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

C.A. Villacastin-Herrero*!, L.G. Underhill?, R.J.M. Crawford® and L.V. Shannon®

‘Marine Biology Research Institute, Zoology Department, University of Cape Town, Rondebosch, 7700 South Africa; “Department of
Statistical Sciences, University of Cape Town; *Sea Fisheries Research Institute, Private Bag X2, Rogge Bay.

A Fourier-type regression equation is used to model
monthly values and long-term temporal trends of sea sur-
face temperature (SST) in 88 areas of the South Atlantic
and South Indian oceans surrounding subequatorial
Africa, based on more than two million measurements of
SST over a period of 81 years (1910~ 1990). In most of the
81 areas north of 40°S, the model accounts for a large por-
tion of the observed variance in $ST records and predicts
well-defined seasonal trends in SST. In the more southerly
areas (between 20° and 40°S), the peak in SST occurs in
February, closer to the Equator it occurs in March, and in
some areas near the Equator .influenced by the South
Eguatorial Current in April. In most of the Indian Ocean
considered, around the African coast and immediately
south of the Equator in the Atlantic Ocean, the minimum
$8T is in August. Elsewhere in that portion of the Atlantic
Ocean investigated it is in September High seasonal
amplitudes in SST occur near the African coast in regions
influenced by the Angola and Agulhas currents and in the
central South Atlantic where isotherms migrate meridion-
ally. Coherence in SST residuals between modelled results
and observed data indicates that several large regions of
the ocean are influenced similarly. These regions generally
conform with known oceanographic features. The coastal
regions off western South Africa show gffinities with sev-
eral ocean areas and because of the influence of several
oceanographic regimes are likely to be highly variable.
The model suggests an average warming of 0.46°C in the
region between 1910 and 1990,

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

Preliminary analyses have indicated that perturbations in the
coastal waters off southern Africa are linked with environmental
changes in the North Atlantic Ocean,® and that changes in the
distributions and abundances of organisms in the Benguela sys-
tem similarly may be linked to changes in the biota of the North
Atlantic, and even in some systems of the Pacific Ocean.*

McLain er al.,'% in a comprehensive study of sea surface tem-
peratures within the Benguela, found that SST anomalies were
more persistant through time rather than with distance, Walker'!
suggested that ocean dynamics and atmospheric forcing within
the South-East Atlantic region should encompass a larger portion
of the basin to allow for possible associations between SST and
local atmospheric forcing. The basin-wide spatially arranged
effects within the Benguela have been further evidenced by
Brundrit,'? 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
relationships 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 S50°E (Fig. 1).

Material

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

S8T data for the period 1910-1990 (see Table 1) were used, as
in these years there were usually more than five monthly records
for most 5 x 5° areas. In earlier years there was a scarcity of S8T
records. Total numbers of SST observations used for each 5 x 5°
area, or combination of areas, are listed in Table 1. The entire
study area had more than two million records for the period
investigated. Data density was high in the main commercial ship-
ping lanes and around the coast, whereas in the deep 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 Fig. 2. There is
substantial variation between months in the number of records
available, Few data were collected during World War I
(1939--45), whereas there were many observations in the 1970s
and 1980s.

As S8T records in the SADCO database had not been
checked, they were screened for outliers by visually inspecting
box-whisker plots of the data. Records were deleted if they devi-
ated from those in the same 5 x 5° area for the same month in
that year and in the three preceding and three succeeding 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 evaporative
cooling, were typically used prior to 1945 and engine intakes
thereafter),'* ships used to measure SST (including the conver-
sion from sail to steam and trends in ship size) and shipping
routes. 17 Corrections to account for these biases were made
from information in Jones ef al.,'® 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. 2. Numbers of 85T records available for (@) area 1, (b) area 66
and (¢} area 8, January 1910-December 1990. Locations of the areas are
shown in Fig. 1.

Then, the ‘distance’ between areas { and f was computed over all
pairs of values ¢, and ¢; as:

[ (ei:-ej:)z}%
dy = | L= @

i3 ij

where n; was the number of months for which both the residuals
e, and ¢, were available.

The 88 x 88 matrix of distances between areas thus computed
was represented in three dimensions using non-metric ordina-
tion.?2 The output from a non-metric ordination can be read in the
same way as a geographical map. Areas are plotied close
together in the three-dimensional space if they have similar pat-
terns for their residuals. Thus a group of areas plotted close
together must show cohesion in their SST patterns through 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.”? The stress func-
tion used was equation 5.3.6 of Greenacre and Underhill?® This
function does not suffer from the disadvantages of the standard
Kruskal-Shepard stress function,® in that with the modified
stress function the detailed local arrangement of the points is
meaningful and can be interpreted.”

Results

Table 2 shows, by block, the percentage variation in the data
which is explained by the model based on a Fourier-type regres-
sion [(Equation (1)]. For the southernmost areas (82-88;
40°-50°8), only a small proportion of the variance (0-15%) was
accounted for, indicating a poor fit of the model. For areas
7181, between 35° and 40°S, the percentage explained
improved to between 39 and 75%. For areas farther north (1-70),
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the mode! accounted for more than 70% of the observed variance
in 63 out of 70 instances, 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.

Moenthly SST values computid by the Fourier-type regression
mode] are shown in Fig. 1. As expected, temperatures are higher
near the Equator and decrease with increasing latitude. South of
40°S, where the model fits poorly, the seasonal signal is reduced
and the seasonal paltern often unexpected, perhaps due o the
unpredicted movement of all the major oceanographic currents
that converge in that area. For example, the Fourier model com-
putes maxima for areas 86 and 87 in June and July respectively,
during 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°W) 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 88T occur in
August or September in all areas, except area 4 (October) and
area 7 (July). In all 38 areas of the Atlantic Ocean west of 10°E,
south of 5°S and north of 40°S minima occur in September,
except in area 16, at the extreme northeast of this region, where
the predicted minimum is in August. In five of these areas, the
predicted value for August is as low as that for September. In
area 75, southwest of the continent, the minimum is also in Sep-
tember, as it is in areas 80 and 81, at the southeast of the region
considered. Elsewhere in the Indian Ocean, around the southern
rim of Africa, along the west coast of the continent and in most
of the areas in the Atlantic Ocean immediately south of the Equa-
tor, the minimum occurs in August.

The seasonal signal has the highest amplitude off northern
Namibia and Angola (areas 17 and 27) (Fig. 1). In area 27 the
difference between the maximum and minimum is 7.1°C. The
amplitude in the seasonal signal decreases from Namibia south
along the African west coast, but at the southemn rim of Africa
increases again. The amplimude tends to decrease away from
coastal areas in the Atlantic Ocean. However, there is a pro-
nounced seasonal signal in the southwest of the region consi-
dered (e.g. areas 49, 50, 60 and 61). In the Indian Ocean, the
amplitude in the seasonal signal decreases from south to north.

The coefficient for the long-term trend [(b in Equation (1)]
was positive for 73 areas and negative for just 15 (Table 3), indi-
cating a predominant tendency to warming. Five of the areas
with long-term cooling were south of Africa; the 10 others were
all in the Atlantic Ocean. In a possible scenario of global warm-
ing, the values of the coefficient b were such that, extrapolating
over the 81-year period (1910-1990), the predicted increase in
SS8T ranged from 0.1 to 2.2°C. The extreme values are due
mostly to errors of extrapolation from observation periods in
some areas being concentrated into periods much shorter than 81
years. The average increase in sea surface temperature shown by
the model is 0.46°C, excluding area 6 and all areas south of 40°S.
When only those areas for which the trend contributed signifi-
cantly are considered, the average increase in sea surface temper-
ature shown by the model is 0.63°C.

The representation of the coherence between residuals
obtained for different areas is shown in Fig. 3, in which the third
{vertical) 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.

Area

L =R S N R L I

% variation
explained
734
79.7
789
878
87.2
254
81.6
77.4
76.1
69.7
755
76.8
874
90.2
g2.1
845
81.3
86.0
843
65.8
66.4
76.9
81.6
88.2
90.7
86.1
742
8.7
750
67.6
804
82.1
84.2
915
914
72.8
847
86.0
75.3
69.3
79.2
85.0
85.7
918

Month of predicted
Maximum Minimum
April August
April August
March~-April  August
May October
March August
March August
March July
April August
April August
April September
April September
April September
March—-April  Aug.—-Sept.
March—April  September
March September
March August
March August
March August
March August
Agpril September
Aprl September
April September
March September
March September
March September
March September
March Auvgust
March August
March August
March Aug.~Sept.
March September
March September
March September
March September
March September
March August
March August
March August
March August
March Aug.—-Sept.
March September
March September
March September
March September

Area

45
46

% variation
explained
63.7
855
776
805
80.4
79.0
853
84.0
89.2
87.2
520
87.9
83.0
80.5
74.6
733
76.3
83.8
848
89.6
69.8
799
63.7
827
70.8
719
517
492
50.3
40.7
387
745
74.2
477
49.7
538
59.4
4.3
35
0.5
13.9
0.1
1.4
43

Month of predicted
Maximom  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
February = November
February  September
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