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Offshore Export of Shelf Production in the Cape Blanc (Mauritania)
Giant Filament as Derived From Coastal Zone
Color Scanner Imagery
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Particulate organic carbon flux from the shelf to oceanic waters during upwelling between 19°N and
25°N off Mauritania has been analyzed using coastal zone color scanner (CZCS) imagery. Biomass ir
the giant filament has been estimated using surface pigment concentration registered by CZCS during
time series in December 1983, March 1984, and October 1984, Evidence for active phytoplankton
growth in offshore waters is presented. Formation of the giant filament seems to be favored by the
combination of a number of factors perhaps unique to the Mauritanian shelf. The large-scale
circulation patterns promote offshore advection, and the typically long period of wind forcing can
move the upwelling center to the shelf break arez, thus causing maximal phytoplankton growth rate to
be achieved in oceanic waters. The relatively high pigment concentrations registered by CZCS in
oceanic waters suggest that nutrients have nol been depleted on the shelf and that in situ growth is
occurring in deep waters. We have used a baroclinic, hydrodynamic model to estimate cross-slope flux
of particulate organic carbon at the 200-m isobath and derive a mean value of about 1 x 105 gCs™!

during each of the CZCS time series.

INTRODUCTION

Biological export of carbon fixed during photosynthesis on
continental shelves has been suggested as a major sink for
the global carbon cycle [Deuser, 1979; Waish er al., 1981;
Walsh, 1983, 1989] although the general applicability of this
hypothesis has been questioned [Rowe er al., 1986;
Falkowski et al., 1988]. Compared with other continental
shelf ecosystems, upwelling zones are distinguished by a
high input of *'new’’ nutrients and subsequent relatively high
fertility. Because of this high fertility the quantity of organic
material that can be‘exported from upwelling areas through
loss to shelf sediments [D. J. Smith er al., 1983) or adjacent
deep waters, or as a fishery yield, is 10 to 100 times higher
than other ecosystems can support {Barber and Smith,
1981].

Major coastal upwelling zones occur along eastern oceanic
boundaries where large-scale weather patterns produce con-
sistent Jongshore wind stress inducing Ekman transport of
surface waters offshore. The cooler, usually nutrient-rich
oceanic waters which are upwelled onto the continental shelf
to replace the surface waters promote high local primary
production. In contrast to other coastal and oceanic ecosys-
tems, which may be limited to a single major productivity
event per year, the period and rate of primary production are
significantly greater in upwelling zones. Continental shelves
where upwelling occurs are thus potentially important sites
for conversion of dissolved inorganic carbon (in the newly
upwelled waters as well as "'old"’ shelf waters) to particulate
organic form and export from the water column either to the
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shelf sediment, continental slope, or, by advection and
settling processes, beneath the ocean thermocline [ Wollast,
1990; McClain et al., 1986]. This last pathway, the so called
biological pump, may be critical to the dynamics of climate
change on the time scale of decades [Longhurst and Harri-
son, 1989].

Recently, Bakun [1990] has reported climate-change-
related intensification of coastal upwelling in several differ-
ent regions which, by increasing primary production and
carbon export, may provide an important negative feedback
mechanism for the anthropogenic increase in atmospheric
CO;. In the context of the global carbon cycle it is necessary
to identify such regional sinks in order to quantify the
atmosphere-to-ocean carbon flux on a global basis. The
northwest African continental shelf is one of the major
coastal upwelling regions and has been the subject of inten-
sive field studies, e.g., Cooperative Investigation of the
Northern Part of the Eastern Centra! Atlantic {CINECA)
[(Hempel, 1982} and JOINT I [Huntsman and Barber, 1977).
The shelf between 15°N and 24°N, between Cape Timiris and
Dakhla and including Cape Blanc, experiences conditions
favorable for upwelling throughout the year [Wooster et al.,
1976). Since upwelling is fairly constant, with maximum
intensity during spring and auwmn, it is likely that the Cape
Blanc area is a prime site for export of shef particulate
organic carbon (POC) to the deep ocean.

In this paper we present an analysis of three distinct
upwelling episodes recorded in Nimbus 7 coastal zone color
scanner (CZCS) pigment concentration fields during Decem-
ber 1983, March 1984, and October 1984 ir; the Mauritanian
upwelling zone. The aim here is to use the CZCS satellite
imagery to measure the biomass that has been advected off
the continental shelf and examine its temporzal evolution
during the upwelling event, By deriving an estimate of the
flux of detrital organic carbon to sediments and deep waters
we discuss the region’s significance as a sink for atmospheric
carbon,
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Fig. 1. Location of the study window off Mauritania.

P2

CHARACTERISTICS OF THE STUDY AREA

Physical Dynamics

The geographical limits of the study window coincide
approximately with the meridional and zonal extent (as
detected in CZCS imagery) of the giant pigment filament at
19°-24°N and 16°-23°W (see Figure ). This region includes
the shelf between Dakhla to the north and Cape Timiris to
the south and oceanic water up to 600 km offshore. The
continental shelf varies in width from 32 km in the south to
over 100 km in the northern part of the region. As defined by
the 200-m isobath, the continental shelf area in the study
window is approximately 70,000 km?, Long-term wind data
records on the coast at Nouadhibou (21°N, 17°W) for the
period 19721979, suggest steady, strong longshore winds
with periods of 5-10 days, separated by shorter relaxation
periods. Wind speeds varied from about 5 m s~! in the
winter months to around 10 m s~! in spring and summer
[Kirk and Speth, 1985].

The dynamic features of upwelling in the Cape Blanc area
have been described by Mirtelstaed: et al. [1975) and Huyer
[1976]. Under favorable wind conditions the main character-
istics are an equatorward coastal jet at the surface, quasi-
barotropic fluctuations in the longshore flow, and compen-
satory surface and subsurface poleward countercurrents.
The shelf is shallow with a sharp shelf break (at ~100 m) and
the slope is steep, with the consequence that the subsurface
poleward undercurrent is confined to the slope below 200-m
depth, This is an important factor enabling offshore transport
because the undercurrent cannot trap nutrient-rich water,
which would be possible were it present on the shelf as
occurs off Peru [Barber and Smith, 1981}, Surface poleward
flowing countercurrents are a typical feature along the
continental slope between 17°N and 23°N, especially during
winter and autumn. The existence of the surface countercur-
rent offshore implies a zone of intense shear in the along-
shore current on the outer shelf with the potential for strong
turbulent mixing in the longshore direction.

The cross-shelf circulation is well correlated with the wind
forcing, with a time lag of about a day, and consists of
offshore flow from the surface to 30—40 m and onshore flow
in the lower part of the water column over the shelf and
extending to a depth of 200 m on the slope. Isopycnals that
slope upward toward the coast are indicative of upwelling,
and off northwest Africa such slopes have been observed as

far as 80 km offshore and to a depth of 200 m [Barion er al.,
1975]. The stratification over the shelf is weak, correspond-
ing to strong vertical mixing, with the mixed layer frequently
reaching the bottom on the inner shelf.

The source waters for the upwelling are either North
Atlantic Central Water (NACW) or the less saline, warmer
South Atlantic Central Water (SACW) [Tomczak, 1982]. In
the vicinity of Cape Blanc a complex mesoscale regime
pertains since the area is a frontal zone between NACW and
the more nutrient-rich, lower-density SACW, causing the
circulation to be influenced by thermohaline mixing pro-
cesses [Barton, 1987). The upwelled waters near Cape Blanc
will thus vary in nutrient concentration depending on their
origin, although the poleward transport of SACW by the
undercurrent on the slope will tend to smear out the merid-
ional nutrient gradient (Minas et al., 1982a].

Figure 2 shows the large-scale near-surface circulation off
northwest Africa as described by Mirtelstaed: [1982, 19911,
Between 25°N and 21°N the Canary Current detaches from
the continental slope and flows southwest, entraining shelf
water from the north and south offshore. South of Cape
Blanc there is a persistent mesoscale cyclonic gyre between
15°N and 21°N whose position varies with the season, being
furthest north in winter and autumn, The location of the gyre
can be an important factor in enhancing zonal offshore
advection. As a result of the offshore advection of shelf
water, which is usually rich in phytoplankton (and possibly
nitrate), an extensive pigment plume is formed which was
first described from analysis of CZCS data by Van Camp et
al, [1991] and called the ‘‘giant filament."

Another factor influencing offshore export of phytoplank-
ton and upwelled nutrients is the cross-shelf location of the
upwelling center, where lowest water temperature, maxi-
mum vertical velocities, and highest nitrate concentrations
occur. The presence of cold water at the shelf break off Cape
Blanc was recorded in the data presented by Meincke et al.
[1975]). Barton et al. [1977] noted that in the Cape Blanc area
the upwelling center migrates seaward at a speed of 4-5 km
d~! during an upwelling event. After 46 days of persistent
wind forcing the center reaches the shelf break and remains
there until relaxation of the wind. Such long periods of
persistent winds followed by shorter periods of relaxation
are typical off northwest Africa, The implication here is that
low-frequency wind forcing, leading to seaward displace-
ment of the upwelling center, will favor the formation of a
giant filament extending offshore.

Biological Dynamics

There are a number of factors, both physical and biologi-
cal, that combine to create complexity in the phytoplankton
dynamics in coastal upwelling zones. The energetic physical
conditions that pertain are certainly important in shaping the
biological structure of these waters, It has been suggested
that community composition [Malone, 1975} as well as total
biomass {Wroblewski, 1977, W, O. Smith et al., 1983] are
largely a result of the advective processes, namely the
bilayer cross-shelf flow and wind-driven vertical mixing, For
example. small-celled species with low sinking rates are
likely to be selectively removed by offshore transport, while
larger species which sink faster may be reentrained in the
onshore flow and returned to the shelf. This has been called
the conveyor belt model” by Wilkerson and Dugdale
[1987).
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Fig. 2. Seasonal variability in large-scale near-surface circulation in the study window (adapted from Mirrelstacdr
[1991])): spring, April-May; summer, July-September; autumn, October-December; winter, January~March.

The physiological state of phytoplankton is important in
determining their nutrient uptake rate once in the surface
Ekman flow. This was clearly demonstrated in the produc-
livity measurements reported by Huntsman and Barber
{1977}, who found carbon fixation rates that almost doubled
from the inner to the outer shelf region. Phytoplankton
seeding of the shelf may occur from cells in the upwelled
oceanic waters or from cells remaining on the shelf from a
previous upwelling event [Jones and Brink. 1985]. When the
seed cells originate from below the euphotic zone, they will
need time to adapt their nutrient uptake rates to the higher
illumination regime before adjusting their metabolism to a
“shifted-up state’” with increased growth rate [Wilkerson
and Dugdale, 1987].

Off Cape Blanc the strength of the wind often causes the
mixed layer to be deeper than the euphotic zone and light
limitation of production. In this area, maximum productivity

rates are achieved only during periods of wind relaxation and
weaker vertical mixing when the mixed layer depth is
reduced [Dugdale and Wilkerson, 1985]. Another important
point for the biological conditioning of the upwelled algal
cells is the depth of the offshore flowing layer with respect to
the euphotic depth. If the cells in the onshore flow experi-
ence cnough illumination to become preconditioned to a
higher light regime, then the subsequent nitrate uptake rates
will be greater and shift-up will be accelerated. Clearly this
will not be the case during shelf break upwelling when the
seed cells originate from below the euphotic layer and are
quickly advected to the surface offshore flowing layer,
presumably still in a shifted-down state, This suggests that
there may often be in situ phytoplankton growth in offshore
oceanic waters (provided nitrate is not limiting) contributing
to the maintenance of the giant filament. This hypothesis is
supported by the satellite data record [Van Camp et al.,
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1991, Figure 11; McClain er al., 1990, Plate 1] which shows
that relatively high pigment concentrations (I-2 mg m™%)
occur at distances over 100 km beyond the shelf break.

Sedimentary Processes

Some indication of sedimentary processes in the Cape
Blanc area can be gained from the field data collected by
Lenz [1982) during early 1975 which have been summarized
in Figure 3. Particulate organic matter (POM) samples were
collected on the midshelf (location I), shelf break (location
IT) and lower slope (location III), along transects at 21°16'N
and 22°41'N. Unfortunately, no data were collected further
offshore.

The distributions of chlorophyll a, particulate organic
nitrogen (PON), and particulate organic carbon (POC) (Fig-
ures 3a, 3b, and 3c¢) all display a similar trend in the upper
layer (<20-m depth) with minimum concentration at the
shelf break. At deeper sampling depths (>40 m) the trend is
a gradual decrease in concentration offshore. At the 150-m
sampling depth (Figure 3d), the POC component (corre-
sponding to phytodetrital particles) is still approximately
40% of its surface value, indicating an appreciable sinking
flux. It has been postulated that a reseeding mechanism may
exist {(Malone, 1975; W. O. Smith et al., 1983) whereby some
of this material might be entrained in the onshore Ekman
flow (present at about 200-m depth) and returned to the shelf,
although such a process would operate mainly on the upper
slope. The size distribution below the euphotic layer is
dominated by small particles (<55 um) which constitute up
to 90% of the total, indicating the importance of phytodetri-
tal material (e.g., senescent algal cells, fecal pellets) in the
sinking flux, Interestingly, the POM at the lower slope
sampling stations had the highest chlorophyll concentration
in the euphotic layer (Figure 3a), confirming the surface
offshore advection and suggesting minimal zooplankton
grazing in deep waters.

METHODS

Satellite Image Processing

As a preliminary step to the selection of coastal zone color
scanner data for our study window, the advanced very high
resolution radiometer (AVHRR) global area coverage (GAC)
archive (4-km pixel resolution) was searched for dates be-
tween 1981 and 1984 where the sea surface temperature
(SST) demonstrated strong upwelling. Unfortunately, few
high-resolution AVHRR data have been saved for our region
during the time periods analyzed here (National Oceanic and
Atmospheric Administration, personal communication). The
selection criteria were a time series of reasonable length to
enable the tracking of an upwelling episode and a significant
zonal temperature difference between coastal and oceanic
water [Wooster et al., 1976]. Based on the analysis of field
data by Speth and Detlefsen [1982], we have chosen a
temperature deficit of 3°C or more as indicative of strong
upwelling. Of the approximately 1000 images inspected,
fewer than 30% were rated as usable data, mainly owing to
excessive cloud cover or aerosol interference which can
often be caused by the presence of aeolian dust from the
Sahara. Evidence for strong upwelling was detected
throughout the year, For the benefit of future researchers,
the resulting time series from the AVHRR GAC archival

search are shown in Table 1. The CZCS archive was then
searched for images coincident in time with these periods of
strong upwelling. The limited availability of CZCS data
restricted the final data set to three time periods consisting of
17 images whose dates are shown in Table 2.

The radiometric sensitivity of the CZCS has declined over
time, and since the sensitivity loss has increased over time it
is important to account for this calibration drift when time
series are to be analyzed. The absolute reflectance values were
adjusted following the recommendations of Sturm [1983]. The
data were atmospherically corrected according to the method
of Andre and Morel [1991] based on the use of a reflectance
model valid for case 1 waters, where the optical properties of
the water column are largely determined by the phytoplankton
population. The method is not applicable to the case 2 waters
of the inner shelf, which are characterized by high levels of
suspended particulate matter, or the shallow Banc d'Arguin
area south of Cape Blanc (Bricaud er al., 19871. The pigment
algorithm used for determining chlorophyll concentration, also
given by Andre and Morel [1991), is

log Cga = 0.347 — 2.73 log ry3 + 2.14[log r3]?

— 2.04[log ry3)° Ca<2mgm™ (1)

log Cgy = 0.661 — 8.48 log ro3 + 11.52[log ry3])?

- 88.38(log r53]° Ceg>2mgm™ (2)

where r;; is the ratio of diffuse reflectance in CZCS bands i
and j, and Cg,, is the pigment concentration in milligrams
chlorophyll per cubic meter. The agreement between in situ
chlorophyll measurements and predictions using this algo-
rithm is estimated to be in the range =30-50% [Bricaud and
Morel, 1987). Pigment images were then resampled and
mapped onto a standard Mercator projection using satellite
ephemeris data. In order to improve the geometric correc-
tion, a polynomial transformation was applied to the geo-
metrically corrected image using ground control points au-
tomatically derived by matching the image coastline against
reference cartographic data. A positional accuracy of 1-2
pixels was achieved by this procedure.

The satellite derived pigment concentration Cg,, is actu-
ally an exponentially weighted vertical average of the up-
welling irradiance over an optical penetration depth, Z,
given by Clark [1981] as

Z°P‘ Zop‘
Coat = f C(z) exp (~kz) dz f exp (—kz) dz
0

0
(3)

where C(z) is the actual biomass profile and k is the total
water extinction coefficient, which is wavelength dependent
[Kishino, 1981]. The bio-optical algorithm (equations (1) and
(2)) is based on the upwelled irradiance at 443, 520, and 550
nm at which wavelengths Z,,, is approximately 20, 20, and 9
m, respectively, under oligotrophic conditions. Since Z oy, is
typically 20-30% of the euphotic zone depth Z, in clear
waters and 50% of Z, in eutrophic waters [Smith, 1981], a
possible source of error occurs when the chlorophyll maxi-
mum is situated below Zp and does not contribute to Cy,,.

Off Cape Blanc, field measurements suggest that Z. is
approximately 22 m in offshore waters [Dugdale et al.,
1989). Unfortunately, there have been no studies aimed at
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TABLE 1. AVHRR-GAC Imagery Dates for Mauritanjan
Continental Shelf That Show Presence of Cold Water
on Shelf

Meridional Extent

Period* of Upwelling, °N
26.08.1981-30.08.1981 23-32
10.10.1981~15.10.1981 23-25
06.04.1982-08.04.1982 20-24
06.07.1982-09.07.1982 20-32
26.07.1982-30.07.1982 20-28
25.08.1982-31.08.1982 21-28
10.10.1982-13.10.1982 30-32
23.04.1983-25.04.1983 18-26
16.08.1983-20.08.1983 21-32
11.12.1983-20.12.1983 2024
19.01.1984-21.01,1984 16-26
25.03.1984--28.03.1984 21-26
21.04.1984-26.04,1984 16-22
20.05.1984-22.05.1984 17-24
10.09.1984-15.09.1984 2026
21.10.1984-24.10.1984 20-32

*Read dates as day. month. year.

defining typical chlorophyll depth profiles in the oceanic
waters of our study window, although the actual field data
collected during CINECA suggest that over the first 20-30
m, quasi-uniform profiles are the norm in the inshore region
(see Figure 3d). Thus in order to estimate the depth-
integrated chlorophyll over the whole of the euphotic zone,
C. (in milligrams chlorophyll per square meter), we use an
empirical relationship given by Morel and Berthon [1989]
derived from an extensive data base (over 3400 measure-
ments; r2 = 0.87) in low and moderate latitudes,

Ceo = 40.6[Cg )" *° (4)

The total window biomass B was derived by summing C,
over all the usable pixels in each image.

Wind Field Data

Wind records for the 3 months containing our CZCS time
series have been provided by a hindcast model of the
European Centre for Medium-Range Weather Forecasts
(ECMWF) at Reading, England. This model provides the
wind field vector at 10-m height, U,,, with a horizontal
resolution of 1.5 degrees in latitude and longitude, giving
three data points within the study window. The wind stress
vector 7 (N m™2) at the sea surface was derived using the
conventional quadratic expression,

T = pacgdUolUyg (5)

where p, is the density of air (1.25 kg m ™) and ¢, the drag
coefficient (0.0014).

The Ekman transport vector M, (in kilograms per meter
per second) can be estimated from the surface wind stress by

M, = (r x k)/f (6)

where k is the unit vector in the vertical direction (positive
upward), and f is the Coriolis parameter, which is in the
range (4.7-5.9) x 107* 5! for the latitudes of our study
window. The cross-shelf component of Ekman transport can
be derived by rotating the lacal coordinate system at each of
the wind data points to align with the coastline orientation
and calculating the component of M, normal to the coastline.
The Ekman volume transport vector Q. (in square meters
per second), per unit width cross slope, may be computed
from (6) by

Q. =Mdpy )

with p,, the density of water in the offshore flowing Ekman
layer.

Numerical Modeling

The Ekman formula () is a reasonable approximation for
an infinite depth, barotropic ocean and steady wind forcing.

TABLE 2. CZCS Estimate of Biomass for the Study Window (Excluding Continental Shelf)

Mean Window
Biomass, Concentration, POC, Coverage,t
Orbit Date* g Chla x 10° mg Chl m~3 gC x 10" %
25891 10.12.1983 8.71 1.07 9.37 94
26015 19.12.1983 4.21 1.32 3.87 37
26029 20,12.1983 7.73 1.21 7.58 74
26098 25.12,1983 4.22 1.44 3.64 34
26112 26.12.1983 6.92 1.18 6.92 68
27204 14.03.1984 5.57 1.35 5.04 48
27218 15.03.1984 5.37 1.38 4.76 45
27232 16.03.1984 7.09 1.39 6.26 59
27273 19.03.1984 8.26 1.39 7.31 69
27287 20.03.1984 7.39 1.30 6.87 66
27301 21.03.1984 7.50 1.30 6.98 67
27356 25.03.1984 2.94 1.18 2.95 29
30176 15.10.1984 7.43 1.10 7.82 78
30190 16.10.1984 4.33 0.97 5.07 52
30259 21.10.1984 5.12 1.10 5.41 54
30273 22.10.1984 5,92 1.30 5.51 53
30342 27.10.1984 7.11 1.10 7.52 75

*Read dates as day. month, year.

fPercentage of the study window for which useable pixel data were available,

© Universidad de Las Palmas de Gran Canaria. Biblioteca Digital, 2004



GABRIC ET AL.: EXPORT OF SHELF PRODUCTION AT CAPE BLANC 4703

3000 5

2000 4

1000 +

Ekman Transport {kg/ms)

- 24N

g 225N

Manth (0Octdd-Oaec8d}

Fig. 4. Temporal variation in mean monthly cross-shelf Ekman transport at three locations in the study window.

However it does not take into account the effects of wind
periodicity, varying shelf topography and water column
stratification, In order to obtain an improved estimate of Q.,
we have used a three-dimensional, baroclinic hydrodynamic
model [Eiffer et al., 1991] to compute the cross-shelf velocity
profile {z) normal to the 200-m isobath, The model formu-
lation is based on the primitive equations, the hydrostatic
approximation, and the Boussinesq assumption with respect
to the effect of variable density. Baroclinic effects have been
computed using separate transport equations for heat and
salinity. Transport of heat and salinity is computed using the
turbulent kinetic energy profile predicted from the momen-
tum equations and a depth-dependent mixing length.

The model was forced by the daily wind field for Decem-
ber 1983, March 1984, and October 1984. According to
model simulations, a theoretical Ekman spiral rarely devel-
ops on the shelf, and thus it is difficult to define an Ekman
depth. Consequently, model predictions for 1{z) were inte-
grated over the predicted mixed layer depth Z,, to estimate
the het cross-slope volume transport Q, (in square meters
per second),

Zm
Qn=f v(z) dz (8)

0

Since the shelf orientation and width varies significantly in
the study window, the computation has been made along
cross-shelf sections at three latitudes (21°N, 22.5°N, and
24°N) corresponding to the location of the wind data points,
Shelf topographies at these locations were digitized from
bathymetric chart 837 of the Deutsches Hydrographisches
Institut, Hamburg.

RESULTS

Monthly mean cross-shelf Ekman transport values for
1979 reported by McClain et al. [1990] range from about 500
kg m~! s~!in winter to over 2000 kg m~' s~ in the spring
and summer. Figure 4 shows the mean monthly Ekman
transport, calculated from the theoretical Ekman formula

(6), at the three wind data points in the study window from
October 1983 to December 1984, The values range from a
minimum of 396 kg m ™' 57! to a maximum of 2424 kg m ™!
s, a range similar to that in 1979. We note the temporal
correlation in the magnitude of Ekman transport at the three
locations between 21°N and 24°N, which are separated by
about 300 km, suggesting that the direction of wind forcing is
reasonably uniform. The meridional variation in Coriolis
force would lead to a gradient in the Ekman transport, with
the value at the northern station about 80% of that at the
southern station.

Numerical mode! predictions for December 1983 (Figure
Sa) suggest that Ekman transport was directed offshore for
most of the month and intensified between December 10 and
December 16 to values as high as 3200 kg m™' s™! on
December 12 at 21°N indicative of strong upwelling. The
wind relaxed for 4-5 days from December 21, and the model
predicts onshore flow at 24°N during this period. We also
note the meridional gradient in Ekman transport, with peak
values highest at 21°N, which would cause a clockwise
steering of material transported offshore. The numerical
model of (8) generally predicts a greater range in Ekman
transport values than does the theoretical formula of (6)~7).
This is probably because the theoretical formula does not
take into account the inertia of the coastal system.

By contrast, the situation during March 1984 (Figure 5b)
was more variable with little offshore transport during the
first 10 days of the month. A short period of strong upwelling
from March 13 to March 16 was followed by wind relaxation.
On March 21, winds intensified with very strong upwelling
(35004000 kg m~! s~"), particularly in the north of the
study window, which continued for the rest of the month.

October 1984 (Figure 5c) was characterized by moderate
to strong Ekman transport for the first 10 days, with partic-
ularly high values at 2{°N on October 7. A period of
retaxation followed until October 17, when winds increased
with moderate to strong offshore transport at all latitudes for
the remainder of the month.

The biological dynamics registered in the CZCS time
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series, while closely coupled to the current physical dy nam-
ics of upwelling, wil! also be a function of the history of winc
forcing immediately prior to data capture. As was noted
above, long periods of corsistent wind forcing may shift the
center of upwelling to the shelf break region and thus create
the conditions for phytoplankton transport far offshore and
possibly algal growth in oceanic waters, that is, formation of
a giant filament. Evidence of shelf break upwelling in the
Cape Blanc area is shown in the high-resolution AVHRR
image of SST on February 27, 1987, presented by Van Camp
et al. [1991]) where there is a clear decoupling of cold water
in the slope region from that on the inner shelf between 21°N
and 22°N. Unfortunately, the low-resolution AVHRR data
for our time periods makes it difficult to discern this effect,
although there is some evidence of cold water appearing on
the slope in the GAC imagery on December 12 and Decem-
ber 18.

The timing of the CZCS data capture (Table 2) succeeds a
period of consistent, albeit weaker, upwelling. The persis-
tent wind conditions during almost the entire month of
December 1983 were conducive to the development of shelf
break upwelling and distinguish this month from the other
two when the CZCS time series succeeded a period of weak
or variable winds. The AVHRR sea surface temperature
record suggests that cold, upwelled water was already
present on the shelf on December 5.

Plate | shows the evolution of the pigment distribution
from December 10 to 26, 1983, The December 10 scene is of
high quality with minimal cloud cover in the study window.
Because of the shallow depth and wind resuspension of
sediment on the inner shelf, the high satellite pigment
concentrations registered in this area correlate well with the
10-m isobath and are probably not reliable. In fact, the field
data record shows that because of high turbidity, algal
productivity is limited by light on the inner shelf {Morel,
1982]. Further offshore, a relatively uniform tand of pigment
with a concentration range of 0.7-1.5 mg m ™ extends from
midshell to between 50 km and 100 km from the shelf break
along the entire extent of the study window, Between 20°N
anc 22°N, offshore transport seems to be maximal with a
filament extending first west and then north to a maximum
distance of about 500 km offshore from the coast. A tongue
of oligotrophic water between 22°N and 23.5°N separates the
filament tip from the pigment closer to the shelf. Both these
features are preserved untii December 20, with some smear-
ing of the oligotrophic tongue on December 25 consistent
with a drop in Ekman flow just before this time. During
autumr and winter the position of the cyclonic gyre (Figure
2) causes northerly transport in the slope region off Cape
Blanc which may be contributing to the filameni orientation.

It is interesting to note that peak pigment concentrations
of 1.5-2.0 mg m~* occuring within the filament at distances
of over 100 km from the shelf break are of the same
magnitude as those on the outer shelf. If advection of waters
from the shelf offshore were the only process operating,
turbulent diffusion theory [Ozmidov, 1990 would suggest &
decline in the peak concentration along the filament axis
roughly proporiional to the offshore distance traveled. The
fact that peak concentrations have not decreased is strong
evidence for in situ growth of the phytoplanktor in offshore
waters. This suggests that nutrients are not being exhausted
on the shell, a kypothesis consistent with either low nurient
uptake rate on the shzlf break upwelling. The December 19

scene clearly shows pigment concentrations less than 0.5 mg
m ™ in the outer skelf while offshore peak concentrations of
1.5-2.0 mg m 3 still occur, tendirg further support to the
suggestion that active phytoplankten growth is occuring in
oceanic waters.

The March 1984 pigment time series is shown in Plate 2
and comes after abou: 10 days of weak or no upwelling.
Cross-slope transport seems to be enhanced in the northern
part of the window compared with December 1983. Although
the offshore extent of the pigment distribution is comparable
to the previous time series, the circulation pattern seems
more complex and a weil-defined filament structure is not
discernible. The cyclonic gyre moves south of Cape Blanc
during spring (Figure 2) and has less influence or offshore
transport north of 20°N, As in December 1983 the presence
of comparatively high pigment concentration offshore from
the siope is evident and suggests in situ growth. Intrusion of
oligotrophic offshore water into the high-pigment zone is
apparent in the images of March 19, 20, and 2] at about
22°N. Inspection of the corresponding AVHRR SST data
indicates that this structure is warm water of offshore origin,
and the dipole eddy shape confirms the direction of flow to
be onshore coinciding with a period of wind relaxation. The
zanal temperature gradient increases with the onset of spring
[Mirtelstaedt, 1991} as offshore waters are heated, increasing
the possibility of density driven circulation patterns.

The October 1984 CZCS time series (Plate 3) coincided
with the onse: of upwelling after a period of 6 days of wind
relaxation. The autumnal large-scale surface circulation pat-
tern {Figure 2) resembles the winter situation, with the
cyclonic gyre now positioned so as to enhance westerly
transport off Cape Blanc. High-pigment streamers and olig-
otrophic intrusions are evidence of energetic mesoscale
mixing offshore along the northern front of the pigment
distribution in the October 15 image (Plate 3). Cross-slope
expor: of shelf production in the north of the window
between 23°N and 24°N seems reduced compared with the
December and March time series, and the increase in ofl-
shore pigment between October |5 and 27 in this area is
clearly documented in the imagery. Although partly ob-
scured by cloud, a well-defined pigment filament is clear in
the October 21 image which extends 400500 km from the
coast. Peak pigment concentrations are again high (~1.5 mg
m~3) in oceanic waters. It is interesting to note the evidence
for strong cyclonic advection in the gyre south of Cape Blanc
where there is a marked change in the pigment distribution in
decp waters between 19°N to 20°N from October 21 to
October 22, a period too brief to be explained solely by in
situ growth,

We have calculated the biomass in the euphotic zone in
the oceanic waters of the window by applying the chloro-
phyll algorithm given in (1)-(4) after masking out the shelfl as
defined by the 200-m isobath. The resulting estimates are
given in Table 2. Mean chlorophyll a concentrations in the
offshore part of the window are high (>1 mg Chl @ m ™) and
relatively constant during each time series. In order o
convert the biomass units from grams of chlorophyll a to
grams of carbor. we have used the empirical relationship
between narticulate organic carbon and chlorophyll concen-
tration derived during JOINT-I for the Cape Blanc arca
(Huntsman ard Barber, 1977},

POC =91 = 23 - Ch! (9)
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TABLE 3. Offshore Export of Particulate Organic Carbon Across the 200-m Isobath in the
Study Window

an m2 s"l
Car POC, ,

Period* mg Chl m™? mg Cm™? 21°N 22.5°N 24°N (gCs™ ! x 109
10-26.10.1983 1.2 119 1.4 1.1 0.8 0.92
14-25.03.1984 1.3 121 1.5 1.4 0.9 1.1
15-27.10.1984 1.1 116 1.1 1.2 1.0 0.90

*Read dates as days. month. year.

tMean value,

with POC in milligrams C per cubic meter and Chl in Discussion

milligrams per cubic meter.

Variability in cloud cover and meridional data reception
change the effective coverage from a minimum of 29%
(March 25, 1984) to a maximum of 94% (December 10, 1983)
of the total number of pixels in the masked window, making
it difficult to follow the temporal evolution of the offshore
pigment distribution. Because of the spatial heterogeneity of
the pigment distribution it is not possible to simply scale up
the biomass in each image according to the percentage of
missing pixels. However, by a linear regression of biomass
against window coverage, we can obtain an estimate of the
correlation between these two variables and hence the
temporal variability of total biomass with each time period.
The results of this analysis suggest biomass is strongly
linearly related to window coverage (December 1983, r2 =
0.99; March 1984, r? = 0.99; October 1984, r? = 0.98)
which implies biomass was approximately constant during
each of the three time series. The change in total biomass B
can be formulated as

dBldi = (A -8)+(P—-R-G) (10)

with A the net horizontal advective flux of POC into the
oceanic part of the window (assumed positive), S the sedi-
mentation below the euphotic zone, P the productivity in
oceanic waters, R community respiration, and G herbivore
grazing. The mass balance given in (10) shows the interplay
between advective and biological processes in determining
the spatio-temporal biomass distribution. If B is approxi-
mately constant during the time series, dB/dr = 0 and thus

A+ (P-R)=5+G (rn

Assuming approximately zonal horizontal transport and
negligible horizontal flux across the offshore meridional
boundary of the window, A may be estimated for each of the
CZCS time series, from the cross-slope volume flux calcu-
lated at the 200-m isobath,

AEan-POC dL (12)

where (), is the time-averaged volume flux derived from (8)
and POC is computed from the satellite derived mixed layer
chlorophyll concentration in the slope region by examination
of the imagery and by using (9). The integration is along the
entire length L of the 200-m isobath in the study window
(approximately 700 km). The results are shown in Table 3.

An extensive series of field measurements along a transect
at 21°40'N during the JOINT-I experiment indicate an aver-
age productivity of 2-3 g Cm™> d™" in the mid to outer shelf
region [Huntsman and Barber, 1977). Winds were quite
strong during most of JOINT-I, so that productivity would
have been light-limited owing 10 a deep mixed layer; thus
this estimate is likely to be less than the value that could be
realized under more favorable conditions. In fact, Minas et
al. (1982a] report values a highas3.3and 4.7gCm™2 ¢"!
at some stations during the same period. Allowing for light
limitation of productivity on the turbid inner shelf, we
assume a mean annual value of 1 g C m? d ! and obtain an
estimate of 2.5 x 10" g C yr™! for the productivity of the
continental shelf in our study window. Wollast [1990] has
recently suggested a figure of 6.9 x 10'% g C yc~! for the
annual primary production of global continental shelves.
Thus to place the shelf region of the study window in
perspective, it represents 0.2% of the total continental shelf
surface area (~3 x 107 km?) and, not insignificantly, 0.36%
of global shelf production.

Primary production associated with nitratc uptake has
been termed ‘‘new’ production by Dugdale and Goering
[1967] to differentiate the utilization of allochthonous nitrog-
enous nutrients (primarily from upwelling in the study win-
dow but also from riverine or atmospheric fluxes input of
nutrients in other coastal regions) from regenerated produc-
tion due to the assimilation of autochthonous nitrogen (main-
ty ammonium} produced by food web recycling. The ratio of
new production to total primary production is known as the
Sfratio [Eppley and Peterson, 1979) and can be formulated in
terms of nitrogen biomass specific uptake rates VNO; (ni-
trate) and VNH, (ammonium) as

f=VNOJ/(VNO, + VNH,) (13)

The f ratio for Cape Blanc region has been estimated
variously as 52% during CINECA and 70% during JOINT-I
(Codispoti et al., 1982], and as high as 90% by Minas et al.
[1982k]. This high proportion of new production contrasts
markedly with the estimate of / in the open ocean of about
10% and is higher than the average for neritic waters of 46%
(Eppley and Peterson, 1979}, If we conservatively assume an
average value of 0.5 for f, then the new production for the
shelf in our study window is estimated as 1.2 x 10" g C
yr~! It is interesting to compare this with the estimate by
Takahashi er al. [1986] of biological uptake (total produc-
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tion) of carbon for the whole North Atlantic basin between
10° and 40°N (excluding the continental shelf) of 2.6 x 10
gCyr h

Walsh et al. [1981) argued that in general up to 50% of
annual new production could be exported from continental
shelves and deposited as phytodetrital particles on the slope
or beyond in deeper waters. Falkowski et al. [1988) have
suggested that in some cases where density fronts impede
cross-shelf mixing, export of shelf-derived production to the
deep ocean can be as little as 10-20%; however the satellite
data indicate that such a situation does not apply in the Cape
Blanc area. Dugdale et al. [1989, 1990) have used a shift-up
mode] to estimate the time scale for attainment of maximum
nitrate uptake rate, VNQOj; (equivalent to new production) in
the Cape Blanc region. Their results suggest that VNO;
reaches a maximum about 3 days after newly upwelled water
reaches the surface layer in the upwelling center. However,
as was noted above, the upwelling center itself migrates
toward the sheif break during periods of low-frequency wind
forcing; thus assuming a typical surface current of 0.3 ms ™',
a cell in the surface layer would travel approximately 80 km
from the upwelling center before attaining maximal uptake
rate. The shelf width varies from 32 km in the south to over
100 km in the north of the study window. Thus maximum
uptake rates are more likely to be achieved in offshore
waters in the southern section than in the northern section,
where maximum uptake will probably occur on the wider
shelf. This hypothesis is supported by the satellite-derived
chlorophyll distribution for December 1983 (Plate 1), when
Ekman transport was offshore for the week prior to the
imagery time series with conditions suitable for the migra-
tion of the upwelling center to the shelf break. The imagery
clearly shows higher offshore pigment concentration in the
southern section.

It is likely that in the Mauritanian upwelling region the
percentage of new primary production exported from the
shelf may be much higher than 50% given the unique
combination of offshore Ekman transport and the large-scale
offshore circulation patterns that pertain, Assuming that
only half the new production is exported, and neglecting any
further in situ net productivity, namely, (P — R) = 0in(11),
aconservative estimate of the carbon exported offshore from
the shelf in the study window is 6 X 10'2 g C yr~! with an
equal amount deposited on the shelf.

Our calculations for net offshore export (Table 3) are in a
tight range of about 1 x 10° g C s™', corresponding to an
annual flux of about 3 x 10" g C yr~'. It is important to
note, however, that the mean monthly Ekman transport data
(Figure 4) suggest that December 1983, March 1984, and
October 1984 were toward the lower end of the range of
values realized during 1983~1984. Thus our results would
seem to confirm the estimate of annual export (6 x 10'° g C
yr 1) based on primary productivity arguments which was
made above,

Legendre [1990] has noted that the ultimate fate of the
POC produced during bloom events, where in situ recycling
is small {(as evidenced by a high f ratio) and grazing pressure
rather low, is sedimentation to the sea bed. During an
upwelling episode on the Cape Blanc shelf, the measure-
ments of f suggest that nutrient recycling is indeed low and
grazing pressure seems to decline across the shelf, as is
evidenced by a marked decrease in zooplankton numbers in
the offshore oceanic waters, particularly north of Cape Blanc

[Weikert, 1982). Thus significant POC sedimentation may
occur in the giant pigment offshore. The vertical Aux of
phytodetrital material in the ocean can be quite high (>100 m
d™!y and seasonal deposition to the deep-sea floor (4000 m)
has been observed following bloom events [Lampit, 1985].
Rapid mass sedimentation of phytoplankton cells (especially
diatoms) has been widely observed following surface blooms
and has been suggested by Smetacek [1985] to be a deliber-
ate ecological strategy. Walsh [1983] has pointed out that
this phenomenon may be a key process for sequestering
carbon in the ocean. Of relevance to the Cape Blanc region
is the predominance of the colony-forming diatom Thalassi-
osira partheneia, which can constitute up to a third of the
local primary production [Elbrachrer, 1982) and, because of
its aggregative ability, can sink rapidly. A crucial question
for the regional carbon balance is how much of this detrital
POC escapes conversion to atmospheric CO- on a time scale
comparable to that of anthropogenic production.

The fraction of POC that is buried and preserved in the
sediments escapes the ocean system and thus represents a
sink for carban on a gealogical time scale, Wollast [1990] has
suggested that in areas where sedimentation rates are high,
about 109 of the organic matter deposited at the sediment-
water interface is preserved. Seibold [1982] reported the
sedimentation rate off northwest Africa as 0.005-0.01 cm
yr~': thus we estimate the amount preserved on the shelf as
6x 10" gCyr .

Further offshore in deep waters, bacterial respiration of
exported POC produces CO, during sinking. However, as
was pointed out by Wollasr [1990], if this occurs below the
thermocline, the carbon is effectively trapped as part of the
dissolved inorganic carbon reservoir and may be considered
a temporary sink (of order a few centuries) for the C cycle.
How much POC is respired above the thermocline? The
answer to this question depends on factors such as the
sinking rate of detrital particles in the water column and the
heterotrophic bacterial population in the surface mixed layer
[Ducklow er al., 1986]. Measurements done by Martin et al.
[1987) as part of the VERTEX studies in the northeast
Pacific indicate that 50% of the organic carbon that sinks
from the surface is respired at depths of less than 300 m and
so can be recyclied to the atmosphere on a short time scale.
Thus assuming negligible grazing offshore within the giant
pigment filament, G = 0 in (11), and we estimate that 3 x
102 g C yr~! is removed by sinking to the deep ocean.

In the Cape Blanc upwelling zone a number of physical
and biological factors, namely, low-frequency wind forcing,
large-scale circulation patterns, and physiological shift-up of
nutrient uptake, combine to create conditions which are
conducive to the development of a giant pigment filament
which can extend hundreds of kilometers offshore. As a
consequence, we suggest that this area plays a central role in
the regional carbon cycle and that the offshore zone may be
an important temporary sink that should be included in
future carbon budget estimates of the North Atlantic.
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