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Distinct year-to-year particle flux variations off Cape Blanc 
during 19884991: Relation to #*O-deduced sea-surface 

temperatures and trade winds 

by G. Fischer’, B. Dormer’, V. Ratmeyer’, R. Davenport* and G. Weferl 

ABSTRACT 
Particle fluxes measured from 1988 to 1991 adjacent to a coastal upwelling site off Cape 

Blanc showed significant interannual variability of fluxes and sea-surface temperatures (SST) 

deduced from stable oxygen isotope analysis of the planktonic foraminifera Globigetinoides 
ruber and, partly, of the pteropod Limacina inflata. For the duration of the study period, a 

decrease in the seasonal@ of SST’s was observed, as well as a significant decrease in the 
average annual SST from 24.4” to 2OXC. This cooling trend was mainly the effect of a drastic 

decrease in the summer to fall SST (from 27.2” to 21.8”C). In comparison, the winter-spring 
SST decreased only slightly from 20.3” in 1988 to 19.8”C in 1991. Concomitantly, we measured 

decreasing annual total, carbonate, biogenic opal and lithogenic fluxes and, in contrast, 
increasing marine organic carbon fluxes. During 1991, when cold SST’s prevailed and the 

trade winds were rather high throughout, annual biogenic and lithogenic fluxes (except 
organic carbon) were lower by approximately a factor of two compared to the other years. 

Colder SST’s, generally corresponding to stronger trade winds and upwelling intensity, did not 
result in increased biogenic opal and lithogenic matter sedimentation; but higher marine 

organic carbon fluxes were recorded. Decreasing summer-fall SST from 1988 to 1991 coin- 
cided with decreased carbonate sedimentation maxima which generally occurred during the 

warm summer season. In the summer of 1989, when SST’s were the highest of the four-year 
sampling period and upwelling was less intense due to weak spring-summer trades, a large 

sedimentation pulse of pteropod shells was observed. Our data set does not yet provide 
conclusive evidence that the observed year-to-year flux and SST variations represent larger- 

scale, periodically occurring climatic variations in the eastern Atlantic but it offers insight into 

the prevailing large variability in biochemical cycles and processes in the eastern Atlantic. 

1. Introduction 

Year-round flux measurements using time-series sediment traps performed in 

various parts of the ocean show seasonality in particle fluxes, e.g. in the Sargasso Sea 
(Deuser and Ross, 1980; Lohrenz et al., 1992), the Panama Basin (Honjo, 1982), the 
North Pacific (Honjo, 1984), the Arabian Sea (Ramaswamy et al., 1991), the Bay of 
Bengal (Ittekkot et af., 1991), the Southern Ocean (Wefer et al., 1988) and in the 
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North Atlantic (for a summary, see Ducklow and Harris, 1993). Other publications 
by Deuser et al. (1988, 1990) and Lyle et al. (1992) have shown significant year-to- 

year variability of fluxes. Due to the coupling of particle sedimentation with 
upper-ocean thermal structure and biology (Deuser, 1986) such long-term flux 
studies could provide useful information about larger-scale climatic variability. In 
combination with remote-sensing data they enable us to identify possible causes of 

periodically or episodically occurring sedimentation events which might not be 
detected in short-term studies. In addition, they facilitate the interpretation of 
paleoceanographic proxies and give a more reliable estimate of average fluxes to the 
seafloor. 

As emphasized by Servain and Legler (1986) large-scale dynamics in the tropical 
Atlantic appear to be mostly wind-forced. In contrast to the Pacific, where interan- 
nual variations are strongest (ENS0 = El Nina Southern Oscillation), seasonal 
signals should dominate in the Atlantic Ocean. However, year-to-year changes in 
SST and wind stress are also present in the Atlantic Ocean, especially in areas with 

low and highly seasonal SST, e.g. coastal and equatorial upwelling zones (Servain 
et al., 1985; McClain and Firestone, 1993). 

In this study, we present particle flux data from a coastal open-ocean transition 

system of the eastern tropical Atlantic, over a four-year period. We focus mainly on 
the interannual variation of fluxes rather than on seasonal events and composition of 
particles and we use the stable oxygen isotope composition of planktonic foraminif- 
era to investigate the upper ocean SST’s. The main questions addressed are: (1) how 
do SST’s change over the four-year sampling period? (2) can we distinguish year-to- 

year variations in the magnitude of fluxes? (3) what is the connection between 
surface water properties (i.e. SST), trade wind velocities and fluxes of biogenic and 
lithogenic components? 

2. Regional setting 

The CBl-4 moorings were located in the Canary Current (Fig. la), which is 
strongly influenced by seasonally varying trade winds and entrainment of cold and 
nutrient-rich waters off northwest Africa (Hagen and Schemainda, 1989). Relatively 

cold waters from higher latitudes are advected there, having a strong meridional 
component. A 50-70 km wide coastal band of cold water which corresponds to a zone 
of “primary upwelling” is separated by a front from the Canary Current (Hagen, 
1981) where a less intensive “secondary upwelling” may occur (Pastel, 1990; Mittel- 
staedt, 1991). In the upper water column between 150 and 600 m depth, a transition 

zone between North Atlantic Central Water (NACW) and the less saline South 
Atlantic Central Water (SACW) can be observed near Cape Blanc (Hughes and 

Barton, 1974). This transition zone called the Central Water Boundary (Zenk et al., 

1991) undergoes spatial and temporal variations. This water boundary represents 
the southeastern side of the Canary/North Equatorial System (Zenk et al., 1991). 
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Figure 1. (a) Location of the mooring site off Cape Blanc (CC = Canary Current, NEC = North 

Equatorial Current). (b) Mean SST differences between coastal areas and open ocean for 
the period of 196991976 (modified, after Speth and Detlefsen, 1982). Large black arrows in 

spring and fall indicate strong seasonal cold-water intrusions from the coast off Cape Blanc; 

smaller arrows indicate lesser intensive upwelling periods. 

South of Cape Blanc (south of 21N), the more nutrient-rich SACW is found, 
providing part of the source water for upwelling (Hughes and Barton, 1974). 
Furthermore, this southern offshore region is also influenced by tropical circulation 
in the surface layer (Mittelstaedt, 1991) with warm northward-moving counter 
currents prevailing, especially from July to October (Van Camp et al., 1991). 

Due to fairly persistent and strong northeastern trade winds off Cape Blanc, 
upwelling occurs throughout the year (Schemainda et al., 1975; Van Camp et al., 

1991; Mittelstaedt, 1991) with periods of stronger intensity, mainly in spring (April- 

June) and fall (September-October) (Postel, 1990; Van Camp et al., 1991). This 
seasonality is also documented in SST anomalies between the coastal zone and the 
central Atlantic averaged from 1969 to 1976 (Speth and Detlefsen, 1982; Fig. lb). 
Phytoplankton biomass generally is high on the shelf along the entire coast and drops 
significantly beyond the shelf break, as indicated by chlorophyll values below 0.5 mg m-3. 
However, off Cape Blanc (around 20N), “giant filaments” with chlorophyll concen- 
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trations of l-2 mg m-3 are present several hundred kilometers offshore from the 
shelf break, persisting throughout the year (Van Camp et al., 1991) with substantial 
seasonal and interannual variations (Bricaud et al., 1987). These filaments are caused 
by the convergence of the southward flowing Canary Current and the poleward 
flowing counter current south of Cape Blanc (Mittelstaedt, 1991). McClain et al. 

(1990) and Gabric et al. (1993) have also reported the occurrence of significant 
advection of phytoplankton biomass from the coastal upwelling regime to the open 
ocean, along the coast of northwest Africa from 15N to 25N. Thus, the general region 
of enhanced pigments off northwest Africa is the result of the combined effects of 
offshore advection of coastal water and open ocean upwelling. 

3. Material and methods 

We deployed cone-shaped multisample sediment traps with 13,20 and 22 cups and 
0.5 (CB1,3,4) or 1.17 m* (CB2) collection areas (Table 1). All traps were fitted with a 
grid at the top. In 1988 and 1989, we used Mark V (CBl) and Mark VI (CB2) traps 
described in detail by Honjo and Doherty (1988). For the CB3 and CB4 deployments, 
we used time-series Kiel Aquatec sediment traps which are similar in shape and 
aspect ratio to the Mark V traps. The deployment data for all traps are given in 
Table 1. 

The sampling cups were poisoned with mercuric chloride prior to and after 
deployment. The influence of various poisons and preservatives on the sediment trap 
material is discussed in Lee et al. (1992). Trap solution was prepared from filtrated 
seawater and suprapur NaCl was added to increase the density (around 40%). 
Samples were carefully wet-sieved through a 1 mm screen and “swimmers” (Knauer 
et al., 1984) were removed by hand. However, “swimmers” did not account for much 
of the total material due to deep deployment positions of the traps (around 700 m 

and between 2195 and 3562 m). Significant material in the > 1 mm fraction was only 

Table 1. Locations of the Cape Blanc moorings (CBl-4) sampling durations and intervals. 

Trap Water Trap 
Trap We depth depths Sampling Samples X 
name (opening) Position (m) (m) duration days 

CBl Mark VI (0.5 m2) 20”45.3’N 3646 2195 22.03.88-08.03.89 13 x 27 
19”44.5’W 

CB2 Mark V (1.17 m*) 21”087’N 4092 3502 15.03.89-24.03.90 22 x 17 
20”41.2’w 

CB3 Kiel SMT 230 21”08.3’N 4094 730 08.04.9&30.04.91 18 x 21.5 
(0.5 m2) 20”40.3’W 3557 29.04.90-08.04.91 16 x 21.5 

CB4 Kiel SMT 230 21”08.7’N 4108 733 05.03.91-19.11.91 20 x 10 
(0.5 m2) 20”41.2’W 3562 05.03.91-19.11.91 20 x 10 
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found in the 3502 m sample from 1989. However, these were empty pteropod shells 
and not considered as “swimmers” (Kalberer et al., 1993). The < 1 mm fraction was 

split into aliquots, and the freeze-dried material was analyzed as described by 
Fischer and Wefer (1991). Lithogenic matter was estimated according to: Lith = Total 

flux - (opal flux + carbonate flux + 2 x Corg flux). Biogenic opal was determined by 
automated wet leaching (Mtiller and Schneider, 1993). Fluxes were not corrected for 

dissolution losses. Dissolved Si in the supernatants from the CBl deployment, for 
instance, was used to check the seasonal and annual loss of biogenic opal in the cups. 

Opal loss due to dissolution was estimated between l-7% of total biogenic opal and 
amounted to 2.5% on an annual basis (Fischer and Wefer, 1991). From our 
measurements, we conclude that dissolution in the cups is very rapid and is not 

related to the deployment time, and thus affects all samples to a similar extent. We 
therefore regard all fluxes as minimal values. 

Stable carbon isotope measurements of total organic carbon were performed with 
a Finnigan MAT delta E mass spectrometer. Organic matter was oxidized with an 
Heraeus CHN Elemental Analyzer which was attached to a trapping box. The overall 

analytical precision deduced from an internal laboratory standard was better than 
0.1% (2 la). Planktonic foraminifera were picked by hand from a 1/64 or ‘/4 split (CB4) 

and dried at 60°C. Stable isotope analysis was performed on approximately 8-10 

individuals of Globigerinoides ruber (white; 200-300 pm size fraction) per sample 
using a MAT 251 mass spectrometer and an automated preparation line (KIEL 
device). Calibration of the laboratory standard to PDB was achieved using NBS 18, 

19 and 20 standards. Analytical precision is 0.07% for 6180 (*la). For the calcula- 
tion of SST, we applied the paleotemperature equation of Craig and Gordon (1965) 

and used an equilibrium oxygen isotope offset of -0.35% for G. tuber white 
(Fairbanks et al., 1980; Ravello and Fairbanks, 1992) which is an algal symbiont- 
bearing spinose species. According to Deuser et al. (1981) Deuser (1987) Deuser 

and Ross (1989) and Ravelo and Fairbanks (1992) spinose species such as G. tuber 

(white) calcify in the mixed layer or in the upper part of the seasonal thermocline 

(O-30 m), and thus record near-surface temperatures. @*O of modern seawater 
(SMOW) was computed from the relationship to salinity established by Craig and 
Gordon (1965) (Si80sw = -21.1 + 0.61s). Application of other paleotemperature 
equations or relationships between the stable oxygen composition of seawater and 

salinity (e.g. Ganssen and Sarnthein, 1983) did not result in significant SST differ- 
ences. 

4. Results 

a. Currents. Aanderaa current meter measurements from approximately the same 
depths as the traps (20 m below) were available for CB3 and CB4 (upper traps) as 
well as for CB2 (lower trap, data uncomplete) and CB4 (lower trap). During the 
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collection period of CB3 (1990-1991) current speeds at that position ranged from 1 
to almost 20 cm s-l in 750 m water depth, which corresponds to the Antarctic 

Intermediate - Mediterranean Water masses (AAIW - MW; Zenk et al., 1991). In 

spring and fall, the current direction was between 90 and 120”, in summer 90 to 270”, 
and in winter mostly southward. Similar current speeds were recorded for the 
following period in 1991, mostly between 5 and 10 cm s-l with some spikes of 

20 cm s-l. Current directions varied significantly, but retained some similarities to 
the earlier sampling period. Near the deeper CB4 trap (3588 m) located in the 

NADW mass, current velocities were significantly lower with 3 cm s-l on the average 
ranging from 0 to 8 cm s-l. Flow direction in this water mass was generally 

southward. 

b. Particle composition, seasonal and interannual flux variations. Total fluxes ranged 
from 8.2 to 361 mg m-* day-* and lithogenic fluxes from 2.3-157 mg m-* day-i 

(Fig. 2). From 1988 to 1991, total and lithogenic fluxes decreased significantly, but 
the relative contribution of lithogenic to total matter increased. This is also indicated 

in the decrease of the Lith./Corg ratios, especially from 1990 to 1991 (Fig. 2). The 
composition of the material, though changing during the four-year period, was 
dominated by carbonate (21-78%) and lithogenic components (upper traps: 12- 
43%; lower traps: 29-53%). Organic carbon comprised 4.3-21.4% of the upper and 

2.4-13.6% of the lower trap samples. Biogenic opal constituted only 1.7 to 14.6%. 
Background fluxes were relatively high in all years corresponding to rather 

continuous upwelling at the trapping site (Schemainda et al., 1975; Van Camp et al., 

1991). Peak fluxes were generally measured in winter, spring, summer and fall. 
However, they differed in timing and magnitude from year to year (Fig. 2). The most 

prominent peaks at the deeper trap level were (1) in spring, summer and fall of 1988, 
(2) in summer 1989, (3) in winter/spring 1990 and (4) in winter, spring and summer 
1991. Generally, the fall peak was weaker (except in 1988) and summer sedimenta- 

tion events dominated during 1988, 1989 and 1991. Note, that the 1988 deep flux 
record (CBl lower) represents a water depth of 2195 m, whereas the 1989-1991 deep 
trap series originate from 3502-3562 m water depth. This complicates the compari- 

son of interannual fluxes, particularly organic carbon fluxes (Fig. 3), which are 
depth-dependent (Suess, 1980; Martin et al., 1987). Organic carbon fluxes are shown 
in Figure 3. In the deeper waters they show a marked seasonality in 1988 and 1991 
and much lower seasonality in 1989. Annually, highest carbon fluxes were measured 

in 1991, lowest values from 1988 to 1989 (Table 2). During 1991, we observed a strong 
seasonal organic carbon flux pattern with prominent peaks in winter, spring and 
summer appearing at both depth levels (Fig. 3). The summer maximum was 

significantly reduced in magnitude in the deeper part of the water column and was 
delayed by about 10 days (Fig. 3). This translates into relatively high sinking speeds 
for the organic matter fraction on the order of 280 m d-l. Information about the 
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upper traps 

I 730 m 1 733 m I 

month IJFMAMJJAS~ND~ FMAMJJA~~N~ 

1990 

lower traps 

1991 

2195m : 3502 m 

1 5 10 131 5 10 2 5 10 171 10 20 15 22 

month /JFMAMJJASON~JFMAMJJASOND~JFMAMJJASON~JFM~JJASOND 

1966 1989 1990 1991 

Figure 2. Seasonal and interannual total and lithogenic fluxes (shaded bars) ( < 1 mm size 
fraction; upper traps: 1990-1991; lower traps: 1988-1991). In summer 1989, a distinct 
pteropod shell sedimentation pulse, with large-sized (> 1 mm) empty L. inj?atu and C. 
~rumiduta occurred (Kalberer et af., 1993). Lithogenic/C,, flux ratios are also shown. 

i 

3557 m i 3562 m 

source of the organic matter can be derived from the stable carbon isotope composi- 

tion and the C/N-ratios. Both parameters are shown superimposed on the organic 

carbon fluxes in Figure 3. The 613C0,-values varied between - 19.3 and -22%0, the 
C/N-ratios (atom) between 5.4 and 11.7. During or just before high organic carbon 
sedimentation, e.g. in the summer of 1988 and spring of 1990 (upper trap) and 

summer of 1991 (upper and lower traps), respectively, the 613C0,-values increased 



80 Journal of Marine Research 

50 

? 40 

3 
n 

7 E 30 

P 

4 20 

ii 
6, 

3 IO 

upper traps 

15431 

I 

-23 6 
-22 B 
-21 g 

-20 2 

-19 t?qj 

- 15 

-10 g 

5 

-5 z 

3 
- 0 

1 5 10 15 1 10 20 

month JFMAMJJASONDIJFMAMJJASON 

1999 1991 

50 

z 40 

m" 'D 

Y  
30 

E 
D 

3 20 

4 
P 

8 
10 

lower traps 

sample 15 10 131 5 10 15 2225 10 171 10 20 

month JFMAMJJASONDlJFMAMJJASONDlJFMAMJJASOND(JFMAMJJASOND 

1988 1989 1990 1991 

Figure 3. Seasonal fluxes of organic carbon ( < 1 mm size fraction). C/N-ratios (atom) and the 
stable carbon isotope composition of the organic matter are superimposed. 

sharply by 1.5-2%0. The stable isotope composition and C/N-ratios do not show any 
correlation. Rather, the isotope ratios are better correlated to the organic carbon 

fluxes although the correlation coefficient is not highly significant (r2 = 0.31, N = 72). 
Fluxes of skeletal material like biogenic opal and carbonate should not signifi- 

cantly change between 2200 (deployment 1988) and 3500 m (other deployments) 
water depth except the aragonite fluxes. Carbonate fluxes (Fig. 4a) parallel the total 
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Figure 4. Carbonate (a) and biogenic opal fluxes (b) to the deeper traps (< 1 mm size 
fraction). The broken line in the upper panel (1989) indicates a pteropod sedimentation 
spike in the > 1 mm size fraction. Total carbonate (all sizes) then reached 329 mg me2 
day-l. 



19961 Fischer et al.: Year-roundflux measurements 83 

upper traps _ _ 
730m 

A- 
73Sm 

month [JFMAMJJAS~NDIJFMAMJJASOND] 

lower traps 

2195m ’ 3502 m 3557m 

15 10 131 5 10 15 2225 10 

3562 m 

\ 

i-2 

171 10 20 

month IJFMAMJJASONDlJFMAMJJASONDlJFMAMJJASOND(JFMAMJJASONDI 

1988 1989 1990 1991 

Figure 5. Three-point average total fluxes from 1988 to 1991. Note the general decrease in 
total fluxes during that period. 

fluxes (Fig. 2). Highest opal fluxes with maxima around 44 mg m-2 day-l were usually 
measured in winter and/or spring, decreasing in magnitude from 1988 to 1991 
(Fig. 4b). In contrast, carbonate generally peaked in summer, also decreasing in 
magnitude during the four-year sampling period. Only in 1990 was a notable spring 

signal measured. 
Longer-term changes of sedimentation are evident from three-point averages of 

total particle fluxes (Fig. 5). We observed a decrease in sedimentation from 1988 to 

1991 for total mass and associated carbonate, biogenic opal and lithogenic matter 
(Table 2). Surprisingly, organic carbon revealed the opposite long-term trend 
(Fig. 3). The annual fluxes and various ratios for the entire sampling period are listed 
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in Table 2. The C,,/opal and the carbon rain ratio (Corg/CCaCo3) both increased 

continuously from 0.5 to 1.5, and 0.8 to 1.5, respectively, from 1988 to 1991. 

c. Seasonality and interannual SST variability deduced from the 6180-composition of 

G. mber. Planktonic foraminifera are often used to monitor the surface hydrography 
in the oceans. The stable oxygen isotope ratios measured for these calcite skeletons 

can be translated to temperature values characteristic of the environment where 
these protozoans lived before falling into the trap. The white variety of G. ruber, for 

instance, lives in a near-surface environment (see Hemleben et aZ., 1989 for a review), 

has a lifetime of less than one month, and persists in relatively high abundances 
throughout the year (Deuser et al., 1981; Deuser, 1986; Hemleben et al., 1989). Due 

to rapid sinking, these tests provide excellent records of the near-surface water 

temperature (Deuser, 1986). 
Seasonal and interannual cycles of the WO of G. mber (white variety) are shown in 

Figure 6 for both trap levels. The white variety revealed a strong seasonality in 6180, 

from -2.10 to -0.36%0. Higher values, corresponding to lower SST’s, generally 
occurred in winter/spring, whereas lower values (higher SST’s) were recorded in 

summer/fall. This is shown in Table 3 in conjunction with the minima and maxima of 

the isotope values. In addition, the attributed seasonal SST changes and the average 
SST’s from 1988 to 1991 are listed. From 1989 to 1991, we observed a slight decrease 

in winter/spring SST from 20.3 to 19.8”C but a much stronger decrease in summer/ 

fall SST from 27.2 to 21.8”C. Consequently, the average annual SST decreased from 

23.7”C (1988) to 20.8”C (1991). Seasonality in SST, i.e. the maximum-minimum 
indicated by the iY80 of G. ruber, was also drastically reduced from 6.9” in 1989 to 

2.o”C in 1991. Specimens of the pink variety of G. ruber were collected only during 
warmer periods (see Deuser et al., 1981), e.g. in fall 1988 (CBl) and summer/fall 

1989 (CB2), respectively, but revealed values relatively close to the white variety. 

Therefore, these values are not shown here. In Figure 6, the seasonal 6l80-values of 
G. tuber (white) from the upper traps are also shown. As anticipated, the values 

recorded in the upper traps closely follow the pattern established from the 

deeper waters. Therefore, we were able to use the upper trap record of 1991 for 
the computations of seasonal SST variations. During 1991, only a few specimens of 

G. ruber (white) collected in the lower CB4 trap were available. As a conse- 

quence, the isotope data set is rather limited during this year and one might 
speculate that a warm period e.g. in fall 1991 (like in 1989) may have been missed. 

However, we obtained a four-year isotope curve of the pteropod L. injlata (Fischer 

and Kalberer, unpubl. data) which almost fills all gaps in winter-spring and fall 1991. 
These results confirm our interpretations concerning the lower seasonality in SST in 

1991. 
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Figure 6. Seasonal and interannual cycles of the VO-ratios of G. ruber (white variety) from 
1988 to 1991. The temperature scale is indicated at the left side. G. ruber white was collected 
rather continuously (although partly in very low numbers) throughout the four-year 
sampling period. Upper trap (CB3,4) parallels deeper trap ZPO-values. 

5. Discussion 

a. Currents and trapping eficiency. Sediment traps do not sample downward fluxes of 
a certain limited area, but rather collect particles originating at various distances 

from the trap position. Horizontal current velocities and particle sinking speeds both 
influence advection and diffusion of particles in the ocean (Siegel et al., 1990). 

Furthermore, currents in the vicinity of the traps influence trapping efficiency (Baker 
et al., 1988; Gust et al., 1992). At speeds > 12 cm s-l, the relative trapping efficiency 
is reduced and the mean size and density of particles increases (Baker et al., 1988). 
Such speeds were experienced by our shallow traps, but the deeper traps were 
affected by nearly constant currents and relatively low velocities as well as the 

consistent directions in the NADW during the four-year sampling period. Thus, 
these data can be reasonably interpreted and compared with respect to seasonal&y 
and interannual variability. In addition, a first approximation of particle sinking 
speeds occurring in this area resulted in relatively high values of 280 m s-l, probably 
as a consequence of organic matrix loading by highly abundant lithogenic compo- 
nents, e.g. aeolian quartz grains (see Ramaswamy et al., 1991). 

b. Seasonal@ in SST, related trade wind velocities and jkxes. Coastal upwelling off 
northwest Africa is largely wind driven and intensified winds should lead to an 
enrichment in surface nutrients and, as a consequence, to enhanced flux rates. The 

plots of total mass fluxes from 1988 to 1991 (Figs. 2, 5) show that fluxes were 
commonly high during spring and (late) summer, and, to a lesser extent, in fall and 
winter (1988). These flux peaks correspond in general in timing to the occurrence of 

SST anomalies off Cape Blanc compiled by Speth and Detlefsen (1982; Fig. lb), 
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which show highest temperature differences between upwelling and open ocean 
water in spring (May-June) and fall (September-October) and, to a lesser extent in 

winter (January). These anomalies give us indication of the amount of cold, nutrient- 

rich subsurface waters intruded into the photic zone off Cape Blanc, as well as the 
duration of upwelling which is largely trade wind driven (Wooster et al., 1976; Van 
Camp et al., 1991). However, SST anomalies from Speth and Detlefsen (1982) are 

values averaged over longer timescales (1969-1976). 
In Figure 7 the wind speeds in the NE trade wind zone measured at Nouadhibou 

airport (Cape Blanc; data from Global-Telecommunications-System of the World 

Meteorological Center) are shown for the collection period from 1988 to 1991. Wind 
directions were generally from east to northeast. A strong seasonal&y can be 
recognized, with minima in winter-spring and maxima occurring generally in spring 

and summer. In summer, a distinct decline in wind speeds can be observed, generally 
coinciding with an increase in total and carbonate fluxes (Figs. 2,4a), and low oxygen 

isotope values reflecting warm SST’s (Fig. 6). However, this is not true for 1991 
where lowest @so-values in summer are associated with high wind velocities. Low 
seasonality of wind speed, lowest winter and spring/summer wind velocity values 

and, consequently, lowest average annual wind speeds were measured in 1989. 

Higher winter values and highest average annual wind speed values were recorded in 
1991. 

Detailed inspection of Figures 2 and 5 reveals significant seasonal and interannual 

variability in the magnitude and timing of fluxes. The records indicate that the 
prominent total flux peaks occurred (1) during 1988 in spring and summer; (2) during 
1989 in summer (3); during 1990 in winter and spring; (4) and during 1991 in winter, 

spring and summer. We observe no general correlation between fluxes and estimated 
SST’s @PO of G. ruber). This finding is in contrast to results obtained by Deuser 

(1986) for the Sargasso Sea where he found an inverse relationship between SST and 
the amount of particles leaving the euphotic zone. Total fluxes in this open ocean 
environment varied from 20 to 120 mg m-* day-r which is much lower than the 8.2 to 

361 mg rnA2 day-l measured off Cape Blanc (Fig. 2). 
Calcium carbonate in the traps was contributed by primary producers (mostly 

coccolithophorids) as well as planktonic foraminifera and pteropods. Shells of the 
aragonite-producing pteropods, which were mostly present in 1989, contributed 

between 5 and 36% of total carbonate, with summer values reaching 88% of the total 
carbonate (Kalberer et al., 1993). Foraminifera constituted about one third of the 
total carbonate. Approximately one third was produced by coccoliths. Carbonate flux 

maxima (Fig. 4a) associated with higher SST’s (Fig. 6) and diminished trade wind 
speeds (Fig. 7) generally occurred in summer and decreased from 1988 to 1991. This 

coupling was most evident during 1989 when a distinct carbonate sedimentation 
pulse (Figs. 2, 4a) coincided with a pteropod flux event in early August (see also 
Kalberer et al,, 1993). This pteropod sedimentation corresponded to a significant 
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Figure 7. 11-point running average wind speeds (all directions) measured at Nouadhibou 
airport, Mauretania. Wind directions were mostly from the east and northeast. Data are 
from the Global-Telecommunication-System of the World Meteorological Center and were 
provided from the Deutsche Wetterdienst, Hamburg. Relatively low annual average values 
were measured in 1989. In contrast, almost continuously high values were obtained in 1991. 

increase in SST, most probably in the middle of July as recorded by the S180-values 

of planktonic foraminifera (Fig. 6). Moreover, this year was characterized by the 

lowest trade wind velocities in winter and spring (Fig. 7) and lowest annual values 

resulting in relatively high offshore SST’s. 

Biogenic opal flux, contributed mostly by marine diatoms, generally peaked in 

winter and spring (Fig. 4b), commonly corresponding to high Si80-values and low 

SST’s (Van Camp et al., 1991) (Fig. 6). The winter and spring opal peaks both 

decreased clearly, though not continuously, from 1988 to 1991 (Fig. 4b). This may 

indicate a tendency toward a decreasing supply of silicate-rich subsurface waters via 

upwelling in winter/spring from 1988 to 1991. On the other hand, we observed 

increased winter/spring wind speeds (Fig. 7) and a decrease in SST (Fig. 6) 

suggesting intensified upwelling (Van Camp et al., 1991). Thus, the wind data from 

1988-1991 presented in Figure 7 give no indication of a correlation between trade 

wind velocities in spring and biogenic opal fluxes. A possible explanation may be a 

change in the source waters for coastal upwelling. The area off Cape Blanc lies on the 

boundary of the northward-moving nutrient and silica rich SACW and the southward- 

flowing nutrient poorer NACW (Hughes and Barton, 1974; Zenk et al., 1991). We 

speculate that this Central Water Boundary, which also separates the superficial 

Canary Current from warmer tropical waters flowing northwards, was located far 

north in 1988/1989 compared to 1991 and supplied larger amounts of nutrients (e.g. 

silica) into this upwelling area. 

Organic carbon fluxes generally peaked in winter, spring and summer (Fig. 3). As 

already mentioned, we assume that the 1988 organic carbon fluxes measured at 

2195 m should be higher than at about 3500 m, the depth range where the 1989 to 

1991 traps sampled. Therefore, organic carbon sedimentation is assumed to have 

been highest in 1991; this holds true for the winter, spring and summer peaks, which 
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increased from 1989 to 1991. As discussed above, there is no correspondence to peak 

fluxes of carbonate and biogenic opal (Fig. 4a,b), both of which showed decreasing 
tendencies. During organic carbon sedimentation in summer, a decrease in the C/N 

ratios (atom) from about 10 to 8 was observed, indicating that rather fresh organic 

material was transported to the deeper water during those seasons. The stable 
carbon isotope composition ranged from about -19.1 to -22.5%0, too low for 

marine organic matter originating at water temperatures above 21°C (see Fontugne 
and Duplessy, 1981). Rather, these values indicate the influence of terrigenous 

organic matter, mostly wind transported pollen (S. Jahns, pers. comm., August 1994) 

which should have significantly lower isotope ratios around -26 to -28%0 (Jasper 
and Gagosian, 1990). We obtained a significant increase in the V3C,,,-ratios with 
values from about -21.5/ -22%0 to - 19/ - 19.5%0 during or immediately before the 

organic carbon flux maxima in summer (Fig. 3) i.e. during the warmer season, 

notably in 1988 and 1991. We did not measure significantly higher values during 
spring, when upwelling was most intense. In general, we found a correlation between 
the isotope ratios and the organic carbon fluxes from 1988 to 1991 but the correlation 

coefficient is not highly significant (r2 = 0.31, N = 72). The most likely explanation 
for the coincidence of high carbon fluxes and high 613C,,,-values is that both reflect 

increased marine organic carbon production, where molecular dissolved 12C02 was 

rapidly reduced, and relatively more 13C02 was incorporated during photosynthesis 
(Deuser et al., 1968; Degens et al., 1968). 

c. Relation between biogenic and lithogenic Jluxes. Particle loading of biogenic materi- 

als by lithogenic components has an impact on sedimentation; for example, high 
amounts of relatively heavy mineral grains may increase sinking rates and reduce 

organic matter degradation during particle transport (Ramaswamy et al., 1991). 
Indeed, lithogenic constituents off Cape Blanc, mostly quartz grains of aeolian origin 
(Wefer and Fischer, 1993) appear to be coupled to the organic carbon fluxes as 

shown in Figure 8. However, we obtained different regression lines. During 1991, 
lithogenic fluxes were lower by about a factor of two, but the organic carbon fluxes 

were significantly higher. This indicates a variable relationship between the fluxes of 
biogenic and lithogenic components from year-to-year. Ramaswamy et al. (1991) 
found Lith./C,,,-ratios between 1 and 5 in the Arabian Sea. This range was only 
found in our upper trap records and in the deeper trap in 1991 (Fig. 2). The 

1988-1990 deep water Lith./C,,-values oscillated between 5 and 15. The increase 
with depth during 1990-91 could reflect either organic matter degradation or 

increased scavenging of lithogenic components by marine particles, e.g. marine snow 
(Ramaswamy et al., 1991). However, such an increase of lithogenic fluxes with depth 
which is often found in the ocean was not observed (Fig. 2). Instead, the &-flux 
decreased strongly by about 40% (on an annual basis; Table 2) between 733 and 
3562 m (Fig. 3). 
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Figure 8. Correlation of lithogenic and organic carbon fluxes for the years 1988 to 1991. Note 
the different slopes for the regression line of samples collected in 1989 and 1991. The 
regression lines for 1988 and 1990 are not significantly different from 1989. 

d. The long-term SSTrecord. In this section we will discuss changes in SST seasonality 
based on the PO-values of G. ruber and L. inflata over the four-year sampling period 

and compare this record to measured values taken from the literature. Year-to-year 
SST changes and seasonal&y deduced from the PO-values of G. ruber are summa- 
rized in Table 3. Cold and warm seasons which usually occurred in winter/spring and 
summer/fall, respectively, differed both in magnitude and timing (Fig. 6). We found 
a cooling trend from 24.4 to 20.8”C from 1988 to 1991. In addition, a significant 

difference in SST-seasonality between the two “extreme” years 1989 (AT = 6.9”C) 
and 1991 (AT = 2°C) was recorded (Fig. 9). The low seasonal&y in 1991 is not an 
artifact of the limited data derived from G. mber. A more continuous isotope curve 
has been obtained from the pteropod L. injlata (Fischer and Kalberer, unpubl. data) 
which confirms the strong difference in seasonality between 1989 and 1991. The SST 
distribution was also reflected in the annual total and carbonate flux pattern (Table 
2). Annual total fluxes in the warmer years 1988-89 were higher compared to the 
colder year 1991. This was mainly due to increased carbonate sedimentation in 
boreal summer, particularly during 1989 when a pteropod-shell sedimentation pulse 

was detected (Kalberer et al., 1993). 
In Figure 10 a comparison of the estimated annual SST values from G. ruber to the 

annual trade wind velocities and the related annual fluxes is presented. Although the 
expected negative correlation between SST and wind speeds was not observed, the 
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Figure 9. Seasonal and interannual SST changes estimated from the iY*O-record of G. mber 
(white variety). A -0.35%0 disequilibrium offset for G. ruber was applied. Note the general 
trend in SST decrease with time and the change in seasonal&y of 6.9” to 2°C from 1989 to 
1991 which is not an artifact of missing data points in 1991 (see Fig. 6 and text). The seasonal 
temperature difference recorded by the pteropod L. irtflatu in 1989 is 6.6”C (Kalberer er af., 
1993) and, thus, comparable to 6.9”C estimated from G. ruber. 

two extreme years 1989 and 1991 are clearly distinguishable: 1989 was characterized 

by high annual SST’s and low wind speeds whereas in 1991 cold SST’s and high wind 
values were measured. 

We compared measured SST values from the literature (Mittelstaedt, 1991: 
historical data from 1906-1977; Van Camp et al., 1991: data from 1987) with SST 
data calculated from the P80-values of G. ruber (white; Table 3) and the pteropod 
L. inflata (Kalberer et al., 1993). On average, SST’s from the literature (Mittelstaedt, 

1991; Van Camp et al., 1991) varied between 19°C in winter/spring and 24” during 
summer/fall, a range which coincided only partly with our SST computations derived 
from iY*O of G. ruber (19.8 to 27.2”C; Tab. 3). Specifically, our summer SST’s were 
significantly higher by 2-3°C than measured values. Using higher equilibrium offsets 
for G. ruber, as reported in the literature (Ravelo and Fairbanks, 1992), would not 
change our results enough to make up for the discrepancy between estimated 
summer SST’s from G. ruber and literature data. 

Monthly seasonal SST’s from 1964 to 1979 integrated over a wide area off 

Mauritania were compiled by Servain et al. (1985). They give a mean SST value for 
winter/spring (seasonal minimum) around 22°C and a mean value for late summer/ 
fall (seasonal maximum) of 27S”C. In this case, the minimum SST value obtained for 
winter/spring was significantly higher than our estimate of 19.8”C for June 1991. 
Considering these data, we assume that the situation off Cape Blanc in 1991 was 
characterized by (probably anomalously) cold conditions. 
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Figure 10. (a) Annual SST variation calculated from G. ruber compared to the annual wind 
velocity recorded at Nouadhibou airport (see Fig. 7). Note that high SST’s and low wind 
values were determined for 1989 whereas low SST’s and high wind speeds were obtained for 
1991. (b) Annual total, opal, organic carbon and lithogenic fluxes recorded from 1988 to 
1991. Note the continuous decrease in total, opal and lithogenic fluxes and the increase in 
organic carbon fluxes. Highest carbonate fluxes were measured in 1989 during lowest wind 
velocities/high SST’s; highest organic fluxes were determined for 1991 when high wind 
speeds/low SST’s prevailed. 
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An independent seasonal SST record was provided by young L. inJlata of 250 Frn 
size which were collected in unusually high numbers in 1989 (Kalberer et al., 1993). 

This SST curve parallels the pattern exhibited by G. ruber during the same year. 
L. inflata migrates in a night-day cycle between 50 and 350 m water depth (Wormuth, 
1981) but appears to incorporate carbonate in the shallowest depth range reached at 
night (Fabry and Deuser, 1991; Kalberer et al., 1993). Therefore, this species should 

also monitor shallow water SST, probably slightly deeper (around 50 m) than G. 
ruber (O-30 m). Indeed, maximum SST in 1989 is similar, 6.9” for G. ruber and 6.6”C 

for L. inflata (Fig. 9) and absolute SST minima and maxima differ only slightly. From 
the G. ruber record we obtained 20.3 and 27.2”C in April and September/October 
(Tab. 3) respectively, compared to 19.5”C in April and 26.1”C in August derived 

from the WO values of L. inflata. 

Corresponding to the general decrease in annual mean SST estimates from 24.4 to 

20.8”C (Tab. 3) total, carbonate, opal and lithogenic material fluxes decreased almost 
continuously from 1988 to 1991 (Fig. lob; Table 2). Surprisingly, not only the annual 
opal fluxes decreased, but also the winter/spring peaks (Fig. 4b) which were 

attributed to increased upwelling of silicate-rich subsurface waters. Although SST’s 
decreased, no indication of increased opal sedimentation was found. On the other 

hand, we observed an increase in marine organic carbon sedimentation (Figs. 3, lob, 

Tab. 2). The organic carbon flux increased from 1989 to 1991 (the 1988 record is from 
shallower depth) in conjunction with a general SST decrease (Fig. 10) and, obviously, 

increased upwelling and advection of cold nutrient-rich water is what we might 
expect from other investigations (see Deuser, 1986, for a review). However, this 

tendency in the organic carbon sedimentation was not combined with an increasing 
opal sedimentation. This discrepancy might be due to increased production and 
sedimentation of non-opal bearing phytoplankters during 1991. A reduction in 
carbonate fluxes from 1989 to 1991 was mainly an effect of the continuous decrease in 
summer sedimentation, the period of highest SST’s in the seasonal cycle. The 

interannual changes in carbonate and C,, sedimentation resulted in a drastic 
increase in the annual carbon rain ratio (C,,p/Ccaco3; Berger and Keir, 1984) from 
0.5-0.8 in 1989-90 to 1.5 in 1991 (Table 2), and probably resulted in a more effective 

“biological pump” in the relatively cold year 1991. 
We assume that the long-term S13Corg- record which shows a slight tendency from 

higher to lower values from 1988 to 1990 (Fig. 3) reflects the increasing CO2 
availability due to decreasing SST?. In 1991, however, the iY3C,,,-value (calculated 

on an annual basis with respect to the C,,, -fluxes) and the C,,,-fluxes are higher, and 

the carbon isotope values show a more pronounced seasonality compared to the 
other years. Organic carbon production and rapid sedimentation during that year 

may have significantly reduced the CO2 availability in the surface layer (see Watson 
et al., 1991; Robertson et al, 1993). In conclusion, the long-term trend in the stable 
carbon isotope values appears to reflect an overall molecular CO2 increase due to the 
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SST decrease or upwelling, whereas the rapid seasonal G3Corg increases occurring 

during the warmer season were probably due to biological uptake of COz. 
On an annual basis, we did not observe a positive correlation between the 

biological fluxes (i.e. Corg) or the carbon rain ratio and the lithogenic fluxes as it was 
suggested by Ittekkot (1993). Lithogenic fluxes as well as the amount of pollen influx 
(S. Jahns., unpubl. data, August 1994) were reduced in the “cold” year 1991, whereas 
the sedimentation of organic carbon and the carbon rain ratios strongly increased. 

The amount of land-derived material transported to the open ocean is at least partly 
controlled by the strength of the trade wind system. Figure 7 shows that the annual 

trade winds were in fact stronger in 1991 and were blowing more continuously. This 
would lead us to expect a higher land-derived input into the open ocean. This was not 

the case, however, at least not for the Cape Blanc trap position. We offer two 
possible explanations: (1) during 1991 much less terrestrial dust was transported 
upwards into the Saharan Air Layer which later releases its load into the trade winds 
and, consequently into the ocean, (2) the material transported upward into the 

higher air layers and later downwards into the deeper trade wind layer was 
transported beyond the coast of northwest Africa and the Cape Blanc trap position. 

6. Conclusions 

As described by Servain and Legler (1986), relaxation of the trade winds in 
response to larger-scale climatic perturbations may cause anomalous warming in the 
tropical Atlantic in certain years. The best documented episode in the Atlantic with 

an unusually large amplitude in SST was observed in 1984. At that time, SST’s in the 
tropical Atlantic were anomalously high, the trade winds were weak, and the 
Intertropical Convergence Zone (ITCZ) was displaced southward from its usual 

position (Weisberg and Colin, 1986). Off Mauritania (21N, 19W), SST’s were also 
warmest during 1983/84 (McClain and Firestone, 1993). 

From our flux and estimated SST data we conclude that 1989 was a relatively warm 
year off northwest Africa due to diminished NE trades and, probably, a northward- 

moving warmer counter current, especially from July to October as described by Van 
Camp et al. (1991). The year 1991, however, was characterized by much colder 
conditions, especially during summer and fall. However, we do not yet know if these 
year-to-year changes occur in certain periodicities as part of larger-scale climatic 

oscillations (e.g. El Nina effects) influencing the eastern Atlantic or are more a 

reflection of regional fluctuations in the extension of the filamental zone off Cape 
Blanc. Long-term observations of SST’s and meteorological data performed off 
northwest Africa (Picault et al., 1984; Michelchen, 1981) revealed periodicities of 
about 15,5-6 and 2 years. These periodicities and unusual (episodic) sedimentation 

events can only be monitored with longer-term flux studies (e.g. Deuser, 1986). Such 
investigations will provide information about climatic oscillations and their impact 
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on upper ocean biology and particle sedimentation into the deep ocean and, the 
ultimate causes of episodic sedimentation events. 
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