"S, the 
improved to between 39 and 75%. For areas farther north (1 
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the model accounted for more than 70% of the observed variance 
in 63 out of 70 and for more than 60% of the variation 
in five additional cases. The two exceptions were areas 55 (52%) 
and 6, where only 25.4% of the variance was modelled. In five 
cases (areas 14, 25, 34, 35 and 44) the model described more 
than 90% of the variation. 

Monthly SST values by the Fourier-type regression 
model are shown in I. As expected, temperatures are higher 
near the and decrease with increasing latitude. South of 

where the model fits poorly, the seasonal signal is reduced 
and the seasonal often unexpected, perhaps due to the 
unpredicted movement of all the major oceanographic currents 
that converge in that area. For the Fourier model com
putes maxima for areas 86 and 87 in June and 

the austral winter. 

For all areas in the region bounded by 25°S and 40"S the 
maximum monthly SST is predicted for February, as it is also in 
subtropical latitudes off Namibia and in the Indian Ocean. Far
ther to the north and west the maxima occur in March. In the 
extreme northwest (0-15"S, 10-25°\\,) and in the extreme 
northeast (0-5"S, 40-50"E) the maxima are in April. In area 4 
the maximum is in May~ 

North of 40"S, modelled monthly minima in SST occur in 
or in all areas, except area 4 and 

area 7 (July). In all 38 areas of the Atlantic Ocean west of 
south of 50 S and north of 400 S minima occur in """"'J''''i''''''''' 
except in area 16, at the extreme northeast of this where 
the minimum is in August. In five of these areas, the 
n .... l11rr .. n value for August is as low as that for In 

southwest of the continent, the minimum is also in 
as it is in areas 80 and 81, at the southeast of the 

considered. Elsewhere in the Indian around the southern 
rim of the west coast of the continent and in most 
of the areas in the Atlantic Ocean immediately south of the 
tor, the minimum occurs in August. 

The seasonal signal has the highest amplitude off northern 
Namibia and Angola (areas 17 and 27) 1). In area 27 the 
difference between the maximum and minimum is 7.1 "C. The 
""")lIilY"I;; in the seasonal signal decreases from Namibia south 

the African west coast, but at the southern rim of Africa 
increases The amplitude tends to decrease away from 
coastal areas in the Atlantic Ocean. However, there is a pro-
nounced seasonal in the southwest of the 
dered areas 49, 50, 60 and 61). In the Indian the 

in the seasonal signal decreases from south to north. 
The coefficient for the long-term trend [(b in (1)] 

for 73 areas and negative for just 15 3), indi-
prf~do!minrur:lt tendency to Five of the areas 

with were south of the 10 others were 
all in the Atlantic Ocean. In a scenario of warm-

the values of the coefficient b were such 
over the period (1910-1990), the orelllCtl:ld 
SST ranged from 0.1 to 2.2"C. The extreme 

to errors of extrapolation from observation in 
some areas concentrated into much shorter than 81 
years. The average increase in sea surface shown by 
the model is 0.46°C, excluding area 6 and all areas south of 400 S. 
When only those areas for which the trend contributed 
candy are considered, the average increase in sea surface 
ature shown by the model is 0.63°C. 

The representation of the coherence between residuals 
obtained for different areas is shown in 3, in which the third 

dimension is reflected by the size of the squares repre-
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Table 2. Percentage variation in the data explained by the Fourier-type regression model for each 
area. Also shown are months in which the predicted maximum and minimum SSTs will occur. 

l1l ., Month of predicted 
'/0 vanallon ________ --, 

Area explained Maximum Minimum Area 

2 

3 

4 

5 

6 

7 

8 

9 

10 

II 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

4\ 

42 

73.4 

79,7 

78,9 

87,8 

87.2 

25.4 

81.6 

77.4 

76,\ 

69,7 

75.5 

76,8 

81.4 

90,2 

82.1 

84.5 

81.3 

86,0 

84.3 

65.8 

66.4 

76,9 

81.6 

88,2 

90.7 

86,\ 

74,2 

86,7 

75.0 

67.6 

80,4 

82,1 

84.2 

91.5 

91.4 

72.8 

84,7 

86,0 

75,3 

69,3 

79,2 

85,0 

April August 45 

April August 46 

March-April August 47 

May October 48 

March August 49 

March August 50 

March July 51 

April August 52 

April August 53 

April September 54 

April September 55 

April September 56 

March-April Aug,-Sept 57 

March-April September 58 

March September 59 

March August 60 

March August 61 

March August 62 

March August 63 

April September 64 

April September 65 

April September 66 

March September 67 

March September 68 

March September 69 

March September 70 

March August 71 

March August 72 

March August 73 

March Aug,-Sept, 74 

March September 75 

March September 76 

March September 77 

March September 78 

March September 79 

March August 80 

March August 81 

March August 82 

March August 83 

March Aug,-Sept 84 

March September 85 

March September 86 

hi " Month of predicted 70 vanallon ________ _ 

explained 

63,7 

85,5 

77.6 

80,9 

80.4 

79,0 

85,3 

84,0 

89,2 

87,2 

52.0 

87,9 

830 

80,5 

74,6 

73,3 

76,3 

83,8 

84,8 

89,6 

69,8 

79,9 

63.7 

82.7 

70,8 

71.9 

57,7 

49,2 

50.3 

40,7 

38,7 

74,5 

74,2 

47,7 

49,7 

53,8 

59.4 

4,5 

3.5 

0,5 

\3,9 

0,1 

Maximum Minimum 

February August 

February August 

February August 

February August 

February Aug,-Sept. 

February Aug-Sept, 

February September 

February September 

February September 

February Aug,-Sept 

February August 

February August 

February August 

February August 

February August 

February September 

February September 

February September 

February September 

February August 

Jan,-Feb, August 

Jan.-Feb, August 

February August 

February August 

February August 

February August 

February September 

February September 

February September 

February September 

February September 

February August 

February August 

February Aug.-Sept. 

Feb,-Mar, Aug,-Sept. 

March September 

February September 

May-June September 

May-June October 

May-June September 

June December 

July December 
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Table 3. Long-term trend coefficients (slopes) for each area. Also shown is the significance (. P < 
0.05, •• P < 0.01, ••• P < 0.005, •••• P < 0.001) and the change in sea surface temperature (0C) 

predicted by the model over the total period of study (1910 to 1990). 

Area 

2 

3 

4 

5 

6 

7 

8 

9 

10 

II 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

Long-term 
Coefficient Significance change (OC) Area 

-0.0008 

-0.0008 

0.0012 

0.0010 

0.0030 

-0.1090 

-0.0053 

0.0060 

0.0059 

0.0067 

0.0012 

0.0026 

0.0016 

-0.0010 

0 .0048 

- 0.0074 

0.0044 

0.0058 

0.0060 

0.0065 

0.0056 

0.0051 

0.0052 

0.0045 

0.0010 

0.0125 

0 .0072 

0.0062 

0.0074 

-0.0034 

0.0060 

0.0074 

0.0001 

0.0046 

0.0008 

0.0000 

0.0112 

0.0066 

0.0090 

-0.0019 

0.0067 

-0.0021 

0.0050 

0.0022 

*.*. 

••• 

**** 

•••• 

**** 

••• 
••• * 

•••• 
** •• 

•••• 

**** 

••• * 

•••• 
•••• 

•• ** 

••• 

**** 

**** 

• 
•• ** 

**** 

**** 

•••• 

**** 

**** 

**** 

**** 

• 

-0.059 

-0.059 

0.148 

0.074 

0.222 

-8 .066 

-0.392 

0.444 

0.437 

0.496 

0.089 

0.192 

0.118 

-0.074 

0.355 

-0.548 

0.326 

0.429 

0.444 

0.481 

0.414 

0.377 

0.385 

0.333 

0.074 

0.925 

0.533 

0.459 

0.548 

0.252 

0.444 

0.548 

0.074 

0.340 

0.059 

0.000 

0 .829 

0.488 

0.666 

-0.363 

0.496 

-0.155 

0.370 

0.163 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 

81 

82 

83 

84 

85 

86 

87 

88 

Long-term 
Coefficient Significance change (OC) 

0.0300 

0.0114 

0.0077 

0.0026 

0.0020 

0.0088 

0.0068 

0.0041 

0.0013 

0.0019 

0.0150 

0.0103 

0.0090 

0.0095 

0.0161 

-0.0021 

0.0071 

0.0022 

0.0053 

0.0035 

0.0110 

0.0063 

0.QI12 

0.0008 

0.0057 

0.0000 

0.0157 

0.0180 

0.0227 

0.0104 

-0.0087 

0.0075 

-0.0045 

0.0263 

0.0231 

0.0128 

0.0140 

0.0222 

0.0006 

-0.0133 

0.0141 

0.0484 

-0.0365 

-0.0071 

•••• 
•••• 

**** 

**** 

*.*. 

•• 

••• * 

.*** 

**** 

•••• 
*.*. 

•• 

• •• 

**** 

•••• 

• ••• 

••• 

**** 

***. 

**** 

•••• 
•• 

•••• 
•••• 

*.*. 

•••• 

• 

**** 

•••• 

2.220 

0.844 

0.570 

0.192 

0.148 

0.651 

0.503 

0.303 

0.096 

0. 141 

1.110 

0.762 

0.666 

0.703 

1.914 

-0.155 

0.525 

0.163 

0.392 

0.259 

0.814 

0.466 

0.829 

0.059 

0.422 

0.000 

1.162 

1.332 

1.680 

0.770 

-0.644 

0.555 

-0.333 

1.946 

1.709 

0.947 

1.036 

1.643 

0.044 

-0.984 

1.043 

3.582 

-2.701 

-0.525 
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~40 

~49 
50 

~62 ~61 
~73 

~60 

~71 

senting areas. Squares of equal size fall on the same plane. In 
dimensions 1 and 2, the areas group approximately into six cate
gories (Fig. 3). These generally conform with integral areas of 
the ocean (Fig. 4). One group represents most of the Indian 
Ocean between the Equator and 300 S. A second includes areas in 
the Indian Ocean along the southeast African coast, extending 
into the South Atlantic Ocean. Four groups fall in the Atlantic 
Ocean, orientated mainly in a northwest-southeast direction. 

In the third dimension, four groups of areas can be discerned 
(Fig. 5). Two of these, at more or less the same plane, represent 
areas in the Indian Ocean and at the northwest of that portion of 
the Atlantic Ocean considered (Fig. 6). One includes many of the 
areas located between 35° and 400 S. The fourth group includes 
areas in the southeast Atlantic Ocean, north of 35°S, as well as 
most of the areas south of 400 S. 

Discussion 

The Fourier-type regression model does not adequately fit data 
for areas south of 400 S, where density of data is sparse (fable 1) 
and annual patterning is not strong. Elsewhere, the model 
accounts for much of the variation in data, except for area 6 
(fable 2). In general, for areas north of 400 S, months predicted 
for maximum and minimum temperatures agree with the analysis 
of Bottomley et al.,25 who used data for the period 1951-1980 
from the Meteorological Office's Main Marine Data Bank aug
mented by other sources. In the case of maximum temperatures, 
the same month was predicted for 71 of the 81 areas north of 
400 S, whereas for seven others there was a difference of only one 
pentad (five days) from the month predicted by our model. For 
minimum temperatures, there was agreement in 67 instances and 

South African Journal of Science Vol. 92 April1996 
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Fig. 3. Three-dimensional representation of 
coherence between residuals obtained for differ
ent areas. Residuals were determined as the dif
ference between observed and modelled SST 
values. The vertical dimension is indicated by 
the size of the square. In the two-dimensional 
plane, six groups of areas may be distinguished, 
as indicated by the shading. 

a difference of one pentad in eight others. For both maximum 
and minimum temperatures, there was only one instance (area 4) 
in which the month predicted differed by more than two pentads 
from the analysis of Bottomley et al. 25 

The warmest SSTs between 25 and 400 S are predicted by the 
Fourier-type model to occur in February, lagging the austral sols
tice by about two months. North of about the Tropic of Capri
corn, the maximum is predicted for March or later, at the 
conclusion of the period during which the sun is south of the 
Equator. The maxima in April to the northwest and northeast of 
the region studied may result from westward advection of warm 
surface waters by the South Equatorial Currents of the Atlantic 
and Indian oceans, respectively. 

Minima in the south-west Indian Ocean north of 35°S and 
along the west coast of Africa are generally in August, whereas 
minima farther west in the Atlantic Ocean, except immediately 
south of the Equator, are usually in September. The shape of the 
seasonal SST curve in the Indim Ocean is approximately sinu
soidal, roughly tracking the seasonal insolation curve, whereas in 
several Atlantic areas the seasonal SST curve has a ' saw tooth' 
configuration. The reasons for these differences between the 
Atlantic and Indian oceans are not obvious, although differences 
in cloud cover may be a contributory factor. Cloud cover during 
much of the year in the south-west Indian Ocean north of 35°S is 
typically less than 40% and in the south-east Atlantic and south 

of Africa between 35° and 400 S it is typically greater than 50%.26 
However, Gorshkov26 shows that the contributions of high level 
(highly reflective) clouds to these percentages are not resolved. 

The pronounced seasonal signals off Angola and along the 
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Fig. 4. Locations of six groups of areas apparent from coherence in the two-dimensional plane of Fig. 3. 

southern rim of Africa correspond respectively with the Angola 
Current and the western extremity of the Agulhas Current. The 
rapid drop in SST along the Angolan coast after March is caused 

by seasonal upwelling.27 Off Durban (area 56), SST in the Agul-
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has Current region is some 4°C cooler in winter than in sum
mer.28 The change in the temperature of the Agulhas Current is 
likely to account for at least part of the enhanced seasonal signal 
south of Africa. 

F}J9 

~19 

0 83l1li8 

~ ~18 

~38 

~88 
l....J87 Fig. 5. The four groups of areas (shaded) that may be 

distinguished from the vertical dimension of the tbree
dimensional representation of coherence between areas. 
The vertical dimension is indicated by the relative size 
of the squares. 
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Fig. 6. Locations of four groups of areas apparent from coherence in the vertical plane of Fig. 5. 

A pronounced seasonal signal in the central South Atlantic 
immediately north of the Subtropical Convergence (STC), 
namely, in areas 49, 50, 60 and 61, is apparent in Fig. 1. A con
tributing factor is likely to be relatively free meridional seasonal 
migration of surface isohalines in the area. Reference to 
Gorshkov26 and other climatic atlases, however, shows that sur
face isotherms in the western and central sectors of the South 
Atlantic tend to migrate meridionally seasonally through more 
than 10° of latitude. In contrast the surface isohalines are rela
tively static. It is also worth noting that the water boundary 
(STC) and the wind boundary (maximum convergence of Ekman 
drift) are nearly coincident south of the Brazil and Agulhas cur
rents,29 but near 15°W their separation is at its maximum in the 
South Atlantic. Together with the relatively shallow but pro
nounced summer thermocline in the area near 15°W, this may 
explain the large seasonal SST signal in the central South Atlan
tic. The STC in the South Atlantic west of about 0° has a very 
different structure from the STC south of Africa and in the south
west Indian Ocean, where the Agulhas Current and its retroflec
tion is a dominant feature, with consequent local intensification 
of the STC as a front and reduced seasonal meridional movement 
of the isotherms. 

In both the two-dimensional plane and the vertical dimension, 
areas in the northern sector of that portion of the Indian Ocean 
considered are grouped together (Figs 4 and 6). The vertical 
dimension places areas at the northwest of that section of the 
Atlantic Ocean investigated at a similar level to areas in the 
Indian Ocean (Fig. 5). However, these two groups are separated 
in the two-dimensional plane. 

In the two-dimensional plane, there is coherence between 
areas along the southeastern coast of Africa, extending to the 
southwest of Africa (Fig. 4). These areas correspond to the 
region of influence of the Agulhas Current, its retroflection zone 
and the Agulhas Return Current.28 

The two-dimensional plane distinguishes four sectors of the 
Atlantic Ocean between the Equator and 400 S (Fig. 4). In the 
northeast are a group of squares that correspond to the warm 

water regimes of the Angola Current and the South Equatorial 
Counter Current system. This group of squares also includes the 
waters off Namibia, which along the coast form part of the cool 
Benguela upwelling system.30 Most data used in the analysis 
were collected along the main shipping route between South 
Africa and Europe, offshore of the cool coastal upwelling area. 
To the southwest of these areas lies a group of areas that corre
sponds with the South East Trade Wind drift and the South Equa
torial Current in the South Atlantic.28 Farther southwest is 
another group of squares corresponding with water in the south 
central Atlantic Ocean. Lastly, there is a group of areas associ
ated with or north of the Subtropical Convergence. This group of 
areas extends north between 5° and 25 oW, approximating a 
northern location of the Subtropical Convergence.28 

In the vertical dimension of the representation of coherence 
between SST residuals, there is also indication of separation of 
the waters of the Subtropical Convergence in the Atlantic Ocean, 
between 35° and 400 S (Fig. 6.), from those immediately north of 
it. The vertical dimension distinguishes a group of areas off 
southwest Africa extending to the southwest. These areas repre
sent northeasterly flow of water from the southwest associated 
with the anticyclonic gyre in the South Atlantic.28 

The poor fit of the Fourier-type regression model to the data 
for areas 82-88 and 6 means that residuals for these areas will 
approximate the original (unmodelled) data. This resulted in 
these areas being computed by Equation (2) as having relatively 
large distances from the remaining areas, bot nonetheless fairly 
close to each other. The multidimensional scaling algorithm 
locates areas 82-88 (except 83) as a group outside of the main 
cluster of points (Fig. 3). The positioning of area 6 is anomalous, 
and is related to the poor fit of the seasonal model for this area. 
The raw SST data for this area were checked. No obvious errors 
were located, but the reason for the poor fit needs further investi
gation. These areas aside, the three-dimensional representation 
appears to capture adequately many of the known features of the 
physical environment that may be expected to influence SST. 

What emerges from the analysis is that the coastal marine 
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environment off southwestern Africa has associations with many 
different oceanographic regimes. Especially areas 55, 65 and 76, 
at the centre of the representation of coherence between SST 
residuals, appear to have affinities with many groups of areas. 
They are likely to be influenced from the north, west, south and 
east, and hence to be highly variable. This will complicate pre
diction of change in the environment, and hence in the distribu
tions and abundances of fish and other marine organisms that are 
influenced by environmental change. Other coastal areas around 
subequatorial Africa are not subject to as many diverse influ
ences. Hence their marine environment may be more predictable. 

The scope of the analysis does not permit investigation of link
ages between the North and South Atlantic - the area of investi
gation was bounded to the north by the Equator. However, 
coherence of SST residuals in the Atlantic Ocean near the equa
tor and farther south along the African coast accords with the 
possibility that some signi\ls in the marine environment may 
propagate over long distances in this region. Similar coherence in 
SST residuals in other parts of the oceans investigated indicates 
that such remote forcing of the marine environment may be 
widespread. A next step will be to investigate more closely the 
data points that give rise to the coherence, to ascertain whether 
specific events can be recognized that are responsible for the 
observed patterns. 

Although prediction of change in the marine environment off 
southern Africa remains complex, it is clear that well-defined 
seasonal patterns in SST exist in most of the areas investigated. 
These should facilitate prediction of the seasonal occurrence of 
migratory animals with temperature preferences, e.g. some 
tunas.)) In most regions around subequatorial Africa there 
appears to have been warming of surface waters between 1910 
and 1990, the average increase being 0.46°C. This is less than 
seasonal fluctuations in SST, but may still have an influence on 
the fauna. Continued warming could see an expansion of the dis
tributions of tropical species. Bottomley et af.25 record a long
term warming of SST in both the South Atlantic and South 
Indian oceans, as well as globally, since 1860, with periods of 
increased temperature being interspaced with dips. In both the 
South Atlantic and South Indian oceans they illustrate a warming 
of about 0.6°C between 1910 and 1990, in agreement with the 
Fourier-type model for areas where the trend was significant. 
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