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Abstract—The seasonal and interannual variations of the Sea Surface Salinity (SSS) are analysed in
the tropical Atlantic (15°S-30°N, 80°W-15°E) from observations collected by merchant ships
between 1977 and 1989 and earlier by ORSTOM research vessels. The harmonic analysis of SSS
shows a well defined seasonal cycle both within a 5°N-15°N zonal belt and west of 50°W at higher
latitudes. In the eastern Atlantic between 10 and 20°N (along the shipping lanes West Africa—South
Africa and West Africa—Brazil), SSS increased from 1977 to 1985, particularly near 10°N. SSS
variability is mostly related to the river outflow (Amazon, Orinoco and Congo) west of 40°W and in
southern Gulf of Guinea. In the eastern Atlantic, precipitation associated with the ITCZ largely
control the SSS seasonal variations.

INTRODUCTION

IN tropical areas, away from the coastal boundaries and shelves, the spatial distribution
and temporal variability of the Sea Surface Salinity (SSS) are caused by the evaporation—
precipitation balance, advection and mixing. SSS is therefore an index of the intensity and
the location of the water exchanges at the air—ocean interface. In the vicinity of the
continents, the discharge of rivers drastically changes the SSS, and the spreading of these
fresh tongues can be used as tracers of the oceanic circulation.

Earlier studies of SSS by Tayror and Steprens (1980), Levitus (1986, 1989) and
NEUMANN et al. (1975) have documented seasonal and interannual variations in the
Atlantic. An extensive survey of the tropical zone is described in the present publication.
After consideration of data and methods, the annual cycle of the SSS in the whole tropical
Atlantic is described. We then show that the Western Tropical Atlantic is influenced
mainly by the Amazon River while the Eastern Tropical Atlantic is mostly influenced by
precipitation. The relation between SSS and the freshwater balance is then considered,
and finally some evidence of long-term evolution of the SSS will be presented.
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About 90% of the data outside the Gulf of Guinea have been collected by ships of
opportunity. A water sample is gathered at the sea surface, four times a day, using a bucket

DATA AND METHODS
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Fig. 1. Density of SSS observations per 1° X 1° square.

and is preserved in a sealed jar; later, salinity is determined by a Guidline Auto Sal 8400A
salinometer (DONGUY et al., 1980). This program, following an earlier one (BErrir, 1961,
1962) started in 1977, totalling more than 57,000 surface salinity observations by
December 1989.

Some observations have been compared to nearby surface salinities done with a CTD
aboard research vessels for maximum space and time separations of 30 nautical miles and
15 days. The mean difference (0.1 p.s.u.) shows the higher values from the bucket
measurements aboard ships of opportunity. DELcrox and HENIN (1991) have found a
comparable mean difference (0.083 p.s.u.). This overestimate of the bucket measure-
ments can have several explanations: salt in the bucket due to the evaporation of the
remnants of the previous sample, influence of the ship which, according to its load and its
draught may break down the salinity vertical stratification, the imperfect sealing of the jars
stored during several weeks.

Although discontinuous time-space sampling may be questionable for describing low
frequency variability, some comparisons made by DELcroix and HenIN (1991) show a
close agreement between interpolated and recorded value, except in the vicinity of salinity
fronis.

In order to improve the spatial coverage, profiles of salinity transmitted to the TOGA
Subsurface Data Centre (Brest) have been added to our data set. In the Gulf of Guinea, we
have used measurements taken by ORSTOM research cruises, which contribute to 25% of
the whole data set. Figure 1 shows that observations by 1° square are the largest along four
shipping tracks: Europe-West Indies—Central America (Track 5); Europe-French
Guyana (Track 20); Europe-Brazil (Track 11); Europe-West Africa—South Africa (Track
15). The track numbers are issued from the TOGA Subsurface Data Centre. The
observation density is also good in the coastal areas of the Gulf of Guinea.

The seasonal variability has been documented by long term monthly mean charts on a
1° X 1° grid prepared by objective analysis of all the available data (See Appendix).

The year-to-year variability has been documented by objective analysis along the four
shipping tracks using a 1° latitude—1 month grid.
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THE ANNUAL CYCLE OF THE SSS IN THE WHOLE TROPICAL ATLANTIC

To identify the main causes of SSS variability along the shipping routes and to
investigate the year-to-year evolution, a Principal Component Analysis (PCA) is per-
formed on the gridded fields. Also, harmonic analysis of the 12 monthly charts shows that
the amplitude of the annual variation reaches its strongest values (Fig. 2A) in four areas: a
zonal band near 7-8°N, west of 50°W north of the equator, near the Gulf of Guinea and off
the west Africa coast at 11-12°N.

In the zonal band at 7-8°N, the amplitude increases in the vicinity of African and
American coasts where it is more than 2.0 p.s.u. off French Guyana. The amplitude, west

-of 50°W, is due to seasonal fluctuations of the oceanic circulation and of the outflows of the

Amazon and Orinoco Rivers. Near the Gulf of Guinea, it is due to the influence of the
Congo River. The northwestward tongue from the mouth of the Amazon River may be
explained by the northwestward Currents of Brazil and Guyana. From this maximum, the
amplitude has a rapid southeastward and northward decrease. It decreases with a smaller
gradient east to the African coast.

The part of variance contained in the annual harmonic (Fig. 2C) shows that the large
signal corresponding to the fluctuations of Amazon and Congo outflow is relatively noisy
near the coast where the dispersion of the SSS values is the greatest. In the Gulf of Guinea,
between the equator and 5°S, the strong amphtude has a westward extension, which is
probably due to the advection by the South Equatorial Current of the water outflowing the
Congo River.

With more than 90% of the variance in the annual harmonic and an amplitude reaching
1.0 p.s.u., the annual signal is most pronounced in the Caribbean area and around the
West Indies Arc (Fig. 2C). Between 10 and 15°N it is well defined between 50°W and the
African coast and in the greatest part of the Gulf of Guinea (70-80% of the variance
extracted). North of 25°N the annual signal is also well defined but with an amplitude less
than 0.2.

Minimum SSS occurs (Fig. 2B) in September—October in a 10° wide zonal belt centered
at 8°N, from the African coast to 40-45°W and west of 65°W near 20°N. Between these two
zones, the minimum occurs earlier. The phase changes abruptly north of this zone where
the minimum occurs in February—March. South of this zone, the phase changes gradually
with a minimum in May near the equator. In the Gulf of Guinea, the minimum occurs in
January in the far east.

The semi-annual signal usually explains less than 50% of the variance, except in small
areas as, for example, between the equator and 5°N between 30°W and 15°W, where it may
be interpreted as the effect of the double passage of the ITCZ durmg its annual meridional
excursion.

WESTERN TROPICAL ATLANTIC: MAJOR INFLUENCE OF THE RIVER OUTFLOWS

River outflows have a large influence in the Western Tropical Atlantic because of two of
the largest outflows in the world (175-300 X 10°>m®s~! for the Amazon River, 20 X 10° m*
s~! for the Orinoco River), which has already been investigated by RyTHER e al. (1967),
NEUMANN (1969), FrOELICH et al. (1978), BOrSTADT (1982), MULLER-KARGER et al. (1988)
and others. However, just how the outflow spreads from the coastal area into the open
ocean is not known. In this section, the climatological salinity in the coastal area and open
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Fig. 2. Harmonic analysis of the annual cycle (set of 12 monthly values). (A) Amplitude of the
first harmonic (annual signal). (B) Phase of the first harmonic (month when the annual minimum of

SSS is observed). (C) Percentage of variance represented by the first harmonic.
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ocean is described, then it is related to outflow of the Amazon and Orinoco River, and
finally interannual variations are described.

Coastal area

Near shore (5-6°N, 50°W), the mean cycle shows a SSS minimum in August, after
maximum Amazon outflow (Fig. 3A). As the flood of the coastal rivers in French Guyana
is concurrent with or slightly precedes that of the Amazon, it is possible that local
conditions also have arole in the origin of the SSS annual minimum. Maximum strength of
the Guyana Current occurs with the Amazon flood. The current is indicated by the turbid
Amazon water near the mouth and identified on GOES visible imagery (CurtiN and
LEeGEckis, 1986) extending off the coast of French Guyana during northern summer.

Open ocean

Offshore, the annual signal is clearly defined. The PCA done on the space-time grid
relative to the shipping track ending in Cayenne (Track 20) shows that the annual signal
(72% of variance) is maximum at about 7°N (50°W) (Fig. 4), 500 km away from the coast,
with the amplitude of the mean seasonal cycle reaching 3 p.s.u. (Fig. 3A). In this area, the
August average precipitation is less than 150 mm and its role is probably negligible (Yoo
and CarroN, 1990) (Fig. 5A). Toward the northeast, from 12°N, the phase of the first
harmonic changes quickly and its amplitude decreases (Fig. 2); during the second part of
the year, the zone corresponds approximately to the limit between the North Equatorial
Current and the North Equatorial Counter Current (RicHARDSON and WaLsH, 1986). The
rainfall maximum of October—November is well defined and it can be the cause of the
simultaneous diminution of the SSS, which culminates in November—-December. Between
15°N and 20°N, the SSS seasonal variability is weak, with a minimum between March and
June.

Extension of the Amazon waters into the ocean and toward West Indies

The monthly climatological charts (Fig. 6), though giving a very crude picture of the SSS
field, show a low SSS plume extending toward the north or northwest during the first part
of the year, in contrast with an eastward extending (between 10 and 15°N) low-salinity
plume in autumn. This already has been observed by CocHRANE (1969) from hydrological
surveys. MULLER-KARGER et al. (1988) analysed the spreading Amazon River plume with
drifting buoys and CZSC imagery, and noted the role of the retroflexion of the North
Brazil Current and the South Equatorial Current, which are the sources of the North
Equatorial Countercurrent during the second part of the year (RicuarRDSON and REVER-
DIN, 1986). A part of the Amazon outflow, more or less discontinuously advected eastward
by the North Equatorial Countercurrent, participates in the formation of this zonal belt of
SSS less than 36.0 p.s.u. which extends all the way from South America to Africa between
June and December. The monthly SSS charts (Fig. 6) and the mean cycle suggests low SSS
patches in the 5-10°N zonal belt (Fig. 3E) between 30 and 40°W in October-December;
although data in this area are scarce, these features may be considered as the most eastern
influence of the Amazon water on the SSS.

‘The bulk of the Amazon waters (extending to at least 30 m depth) spreads north-




Fig. 3. Mean annual cycles of the SSS (space-time diagram) along the four shipping routes and
between 5 and 10°N (1977-1989). (A) Track no. 20 (Europe~French Guyana). (B) Track no. 5
(Europe~West Indies). (C) Track no. 15 (Europe-West Africa-South Africa). (D) Track no. 11
(Europe-Brazil). (E) Zonal belt 5°N-10°N. -
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Fig. 4. First factors (annual signal) extracted by PCA done on the space—time grid relative to the
Tracks 5, 15 and 20.

westward into the Guyana Current and is finally advected by the North Equatorial Current
toward the West Indies. Moreover, from January to June, the North Equatorial Counter-
current is replaced by westward drift (ARNAULT, 1987) due to the influence of the Guyana
Current (RicHARDSON and WaLsH, 1986). Consequently, most of the Amazon water flows
northwestward and westward, contributing to the seasonal variability of the SSS in the
Caribbean area (FROELICH e al., 1978). The amount of the advection of the Amazon
waters, north of 7-8°N, depends on the fluctuations of Amazon outflow as well as the
initiation of the North Equatorial Countercurrent. In the northwestern area of the tropical
Atlantic, the annual signal is particularly clear, with a SSS minimum occurring at the end of
the summer. ‘

The first factor extracted by PCA, performed on the grid relative to the Track 5
(Europe-West Indies), represents 67% of the SSS variance and can be identified as the
seasonal signal that has an intensity maximum between 16 and 18°N (57-60°W) (Fig. 4).
The associated temporal orthogonal function usually shows a minimum in September. In
the early part of the year, the SSS monthly climatology shows the presence of low salinity
water at the same time that Amazon outflow increases. In June, the patch extends from the
Amazon mouth to about 20°N. Beginning in July, it is separated in two parts by a high
salinity tongue off Guyana and roughly aligned southwest-northeast. The Guyana
Current is then the strongest whereas, according to Mazgixa (1973), the West Indies Arc
could induce a southward deflection of the North Equatorial Current (VAN BENNEKOM and
TusseN, 1978). According to METCALF (1968), this would lead to a partial reversal of the
Guyana Current. Some events confirm such a scenario: in July, the ITCZ reaches its
northernmost (8°N) location, and, on the South America coast, the southeast trade winds
induce upwelling (GisBs, 1980) capable of bringing saltier waters from the north—
northwest to the surface. ‘

The Caribbean Sea and the outflow of the Orinoco River

In the Caribbean area (65-70°W), SSS has a different cycle than rainfall (Figs 3B and
5B) and it is therefore likely that rainfall plays a minor role in SSS evolution, compared to
the seasonal arrival of the Amazon waters in July when the Guyana Current is fast enough
(1.5-2 knots) to bring these waters to the West Indies Arc in 3—4 weeks.
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Fig. 5. Mean annual cycles of rainfall (mm/month) from Yoo and Carton (1990) along the four
shipping routes (1974-1985). (A) Track no. 20 (Europe-French Guyana). (B) Track no. 5
(Europe-West Indies). (C) Track no. 15 (Europe-West Africa-South Africa). (D) Track no. 11

The Orinoco River, with a flow 7-8 times weaker than the Amazon, has its flood in
August-September (GADE, 1961), about 2 months after the Amazon. Its waters, advected
by the North Equatorial Current, flow out mainly into the Caribbean Sea (SSS is minimum
in August-September with 1.5 p.s.u. amplitude). Along Track 5 (Europe-West Indies),
the first factor extracted by PCA has a main peak at 59°W east of the West Indies Arc when
the SSS is minimum in August-September with a mean amplitude of 1.9 p.s.u. A smaller
peak occurs at 64°W in the Caribbean Sea, where the SSS is minimum in September—
October with an amplitude of 1.5 p.s.u. These two minima shift in time and space relative
to the mean cycle (Fig. 3B) which could be interpreted as the successive arrivals of water
from the Amazon and Orinoco River, in agreement with FROELICH et al. (1978) who have
shown that variations of SSS occur simultaneously in the whole Venezuelan basin.




Sea surface salinity in the tropical Atlantic 89

In the Caribbean Sea, the Caribbean Current fed by the North Equatorial Current and
the Guyana Current (GorpoN, 1967) flows zonally at about 13~14°N with a small seasonal
variability. For FROELICH et al. (1978), the advection of Amazon water into the Caribbean
Sea and the progress of the low salinity during the second part of the year are due to this
circulation system. East of 70°W, the shipping track is exactly located along the axis of the
Caribbean Current, and the amplitude of the seasonal variations of the SSS as well as the
fluctuations scenario seems to confirm the hypothesis of FROELICH e al. (1978).

In the west of the Caribbean Sea, the shipping track becomes closer to the shore where
coastal upwelling brings saltier water to the surface. The amplitude of the seasonal
fluctuations of the SSS decreases (Fig. 3B). The regular freshening, which starts in April-
May, coincides with the rainy season (Fig. 5B). Consequently, west of 70°W, the local
conditions induce the greatest part of the seasonal variability of the SSS with a great
instability of the annual minimum. Globally, the freshwater balance of the Caribbean Sea
shows a deficit ranging from 74 to 104 cm y ™! (ETTER et al., 1987; Yoo and CArTON, 1990).
With the intake of the river outflows, Yoo and Carron (1990) bring down the estimation
from 74 to 39 cm.

Year-to-year variability

Along Track 20 (Europe—French Guyana), the extreme spatial variability masks annual
and interannual signals, except in the area of SSS maximum (20-30°N, 20-50°W, Fig. 3A)
where there are weak but noise-free seasonal variations. Between 1977 and 1982, annual
maximum increases, but the minimum remains almost the same.

Along Track 5 (Europe-West Indies) (Fig. 3B), the long transit of the low salinity
waters from the Amazon has homogenized the mixed layer. In the West Indies area, the
annual cycle (Fig. 2C) is not disturbed but there is no clear year-to-year trend. However, it
seems that the spring decrease of the SSS has shifted to a later time through the year, and
that, north of 15°N, a small increasing trend for the monthly anomalies appears. ROGERS
(1988) has pointed out correlations of the year-to-year variations of the rainfall in tropical
America with the Southern Oscillation (SO). For example, during weak SO and El Niflo,
the precipitation would be significantly weaker than during a cold event. According to
HasTENRATH (1990), precipitation in northern South America is particularly correlated to
the Southern Oscillation Index (SOI). Between November 1982 and April 1983, the
anomalously south location of the Intertropical Convergence Zone (ITCZ) in the east
Pacific induced in the southwest of the Caribbean Sea a 50% deficit of precipitation; as this
period was not the rainy season, there was no response of the SSS. However, the year-to-
year variations of the Amazon regime could be connected to change of the atmosphere
circulation in the tropical Pacific associated with El Nifio-Southern Oscillation (ENSO)
phenomenon. RicHEY ef al. (1989) observe that ENSO events often precede negative
anomalies of discharge, as for the 1925-1926 and 1982-1983 major events. The opposite
phases (cold events or La Nifia) are related to an increase of the discharge. According to
HasTENRATH (1990), a strong discharge of the rivers in northern South America is
connected to a northward ITCZ motion characterized by a high SOI during the northern
winter. So, along the Track 5, off the West Indies, the SSS minimum in summer 1983 is
least pronounced during the 1977-1986 period. Unfortunately, after 1986, the density of
observations was too low to observe the effect of the 1986-1987 ENSO as well as the 1989—
1990 cool period.




90 A. Dessier and J. R. DoNGUY

T
10E
T
10E
T
10E

T

o
0
0

T
0w

T T T T T
0w oW 20 W 10w

T T T T T T ¥ T il T T T
80w 0w 60 W 50w 40 W ow 200w

T T T T T T T T ) T T T T
80w 0w 6o W 50 W 40 W J30W 20w oW

80w 0w 60 W 50w

T
10E
T
10E
I0E

T
0
[}
0

20w 10w

T T T T T T T T T T T T T T T
80 W oW 60 W 50 W 40W 30w 20W 10W

T T T Y T T T T T T Y T T T
0w mnow 60 W 50w 40w 0w 20W 10w

T T T T T T T T T T T
80w 0w 60 W S50 W 40W ow
. '




Se

a surface salinity in the tropical Atlantic

of the SSS .

Fie. 6. Monthlv climatoloev




92 A. DEessier and J. R. DoNGUY

EASTERN AND CENTRAL TROPICAL ATLANTIC—ROLE OF THE ITCZ AND THE
PRECIPITATIONS

In this section, the seasonal variability of SSS is related to the evaporation—precipitation
balance and to the movement of the ITCZ. Then, the year-to-year variability is investi-
gated with particular reference to the anomalous 19841985 years.

Seasonal variability (Fig. 3C, 3D)

East of 35-40°W, in the zonal SSS minimum at 8°N, the local evaporation—precipitation
balance becomes the main cause of the variability. According to climatological charts of
precipitation (DormaN and BouUrkE, 1981), there is a zonal precipitation maximum
between the equator and 10-12°N. In northern winter during the rainy season, a zonal
decreasing gradient of rainfall appears off the coast of Africa. During autumn, the rainfall
maximum moves westward and in November is located between 20 and 40°W. Low salinity
patches (Fig. 6) are found in the middle of the Atlantic, particularly in autumn. These
patches may consist of lenses of Amazon waters advected eastward by the North
Equatorial Countercurrent which has, at this time, its maximum intensity. Along Track 15
(Europe-South Africa), at 150°W, the meridional movement of the SSS minimum is
almost 7° latitude during the year (Fig. 3C). The amplitude decreases westward and is only
4-5°1atitude along Track 11 (Europe—Brazil) (Fig. 3D) between 25 and 30°W. The minima
of SSS are approximately in phase along these two tracks; on the western track, the
greatest persistence of this minimum may be connected to the double passage of the ITCZ
(June-July and October-November) during its meridional movement (Fig. SD).

Year-to-year variability

The salient feature of the year-to-year variability is the strong decrease of the seasonal
amplitude in 1984 and 1985, as represented by the first component (64% of the variance)
obtained by the PCA made on the observations along the Track 15 (Europe-West Africa).
Its intensity is maximum about 10-11°N (Fig. 4), and in 1984-1985 the amplitude of the
signal is only 60% of the 19771989 average (Fig. 7A). The autumn minimum in November
1985 is particularly smoothed with a positive anomaly of almost 2.0 p.s.u. (Fig. 7B); the
spring maximum for 1984 and 1985 is the highest of the time series.

Along Track 15 (Europe—West Africa), between 10°S and 20°N, the SSS increased
during the 1977-1985 period reaching a value observed until 1989 (Fig. 8). The trend
affects both the annual maxima and minima. The PCA on the grid of the monthly
deviations relative to a standard year shows that deviation and amplitude of the annual
signal reach a maximum at about 10°N; the first factor representing this trend extracts 42%
of the variance.

Unusual conditions prevailed in the tropical Atlantic in 1984 (PHILANDER, 1986; LAMB et
al., 1986; HiSARD et al., 1986; and others). At 3°N, 10°W the phase of the seasonal signal
reversed (minimum in April-March instead of July) (Fig. 2), whereas in the equatorial
zone, the annual variability of the SSS was maintained. In 1984 and 1988 the upwelling
intensity was weak, but the SSS response for these both years was not significant (Fig. 8).
Similarly, precipitation, which in March-April 1984 was twice the average, apparently
did not change the SSS minimum. As year-to-year variability of the upwelling and the
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precipitation was not concomitant with the SSS variability, it seems that the general
warming trend (SERvAIN, 1991) observed during the studied period was accompanied by
SSS increase reaching a platean in 1985-1986 (Fig. 8).

In the Southern Hemisphere, the seasonal signal also was reversed (Fig. 2B). A year-to-
year variability remains, as pointed out by the PCA applied in the southern part of the
Track 15 (Europe-South Africa), and at 9°S, in the South Equatorial Current, this factor
has the largest loading. In 1984 and 1985, the function associated with the second factor
shows a clear peak corresponding to positive SSS anomalies. The cause is probably the
large interannual fluctuations of the Congo River flow (40 X 10°> m>s™?). The seasonal
floods of December 1983 and December 1984 were clearly weaker than the average, and it
is likely that this deficit of the freshwater discharge has some consequences on the SSS
advected westward by the South Equatorial Current. However, the oceanic zone, where
the SSS is affected by the Congo outflow, is relatively restricted and imperfectly separated
from fresh waters originating from the Bay of Biafra (Fig. 6).

The Track 11 (Europe—Brazil) (Fig. 9), between Brazil and Cape Verde Islands, in the
open ocean, also shows a SSS increase between 1977 and 1984-1985, mostly north of the
Equator. However, the amplitude of the signal has not changed interannually despite this
SSS increase.

The ITCZ reaches usually its northernmost location (8°N) in August (HASTENRATH and
Lawms, 1977; CiTeAU et al., 1988), and at a given longitude precedes by about 2 months the
northernmost location of the SSS. In contrast (Fig. 9), in March 1985 and 1986, the
southernmost position of the ITCZ has exceeded by almost 2.5° latitude the mean location
for this particular month (CiTeAU et al., 1988). This event induced strong rainfall in the
north-east of Brazil, with the greatest Hastenrath index observed in 1985 since 1912, and a
particularly southern location of the SSS minimum in 1985-1986 (Fig. 9).

In 1982-1983, the tropical Pacific was struck by a very strong anomaly (ENSO) and this
feature was invoked to explain the atmospheric oceanic patterns observed in the tropical
Atlantic in 1983-1985. So, between 20 and 35°W the small OLR (Outgoing Longwave
Radiation) intensity in February-March 1983 is connected between 5°S and the equator to
a decrease of the precipitation (HoreL et al., 1986). The response of the SSS in the 0-5°S
belt, Track 11, is a seasonal minimum in April-May 1983 which is the least noticeable of
the 1977-1985 period.
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RELATION BETWEEN SSS AND FRESHWATER BALANCE

The value of the SSSis directly related to the freshwater balance at the ocean surface. The
Atlantic Ocean receives freshwater through the precipitation (P) and to alesser extent from
the river discharge (R); it loses it through evaporation (E). The sum of these terms, which
represents the freshwater flux (F) to the ocean surface: F = (P — E) + R, can be calculated
by using direct method (P, E and R are estimated separately), (e.g. BAUMGARINER and
REICHEL, 1975). The annual and year-to-year variability of this flux in the tropical Atlantic

“and the Caribbean Sea has been studied by Yoo and CarTon (1990). The importance of the
different terms used in the F calculation fluctuates according to the period of the year and
the geographical location. Without advection of water of continental origin, in a first
estimate, a negative correlation is expected between the SSS and the local balance P — E,
which may be represented schematically by a linear regression. With a negative P — E
balance (more evaporation than precipitation) there is a positive deviation relative to the
regression. Conversely, the advection of continental waters would induce a negative
deviation. By consideration of these deviations, it is possible to distinguish roughly the
geographical zones and the period of the year where one factor determines SSS.

The 11 years of the monthly fields estimated by Yoo and Carron (1990) from OLR have
been used to build a monthly climatology (Fig. 5). The files of HASTENRATH and LAMB
(1978) have been used to estimate the evaporation. The monthly climatology of P — E
balance has been calculated from these two data sets. For the twelve monthly climatology
fields, the SSS regression in function of the P — E balance of the previous month is
estimated, and then the deviations of the observed values relative to the values issued from
the regression are calculated. Figure 10 presents a quarterly mapping of these residuals.
During the first quarter of the year, the continental influences on the SSS are the strongest
in the Gulf of Guinea (with a plume in the south corresponding to the main flood of the
Congo in December and continuing to the North with the permanent low SSS area in the
Bay of Biafra). In the west, the influence of the Amazon River is very weak during the
northern winter but, during the spring, occurs strongly at the East of the West Indies Arc;
in the Gulf of Guinea, the impact of the Congo, which at this time is well separated from
the Bay of Biafra, is decreasing. During northern summer, the continental influence
reaches the Caribbean Sea (because of the Orinoco flood), whereas the initial eastward
drift of the Amazon waters with the North Equatorial Counter Current is sensed between 5
and 10°N. During the last quarter of the year, the continental influences are decreasing in
the west, whereas, off the African coast, they reach the western Africa where the floods of
the coastal rivers have occurred in August-September. It seems also that at this time of the
year, the influence of the evaporation on the SSS is the strongest north of 15°N.

LONG-TERM EVOLUTION OF THE SSS

North of the equator (15-25°N on Track 11, Europe-Brazil) a certain trend to the
increase of SSS during the last 10 years has been observed (Fig. 11). Levitus (1989),
comparing the mean SSS during two periods, 1955~1959 and 1970-1974, has noticed an
increase of the SSS significant at 99% at about 25-30°N and 50-20°W (area of the SSS
maximum core). In the same area, the annual climatology calculated by LeviTus (1982),
does not show SSS more than 37.5 p.s.u., whereas, during the 1977-1989 period, an SSS
core larger than 37.5 is observed about 25°N and 30-40°W. However, the difference of
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Fig. 10. Quarterly location of the deviations between observed values of the SSS and the
estimated values from a regression between SSS and precipitation-evaporation balance.

-




Sea surface salinity in the tropical Atlantic 97

87.8 -
372
37.1 —-
570 ]
36.9 -
36.8 -
36.7 —

36.6 -

36'5lIlllll_l'llllllllllll|I|lll|||lII.
06 10 14 26 30 33 77 80 85 89
Fig. 11. Evolution of the SSS between 25 and 29°N (Track no. 11) during three periods:
1906-1914, 1926~1933 (from SMED) and 1977-1989.

origin and of analysis of these data sets suggests caution in accepting this apparent
increase. SMED (1943), in order to analyse the seasonal variability of the SSS in the north
Atlantic, has also used surface observation gathered by ships of opportunity beginning in
1902. Some data come from Track 11 and the sampling during two periods 1906 and 1914,
and 1926 and 1933 is sufficient to follow the SSS evolution between 25 and 29°N (15-20°W,
Fig. 11). During these periods and also from 1977 to 1980, the monthly means are not more
than 37.0, whereas starting in 1980, values of more than 37.0 are prevailing. So, it seems
that, in the East of the North Tropical Atlantic, there is a clear increase of the SSS, perhaps
unprecedented since the beginning of the century.
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APPENDIX

For using the kriging method, it is assumed that the physical phenomena studied have a regionalized pattern,
and that a stable structure exists on which random anomalies are superimposed (MATHERON, 1971).

In order to model this structure, an experimental variogram is first drawn (more exactly a half variogram). This
is evaluated in grouping measurement pairs made during different years by class of distance defined with a degree
mesh. The studied structure is assumed isotropic so that direction is not taken into account. The density of the
data varies with the location, and consequently the data number has been limited at a maximum of three inside a
mesh for any month; a random drawing is done when there are more than three observations. Thus, the SSS value
in each mesh of the grid is estimated from the closest point by considering 4 by 4 of the grid points of the increasing
crowns, until a minimum number of previously fixed points is reached. If there are more, all the points inside the
crown however, are saved. The variogram does not usually pass through the origin because of a “nugget effect”,
which in this present case is due to measurement errors and to the year-to-year and month-to-month variability,
since the time of the measurement is not taken in account. The areas where low salinities appear (outflows of
large rivers) with a strong SSS variability will increase the value of the “nugget”.

The noise affecting the measurements is greatest when the values are weakest (spatial variability induced by
local rainfall, spreading of river outflow, etc.). As suggested by Gouin and Lancrors (1991), it would be
preferable to determine separate variograms for those areas with strong variability and for areas with smaller
variability (outside 10°N for example). The increase of the variance with the small salinity values has led us to
exclude the small number of SSS less than 25.0 p.s.u. The adjustment of the experimental variogram is made by a
theoretical model with a preference for the middle distance (until about 10°) and neglecting the random
variations close to the origin. The errors due to the kriging method are homogeneous in the whole studied area,
with values between 0.65 and 0.70 p.s.u., except south of 5°S where the sampling is scarce and where values reach
0.80 p.s.u.

After estimating the experimental variogram, doubtful data are detected and eliminated; they may be due to
faulty samples but also data collected at time or in area where the local variability is particularly strong: a SSS
different by 3 or 4 p.s.u. from the surrounding values is not compatible with the climatology and also may disturb
strongly the spatial structure of the field, if occurring in less well sampled regions. Practically all observations are
again estimated by considering the close points belonging to different years and selected by the previous
procedure. The observation is discarded if the deviation between the estimated and observed values is more than
p times the theoretical RMS of the kriging. This eliminates less than 0.5% of the observations. The variogram is
again evaluated. The estimation of the salinity at every node of the grid is then done from the closest points
belonging all to different years. The minimum of such closest points being fixed at six; if there are less than 6
points located in an 8° distance from the point to estimate, the kriging procedure is cancelled. Consequently, in
the area with insufficient sampling, the estimation was not possible at some node of the grid.
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One of the advantages of the kriging method relative to the other method of objective analysis, is to allow the
calculation of the variance of the estimations, variances depending only on the location of the experimental
points in the considered field and to the structure of the studied phenomena (modeled by the variogram).
Consequently, the variance of the estimation depends on the model of the variogram (GonN and LangLors,
1991). The kriging method also has been used for objective mapping of marine variables such as primary
productivity (HERZFELD, 1992).




