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[1] Using a regional circulation‐ecosystem model subject to a set of boundary conditions that reflect present‐
day (PD) and Last Glacial Maximum (LGM) conditions, we investigate how changes in preformed
subsurface nutrient concentrations as opposed to a local drop in sea level or increase in wind stress influence
the biological productivity off the northwest African coastal upwelling area. A reduction of subsurface
nutrient concentration at LGM reduced the zonally averaged primary production (PP). The sea level change
modifies the shelf morphology, the upwelling circulation, and the productivity and displaces the high‐
productivity zone. According to our model results, the sedimentary record of PP is best explained by a
simulation considering a doubled wind stress over NW Africa. We conclude that production regionally along
the coast of NW Africa during the LGM may have been lower than today, despite the fact that most of the
sediment cores north of 22°N show local increases in PP during the last glacial period. This paradox may be
due to the sea level change and the associated eastward shift of the coastline and upwelling system.

Citation: Giraud, X., and A. Paul (2010), Interpretation of the paleo–primary production record in the NW African coastal
upwelling system as potentially biased by sea level change, Paleoceanography, 25, PA4224, doi:10.1029/2009PA001795.

1. Introduction

[2] The major coastal upwelling systems are particularly
useful study areas for paleoreconstructions of climate, since
they combine the advantage of being highly productive
areas, having high sedimentation rates (both from terrestrial
and marine components), and being under the influence of
changing oceanographic and atmospheric forcing. The pri-
mary production (PP) of a coastal upwelling area depends
on many factors, including the nutrient load of subsurface
waters, the intensity of the upward flux of nutrients, the
continental shelf morphology, and the intensity and orien-
tation of the surface wind field. Therefore, reconstructing
the PP of regional upwelling systems for past periods goes
together with reconstructing climatic and oceanographic
fields at larger scale, like the atmospheric wind system or
the oceanic nutrient content.
[3] Numerous studies have tried to reconstruct the paleo-

productivity and organic carbon fluxes in the NW African
coastal upwelling system during Last Glacial Maximum
(LGM) and to compare to present‐day (PD) conditions.
Sedimentary core data from the NW African upwelling area,
for which estimates were available for both time periods PD
and LGM, are presented in Table 1. These PP data are also
presented as relative differences (expressed as “LGM/PD

minus 1”) and are plotted on Figure 1 (circles). We also
plotted the estimates of organic carbon fluxes to the sedi-
ments in the Canary region based on benthic foraminiferal
faunas by Eberwein and Mackensen [2008] (squares in
Figure 1).
[4] The general pattern shown by the data is an apparent

increase in paleoproductivity during glacial time [Eberwein
and Mackensen, 2008; Freudenthal et al., 2002; Hartmann
et al., 1976; Sicre et al., 2000], except for cores located at
the latitude of Cape Blanc (∼21°N), where the records show
a decreased organic carbon flux [Martinez et al., 1999; Zhao
et al., 2000]. In the case of Cape Blanc, Martinez et al.
[1999] and Zhao et al. [2000] conclude that the lower PP
is associated with increased wind strength. Therefore, they
suggest that the observed decrease in PP may result from
changes in direction of the wind system and/or shifts in the
position and geometry of the upwelling cell.
[5] The sea level change has been put forth as a possible

explanation of variations in ocean fertility off Cape Blanc
[Diester‐Haas, 1983] or in the Canary Islands area [Freudenthal
et al., 2002]. During the LGM, the sea level was about 120 m
lower compared to the present [e.g., Bard et al., 1996; Peltier,
2004], while the continental shelf break at present is located
between 100 and 200 m depth in the NW African region.
Because of the sea level change, the coastline position can
be moved by many tens of kilometers, and the most pro-
ductive location of the upwelling system, its proximal area,
is therefore also shifted. This may change the position of
core sites relative to the highly productive upwelling area.
Interpreting the variations of organic matter fluxes without
considering the changes in relative position of the core site
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and the coastline may lead to biased estimations of the
upwelling productivity.
[6] The decreased PP inferred off Cape Blanc may also

result from a lower nutrient concentration of the Atlantic
central waters, as indicated by nutrient proxy data [Eberwein
and Mackensen, 2008; Rühlemann et al., 1999; Sigman et al.,
2003]. However, the reduced subsurface nutrient concen-
tration should also have induced a reduction of the PP in the
more northern part of the NW African upwelling, which is
not what seems to be indicated by the sedimentary data
mentioned above.
[7] Other physical processes are potentially responsible

for changes in the record of the PP, including advection or
sediment transport processes, and finally potential diagenetic
transformations. Potential post‐depositional transformation
of the primary signal can be estimated by chemical proxies,
e.g., authigenic minerals occurrence, degree of preservation
of foraminiferal tests and stable isotope composition [e.g.,
Freudenthal et al., 2001]. The impact of lateral advection in
the water column or sediment remobilization and transport
are difficult factors to estimate. Belts of sediment accumu-
lation like the slope depocenter off Cape Blanc between
1000 and 2000 m depth are partly known [Fütterer, 1983].
Nevertheless, it is sometime possible to evaluate the focusing
and winnowing of sediments [e.g., François et al., 2004;
Mollenhauer et al., 2007]. Because of the difficulty to
estimate all the sediment and organic matter transport pro-
cesses, most of paleoproxy studies follow two interpretation
pathways. First, the organic matter accumulation and other
proxy measurements can be considered as representative of
the situation above the core location only, neglecting any
lateral component. This may be true if the core is located far

Figure 1. Relative difference of PP between LGM and PD
(LGM/PD‐1) as reported in Table 1 (circles). Squares are
data from Eberwein and Mackensen [2008, Table 6], who
estimated the organic carbon fluxes at PD and LGM as very
low, low, intermediate, or high. We therefore plotted a rel-
ative difference of 0, 1, or 2, if the organic carbon fluxes
between PD and LGM were at the same intensity (green
squares), if the LGM flux estimations were one level higher
than the PD fluxes, or if LGM flux estimations were two
levels or more higher than the PD fluxes, respectively.T
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enough from the coast. Alternatively, the organic matter
accumulated on the continental slope can originate from a
wider area, the surface production signal between the coast
and the core location being mixed and altered by transport
mechanisms. In this case, results and conclusions from a
particular location can be extended to the whole upstream
upwelling system, implicitly assuming accumulation and
mixing processes of the surface production signal. Both
approaches can be correct, but should be considered care-
fully and do not necessarily have the same implications. The
origin of the sediments is therefore a major aspect in the
interpretation of the sedimentary records.
[8] This study aims to investigate the impact of sea level

change on surface PP distribution by using a three‐
dimensional modeling approach with relatively high reso-
lution (∼10 km). This resolution allows for a relatively
detailed representation of the continental shelf and therefore
of changes in bathymetry induced by a sea level change. By
comparing one PD and three LGM simulations, we have
tried to identify how important can be the sea level effect on
the variations of the sedimentary signal over the continental
slope. We have also tried to evaluate the relative contribu-
tion of the different driving processes (subsurface nutrient
concentration, wind stress and upwelling geometry) to the
variations of PP.

2. Model Description

2.1. Ocean Circulation Model: ROMS

[9] The oceanic circulation is simulated by the Regional
OceanModeling System (ROMS), which solves the primitive
equations based on the incompressible and hydrostatic
approximations, with a free sea surface, horizontal curvilinear
coordinates, and a generalized terrain‐following vertical
grid. A complete description is given by Shchepetkin and
McWilliams [2003, 2005]. The grid is set with 20 vertical
levels, with surface and bottom refinement using the
stretching parameters ⊖s = 5.0 and ⊖b = 0.4, to allow for a
better representation of the surface and bottom boundary
layers. The topography is obtained by linear interpolation of
the ETOPO5 data [National Geophysical Data Center, 1988].
Depths shallower than 20 m are reset to 20 m, and the
topography is smoothed with a maximum slope parameter
(r = grad(h)/h, where h is depth) of 0.2. The vertical mixing
coefficients for momentum and tracers in the ocean interior
are calculated according to the non‐local K‐Profile Param-
eterization (KPP) scheme by Large et al. [1994]. In partic-
ular, we used version 1.1 of ROMS‐AGRIF [Penven et al.,
2006]. Taking advantage of the AGRIF (Adaptive Grid
Refinement in Fortran) package [Blayo and Debreu, 1999;
Debreu, 2000; Debreu et al., 2008], it is possible to design
an embedded grid with a higher resolution focused on a
regional area. We use therefore a nesting approach in order
to set up a high‐resolution model of the NW African margin,
and an intermediate‐resolution model of the Atlantic Ocean.
The high‐resolution grid, the “child” grid, is centered on our
study area, between 18.05°N–35.5°N and 25.8°W–5.7°W,
while the intermediate‐resolution grid, the “parent” grid,
extends over the entire width of the Atlantic Ocean from
25°S to 43.5°N. The scale factor between the two embedded

grids is set to 5, so that the parent and the child grids have
resolutions of 1/2° and 1/10°, respectively, and baroclinic
time steps of 5760 s and 1152 s, respectively. The number
of barotropic time steps between baroclinic time steps is set
to 45.

2.2. Biogeochemistry Model: NPZD

[10] We used an NPZD (Nutrient, Phytoplankton, Zoo-
plankton and Detritus) biogeochemical model, as described
by Oschlies and Garçon [1999] and already used by Giraud
et al. [2000, 2003] in the context of the Mauritanian
upwelling region. The only change compared to the model
description by Oschlies and Garçon [1999] is the imple-
mentation of a varying sinking rate of the detritus, as already
introduced by Giraud [2006]. This varying sinking rate is
motivated by the fact that some studies suggest that the
vertical sinking velocities are low in the mixed layer and
increase with depth, due to aggregation processes [Berelson,
2002; Klaas and Archer, 2002; Kriest, 2002; Kriest and
Evans, 1999]. The sinking rate of detritus is therefore 5 m d−1

in the upper 50 m and then increases exponentially with a
scale‐height of 200 m and a maximum sinking rate of
200 m d−1 [see also Giraud, 2006, equation (15)].
[11] The transport of the biogeochemical state variables

by the oceanic circulation is implicitly taken into account by
the advection scheme of ROMS. No resuspension of detritus
at the bottom is considered. Detritus reaching the seafloor is
instantaneously remineralized and added to the nutrient pool
in order to avoid a loss of mass. It is therefore not possible to
comment on a realistic distribution of the detrital sediments
in the model. However, uncertainties on sediment transport
processes are still large in modeling studies, partly because
of the difficulty to appropriately represent the reminer-
alization terms during the transport itself. Therefore, our
study focuses on the intensity and spatial distribution of PP
in the surface ocean. The potential impact of processes of
transport and settling to the sediments is part of the dis-
cussion and interpretation.

3. Description of Simulations

[12] Four different regional simulations using the ROMS/
NPZD model were performed (Table 2). They differ from
each other only in their initial and boundary conditions. The
surface boundary conditions, as well as the (physical and
biogeochemical) initial conditions and lateral boundary
conditions for the coupled regional circulation‐ecosystem
model (ROMS/NPZD), were provided by global simulations
performed with the University of Victoria Earth System‐
Climate Model (UVic ESCM) version 2.8 [Weaver et al.,
2001]. This model includes the Modular Ocean Model
(MOM) version 2 [Pacanowski, 1995], a thermodynamic‐
dynamic sea‐ice model and a vertically integrated atmo-
spheric energy‐moisture balance model. The horizontal
resolution is coarse (3.6° in longitude and 1.8° in latitude),
with 19 vertical levels in the ocean. The UVic ESCM also
contains a description of the terrestrial vegetation and carbon
cycle [Meissner et al., 2003], as well as of the marine bio-
geochemistry and ecosystem [Schmittner et al., 2008]. The
UVic ESCM is driven by seasonal and latitudinal variations
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in solar radiation incident at the top of the atmosphere. The
surface wind stress to force the ocean and the winds for the
advection of heat and moisture in the atmosphere must be
prescribed from a monthly climatology. The extent and
height of the continental ice sheets are prescribed according
to Peltier [2004]. The full description and interpretation of
the global UVic ESCM simulations are given by Kageyama
et al. [2010].
[13] Each global experiment performed with the UVic

ESCM has been run until a near‐equilibrium in the circu-
lation was reached (i.e., a few thousand of years). Each
associated ROMS/NPZD regional simulation starts with the
near‐equilibrium state provided by the UVic ESCM simu-
lation, and is performed over a total duration of 30 years.
During the first 16 years, the oceanic circulation only is
computed, applied on the parent grid only (Atlantic domain
of 1/2° resolution). During the next 8 years, the biogeo-
chemistry and the physics are coupled and applied on the
parent grid only. The first 24 years constitute therefore
the spin‐up phase. Its goal is to ensure the transition from
the initial conditions from the coarse resolution global
model to the new equilibrium of the finer resolution regional
model. After this spin‐up phase, the coupled model is
applied on both parent and embedded‐child grid (NWAfrican
domain of 1/10° resolution) for another 6 years. The results
of these last 6 years only, within the high‐resolution
domain, are used for interpretation.
[14] Simulation PD is set up for a present‐day configu-

ration. For the global UVic ESCM control experiment,
Earth’s orbital parameters [Berger, 1978] were set to their
AD 1950 values, the atmospheric CO2 concentration was set
to 280 ppmv, the present‐day configuration of the conti-
nental ice sheets was used and the monthly wind stress and
wind fields were taken from the NCEP reanalysis clima-
tology [Kalnay et al., 1996].
[15] Simulation LGMstd is set up for a standard LGM

configuration. For the global UVic ESCM setup, Earth’s
orbital parameters were set to values appropriate for
21,000 years before present, the atmospheric CO2 concen-
tration was set to 200 ppmv and the LGM configuration of
the continental ice sheets was used. The monthly wind fields
were also taken from the NCEP reanalysis climatology, but
the monthly wind stress fields were obtained by adding the
wind stress anomaly from a coupled atmosphere‐ocean gen-
eral circulation model (NCAR CCSM3) [cf. Otto‐Bliesner
et al., 2007]. Regional features (like stronger winds at coastal

regions) are therefore resolved from the NCEP reanalysis,
and the CCSM3 wind stress LGM anomaly adds synoptic
changes to the wind stress field. The LGM topography
is obtained by simply subtracting 120 m to the original
ETOPO5 data [National Geophysical Data Center, 1988]
before interpolation.
[16] Simulation LGMpd has mixed forcing conditions and

is set for sensitivity analysis only. The orbital parameters and
atmospheric CO2 concentration were similar to the LGMstd
simulation, but it uses the present‐day NCEP/NCAR
reanalysis surface wind stress [Kalnay et al., 1996].
[17] Simulation LGMdbl has the same settings and

boundary conditions as simulation LGMstd, but with an
intensified (doubled) wind stress localized over the NW
African coast (see Appendix A for a description of the
modification applied to the wind stress field). This sensi-
tivity experiment is motivated by studies based on dust and
terrestrial biomarkers analyses which suggest a strengthening
of major wind patterns over NW Africa [e.g.,Martinez et al.,
1999; Parkin, 1974; Parkin and Shackleton, 1973; Sarnthein
et al., 1981; Sicre et al., 2000, 2001; Zhao et al., 2000]. The
increased wind stress has been applied to the regional
ROMS simulation only, not to the global UVic ESCM
simulation. The UVic LGM settings (orbital parameters,
atmospheric CO2 concentration and continental ice sheet)
and wind stress (CCSM3 anomaly added) are therefore
identical between LGMstd and LGMdbl.

4. Results

4.1. Evaluation of the Model

4.1.1. Basin Scale Circulation
[18] The main differences between the LGM and PD

simulations with the global climate model are the generally
colder climate and the reduced ventilation of the deep ocean.
When PD wind and wind stress fields but otherwise glacial
boundary conditions were used (simulation LGMpd), the
formation of North Atlantic Deep Water (NADW) and its
export to the South Atlantic Ocean were reduced by 30%,
and the transport of the Gulf Stream, along with the strength
of the North Atlantic subtropical gyre, weakened by 20%, as
compared to simulation PD (Table 2). When the monthly
wind stress fields were modified with the anomaly from the
NCAR CCSM3 model (simulation LGMstd), the North
Atlantic subtropical gyre strengthened by 15%; conse-
quently, the NADW formation was only slightly reduced

Table 2. Descriptions of Simulationsa

Simulation

Orbital and pCO2atm
Configuration/Wind

Stress Forcing
NADW

Formation (Sv)
NADW

Export (Sv)

Max. Transport of
North Atlantic

Subtropical Gyre (Sv)

Subsurface NO3

in the Child Domain
(mmol N m−3)

PD Present day/NCEP/NCAR wind stress 18 12 45 16.1
LGMpd LGM/NCEP/NCAR wind stress 12 8 35 7.4
LGMstd LGM/CCSM3 wind stress anomaly added 16 12 51 10.9
LGMdbl LGM/CCSM3 wind stress anomaly added

Plus doubling over NW African coast
only in ROMSb

16 12 51 11.5

aSee text in section 3.
bSee Appendix A.
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(by 10%) and the NADW export was even comparable to
simulation PD.
[19] The average nutrient concentration of the thermocline

or central waters (between 150 and 800 m depth) in the child
domain (i.e., in the focused study area) is about 16.1 mmol
N m−3 in simulation PD (Table 2), which is comparable to
the observed World Ocean Atlas value of 16.8 mmol N m−3

[Garcia et al., 2006]. This comparison shows a better
agreement than the global UVic ESCM results before the
ROMS spin‐up phase of 24 years. The higher resolution and
different mixing scheme of the ROMS model compared to
the coarse resolution UVic model helps to improve the
modeled thermocline ventilation just south of our study
area.
[20] Our LGM simulations showed a nutrient depletion of

this thermocline or central waters of about 32%, with
average concentrations of 16.1 and 10.9 mmol N m−3 for the
PD and LGMstd, respectively (Table 2). This seems to be in
agreement with paleonutrient reconstructions based on
proxy data (e.g., 13C/12C or Cd/Ca ratio of benthic forami-
nifera tests) indicating lower nutrient concentrations of
Atlantic central waters [Eberwein and Mackensen, 2008;
Sigman et al., 2003, and references therein]. Rühlemann et
al. [1999, and references therein] also concluded that gla-
cial intermediate waters were depleted in nutrients.
4.1.2. Regional Circulation and Biogeochemistry
[21] The model results of the high‐resolution grid re-

produced a realistic picture of the present‐day annual‐mean
Sea Surface Temperature (SST, Figure 2a), as compared to
data (Figure 2g) [Armstrong and Vazquez‐Cuervo, 2001].
The coldest SSTs along the coast were in agreement with
observations, both for the annual mean or seasonal values.
Minimum modeled annual mean SST was 16.2°C.
[22] The upwelling index, defined as the temperature

anomaly between the coastal and offshore SSTs, also
showed a realistic seasonality (Figure 3a). From November
to May, the maximum SST anomaly occurred at the latitude
of Cape Blanc, between 20°N and 24°N, while more
northern latitudes showed a positive upwelling index. In
summer, the upwelling index showed strong negative values
at around 30°N, indicating the strong upwelling activity,
while it became slightly positive south of Cape Blanc. This
corresponds to the seasonality of the upwelling index as
described by Speth and Detlefsen [1982]. The proper
modeling of the coastal SSTs associated to the onshore
offshore SST gradient and its seasonality indicate that the
model captures the upwelling dynamics realistically at this
regional scale.
[23] The surface chlorophyll‐a (Chl‐a) concentration is

not a state variable of the model, but can be estimated using
a constant Chl‐a/N ratio of 1.59 mg Chl‐a (mmol N)−1

[Oschlies and Garçon, 1999] applied to the surface phyto-
plankton concentration. Maximum values for modern in situ
measurements of chlorophyll‐a concentrations in the Maur-
itanian upwelling are up to 3.5 mg Chl‐a m−3 [Fischer et al.,
1996; Gabric et al., 1993; Morel, 2000], while SeaWiFS
remote data indicate much higher values close to the coast
(Figure 4). These high values may be overestimated because
of the presence of gelbstoff and various types of suspended
particles in coastal environments. The model does not simu-

late such high values along the coast, that may or may not
be Chl‐a, but does simulate the proper extent of the annual
mean surface Chl‐a concentration in the Mauritanian upwell-
ing (Figure 4), with a maximum value of about 2.0 mg Chl‐a
m−3. At the EUMELI eutrophic site off Cape Blanc, the
annual mean PP reached a maximum of 421 gC m−2 yr−1

(Figure 5a), slightly lower than the value mentioned by
Morel [2000] of about 535 gC m−2 yr−1.

4.2. How to Compare PD and LGM Records?

[24] The conditions prevailing in producing a sedimentary
record have obviously changed in time. Among these, the
transport (lateral advection or bottom‐sediment remobiliza-
tion) is of prime importance. The following is an attempt to
over‐simplify the complex problem of sediment transport
and distribution, and to draw general lines to help the
interpretation of the model results, considering that the
sediment transport is not explicitly modeled.
[25] According to Fütterer [1983], the sediment distribu-

tion over the continental shelf off Cape Blanc is mainly
made of coarse‐grained carbonate sand derived primarily
from mollusk and plankton shell debris. Fütterer [1983]
interprets this distribution as the effect of the action of the
Canary Current, which is at present strong and deep enough
to winnow fine material from the shelf and upper continental
slope, and even partly to erode the continental shelf. A large
fraction of the shelf sediments is therefore transported
downslope in suspension by a nepheloid layer or grain‐by‐
grain. As a consequence, organic matter accumulates off
Cape Blanc between 1000 and 2000 m depth in a slope
depocenter.
[26] We can therefore distinguish between two extreme

situations: some locations are strongly influenced by the
lateral advection and sediment transport and therefore record
what we call a zonally cumulative signal, while some other
locations are not or poorly influenced by the lateral mixing
processes, and therefore record what we call a local signal.
The former may be located nearer the shore or in upper‐
slope positions and the latter are offshore or lower‐slope
positions. The comparison of the variations between PD and
LGM at the different locations in the model outputs is
therefore also made using two approaches. For the locations
not or poorly influenced by the lateral advection, we com-
pute the simple difference of the signal at geographical lo-
cations (section 4.3). For the locations strongly influenced
by the lateral mixing components, and where the signal is
therefore representative of a wide area, we compute and then
compare the zonally cumulative signal (section 4.4).
[27] Both at PD and LGM periods, both kinds of behavior

of the sedimentary records (influenced or not by the lateral
advection) certainly occur on the margin. We can even
probably expect that the margin shows a gradient between
onshore locations that are highly influenced by lateral
advection terms and offshore locations that are moderately
or not at all influenced by lateral advection terms. Whether a
particular location on the margin experiences different si-
tuations (with or without lateral advection influence)
between PD and LGM is another important aspect that is
more difficult to estimate.
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[28] Three areas can be conceptualized, according to their
relative position to the PD coastline. In the first case, we
would find modern locations that are close to the coast and
therefore under the influence of lateral advection. At low sea
level stand of the LGM, if they are not on the emerged shelf,
they would still be close to the coast and under the influence
of lateral mixing processes as well. The comparison of the

sedimentary signal at these locations fall under the com-
parison of zonally cumulative distribution maps of both PD
and LGM simulations, as presented in section 4.4. In a
second case, we would find locations that are far enough
from the coast to be safe from the lateral advection and
sediment reworking processes both at PD and at LGM. The
comparison of the sedimentary signal at these locations is

Figure 2. Annual mean SSTs and SST difference (°C). (a) PD, (b) LGMpd, (c) LGMstd, (d) LGMpd‐PD,
(e) LGMstd‐PD, (f) LGMstd‐LGMpd, and (g) data from the AVHRR Pathfinder Global 9 km Pentad SST
Climatology [Armstrong and Vazquez‐Cuervo, 2001].
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done while comparing the records at geographical locations
(section 4.3).
[29] The third case would consider locations of interme-

diate positions. At PD, these locations are not or poorly
influenced by the lateral advection or sediment transport

processes since they are far enough from the coast. During
the low sea level stand of the LGM, the coastline being
shifted offshore, the locations become closer to the coast and
may then be under the influence of the lateral mixing terms.
To be able to make a comparison of these two situations, at

Figure 3. Upwelling index and upwelling index difference (°C). (a) PD, (b) LGMpd, (c) LGMstd,
(d) LGMpd‐PD, (e) LGMstd‐PD and (f) LGMstd‐LGMpd. In Figures 3d–3f, white areas indicate results
that are statistically not significant (Student’s t test, a = 0.05). The upwelling index is computed here as
the SST difference between a coastal band (the three nearest ocean grid points to the continent) and an
offshore band (30 grid points large, distant from the coast by 75 grid points).
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PD and LGM, we would need to compare the zonally
cumulative production of the LGM simulation, to the local
production of the PD simulation. This is unfortunately not
possible with our model. The locally produced and the
zonally cumulative PP lead to strongly different estimations
in the magnitude of the sedimentary record. This is because
we do not estimate the loss of organic matter in the sediment
remobilization process or in early diagenesis. This is also the
reason why we prefer to present relative differences rather
than absolute differences, when comparing data and model
results in section 5.

4.3. Comparisons at Geographical Location

[30] All regional simulations (PD and LGM) were per-
formed on the same horizontal parent and child grids. The
sea level variation induced a change in the coastline location
and in the land‐sea mask of a few grid points. In the present
section, we will compare the results by subtracting one field
from another. This is a simple comparison at geographical
locations. In this case, the continental shelf that emerged
due to sea level change appears gray‐shaded on maps. In
section 4.4, we will consider the fact that the shift of the
coast line is also a shift of the upwelling structure compared
to the sedimentation locations on the continental slope.
Therefore, we performed additional analyses of various
criteria (PP, nutrient fluxes at the bottom of the mixed layer)
computed between any fixed geographical location (which
can be a core location) and the associated position on the
coastline, moving from PD to LGM simulations. The last six
years of simulation showed internal inter‐annual variability.
We could therefore calculate annual means as well as
standard deviations of the various parameters. Based on
these two terms, we performed Student’s t test comparisons

to evaluate whether the means of simulations were signifi-
cantly different or not.
4.3.1. Primary Production
[31] Figure 5 shows the vertically integrated PP of the

simulations LGMpd and LGMstd in comparison to the PD
simulation, at each geographical location. The PP of both
LGM simulations appeared to be lower than or not signifi-
cantly different from the PD values (Figures 5d and 5e,
Student’s t test, a = 0.05). In the case of simulation
LGMstd, most of the locations between isodepths 1000 m
and 3000 m (where most of the sedimentary cores are
located; see also Table 1), in the latitudinal band between
20°N and 27°N, do not show a significant change in PP. An
increase of the PP can only be observed in the upper most
part of the continental slope, close to the LGM coastline and
in the North West corner of the child domain, which is not
related to the upwelling activity. The comparison of the two
LGM simulations shows a more productive situation for the
LGMstd conditions than for LGMpd (Figure 5f).
[32] This comparison at any given geographical location

assumes a direct link between the PP, the export production
and the vertical transport of the organic matter from the
surface to the bottom, and no impact of lateral advection or
bottom sediment remobilization. Asmentioned in section 4.2,
this assumption may be true only for the most offshore or
mid‐ to lower‐slope positions. Following this assumption,
these results mean that the LGM sediments of cores located
in this area would not record any significant change of PP
compared to PD, also usually interpreted as no change in the
upwelling activity.
4.3.2. SST
[33] Figure 2 shows the difference of SSTs between the

LGMpd, LGMstd and PD simulations. Both LGM simula-

Figure 4. Surface chlorophyll‐a concentration (mg Chl‐a m−3) (a) for simulation PD and (b) from
SeaWiFS data.
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tions showed a general cooling of about 3 to 4°C over the
NW African domain compared to the PD, with a latitudinal
gradient toward slightly stronger SST cooling in the north.
This cooling corresponds to a general trend at the large scale
of the North East Atlantic Ocean. Stronger SST cooling
from 4 to 5°C occurs only in restricted areas along the LGM

coastline, i.e., on the uppermost part of the continental
slope, at depths shallower than 800 m. It seems therefore
that locations on the middle to lower continental slope are
not in a position to record a change in the upwelling activity
with the temperature proxy, but only the general LGM
cooling of the North East Atlantic Ocean.

Figure 5. Vertically integrated primary production (gC m−2 yr−1). (a) PD, (b) LGMpd, (c) LGMstd,
(d) LGMpd‐PD, (e) LGMstd‐PD, and (f) LGMstd‐LGMpd. In Figures 5d–5f, white areas indicate results
that are statistically not significant (Student’s t test, a = 0.05).
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4.4. Zonal Comparison

4.4.1. Upwelling Index
[34] Figure 3 shows the evolution of the upwelling index

for the different simulations. The simulation LGMpd showed
less negative values of upwelling index at all latitudes and
months, except north and south of Cape Blanc (21°N) and
north of Cape Ghir (30°N) in summer, where the upwelling
index is more negative. The upwelling seems therefore gen-
erally weaker for LGMpd than for PD, except for the summer
period of restricted locations as mentioned above.
[35] The simulation LGMstd showed a larger seasonal

contrast than the simulation LGMpd, with a weaker upwell-
ing activity (more positive or less negative upwelling index)
in winter months at all latitudes, and a stronger upwelling
activity (more negative upwelling index) from spring to fall
in the southern part of our study area and in summer in the
northern part.
[36] This larger seasonal contrast of the upwelling index

may explain the fact that annual‐mean SST differences
(Figure 2e) did not show remarkable cooling that we could
relate to a change in the upwelling intensity: colder coastal
SSTs in summer may be compensated for by the relatively
weaker upwelling in winter. North of 30°N, the upwelling
index of LGMstd showed positive values from January to
April, indicating that no upwelling occurred. The compari-
son of LGMstd and LGMpd showed also a strong seasonal
contrast. Simulation LGMstd showed a stronger and weaker
upwelling activity in summer and winter, respectively.
4.4.2. Zonally Cumulative Primary Productivity
[37] Figure 6 shows maps of zonally cumulative annual

mean PP between any given location and the coast. It pro-
vides direct information on the total PP produced between
the coast and a given point. From the point of view of
sedimentation settings, this zonal integration is a first order
approximation, which does not consider processes like
alongshore advection and sediment transport, or reminer-
alization. For offshore positions far away from the coast,
such cumulative production is not relevant, since the location
may not be influenced by the coastal production. Figure 6
shows that the annual mean zonal production from the
coast to the offshore positions is lower at any location for the
LGMpd and LGMstd simulations compared to the PD. Both
LGM simulations showed less productive conditions.
[38] The LGMpd results showed a reduced zonally cumu-

lative PP at all latitudes, except for a narrow band at ∼27°N, for
which differences are statistically not significant (Figure 6d).
This result can be related to the general weakening of
the upwelling activity as shown by the upwelling index
(Figure 3d), and with the apparent decrease of PP at geo-
graphical location as observed in Figure 5d. For simulation
LGMstd, there is a mismatch between the zonally cumula-
tive PP as shown in Figure 6e and the PP at geographical
locations as shown on Figure 5e. The PP at geographical
locations mostly showed little variation, while the zonally
cumulative PP showed a significant decrease.
4.4.3. Fluxes and Nutrient Concentration at the Mixed
Layer Depth
[39] The PP of the surface ocean in coastal upwelling

areas is supported by the inflow of the deep nutrients from

the sub‐surface layer. In order to find out the reasons for the
PP variations in the different simulations, we computed and
compared this inflow of deep nutrients at a defined bottom
boundary. We chose the Mixed Layer Depth (MLD), which
has the advantage of defining a surface layer with homo-
geneous properties (e.g., nutrient consumption) due to the
mixing, and seasonal evolution. The MLD is defined here as
the depth where the water temperature is 0.8°C lower than
the SST [Kara et al., 2000]. When the mixed layer extends
to the bottom of the ocean, no vertical flux is computed. The
vertical fluxes at MLD are computed and zonally averaged
from the coast (or the continental slope if the mixed layer
extends to the bottom) to the 3000 m isodepth.
[40] For all simulations, the MLD followed a seasonal

cycle, with a deepening in winter and a shoaling in summer
(Figures 7a, 7b, and 7c). Simulation LGMpd showed deeper
MLD at all latitudes and months compared to simulation
PD, except for some locations during summer months that
showed no significant change. The maximum deepening was
∼60 m in February–March in the northern part (Figure 8d).
Simulation LGMstd showed a deeper MLD than simulation
PD north of 30°N, with a maximum deepening in February–
March, while the southern part showed either a shallowing
of the MLD or no change (Figure 7e). The MLD was
shallower in simulation LGMstd than in simulation LGMpd
in winter at all latitudes, whereas it showed mostly no sig-
nificant change in summer between the two (Figure 7f).
[41] The vertical velocities at the MLD are shown on

Figure 8. Compared to the simulation PD, both LGM results
showed a larger seasonal contrast in the vertical velocities at
MLD: the summer period showed increased upwelling,
while the winter period showed lower values or no change
(Figures 8d and 8e). In the annual mean, the signal was too
noisy and too close to the statistical significance level to be
interpreted as different. There was no significant difference
between the results of LGMstd and LGMpd (Figure 8f).
[42] Since simulation LGMpd used the PD wind field, the

difference of upwelling intensity between these two simulations
was a response to the changes of topography, i.e., the change of
orientation of the wind stress compared to the coastline and
continental shelf. Without changing the wind field, changing
the sea level by 120 m between the PD and LGM by itself
affected the seasonality and intensity of the upwelling (upwell-
ing index, MLD, vertical velocities at the MLD).
[43] Considering that the LGMstd and LGMpd config-

urations have the same topography, the difference of
upwelling intensity between these two simulations is a
response to the local wind stress only. Therefore, the result
of Figure 8f implies that in a low sea level configuration, the
change of the wind field from LGMpd to LGMstd may not
affect significantly the upwelling intensity.
[44] The concentration of nutrients at the MLD showed a

similar seasonal variability for all simulations, with higher
concentrations in winter months (Figures 9a, 9b, and 9c).
This seasonal cycle partly followed the deepening of the
MLD already observed in Figure 7. The winter deepening of
the MLD led to an input of deep nutrients to the mixed layer
and sustained a winter PP (not shown).
[45] Both LGM simulations showed a general decrease of

the nutrient concentration at MLD compared to the PD
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simulation, with a maximum decrease south of 21°N all year
long, and in winter periods at all latitudes. For simulation
LGMstd, a large band between 22°N and 26°N did not show
any significant change compared to PD. North of 26°N,
the summer period did not show significant changes,
whereas the winter period showed a decrease in nutrient
content at MLD. The LGMstd showed higher nutrient

concentrations than LGMpd in winter at all latitudes and in
summer north of 26°N.

5. Discussion

5.1. Model‐Data Comparison

[46] The comparison of the data and model results as
presented in Figure 10 highlights two major issues. First, the

Figure 6. Annual mean of the zonally cumulative PP between any location and the coast (kgC m−1 d−1).
(a) PD, (b) LGMpd, (c) LGMstd, (d) LGMpd‐PD, (e) LGMstd‐PD, and (f) LGMstd‐LGMpd. In
Figures 6d–6f, white areas indicate results that are statistically not significant (Student’s t test, a = 0.05).
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two approaches of interpreting the model results (local
versus zonally cumulative record of the PP, Figure 10a
versus Figure 10c) disagree with each other. Second, none
of the two approaches match to the data when considering
simulation LGMstd.
[47] First, the fact that the two approaches of interpreting

the model results disagree with each other highlights that the

LGM to PD trend of the PP at a given core location can be
different from the trend at a larger upwelling scale. The
comparison of the PP at geographical locations between the
LGMstd and PD simulations show little change between
1000 and 3000 m depth (Figure 10a), whereas the com-
parison of the zonally cumulative PP decreases significantly
at all latitudes and positions on the slope, but for two narrow

Figure 7. MLD (m) averaged from the coast to the isodepth 3000 m. (a) PD, (b) LGMpd, (c) LGMstd,
(d) LGMpd‐PD, (e) LGMstd‐PD, and (f) LGMstd‐LGMpd. In Figures 7d–7f, white areas indicate results
that are statistically not significant (Student’s t test, a = 0.05).
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bands around ∼22°N and ∼26°N (Figure 10c). The reason
for this discrepancy is the eastward shift of the upwelling
center due to the sea level rise from LGM to PD. Because of
the topography change, the core sites are not at the same
position relative to the maximum production center of the

upwelling, i.e., the coastal area. Figures 11a and 11b illus-
trate the effect of the shoreline shift (due to the sea level
change) on the relative position of the longitudinal transects
of PP and zonally cumulative PP at both PD and LGM,
for the particular example of a transect at 23.3°N. On

Figure 8. Index of vertical velocities (positive upward) at MLD (m2 d−1) averaged from the coast to the
isodepth 3000 m. A 4‐point averaging filter has been applied prior to the zonal averaging and computa-
tion of statistical significance. (a) PD, (b) LGMpd, (c) LGMstd, (d) LGMpd‐PD, (e) LGMstd‐PD, and
(f) LGMstd‐LGMpd. In Figures 8d–8f, white areas indicate results that are statistically not significant
(Student’s t test, a = 0.05).
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Figure 11a, the PP of simulation PD (continuous line) and
simulation LGMstd (dashed line) overlap remarkably. The
comparison of the PP at geographical locations of these two
simulations does not show a significant change at this lati-
tude (see also Figure 10a). However, when reported to the
same longitudinal start (continuous line versus dotted line),
these two simulations show different cross‐shore profiles of
PP, indicating clearly that the LGMpd simulation is

globally less productive at this latitude. This is even clearer
on Figure 11b where the zonally cumulative PP is plotted.
[48] Second, the fact that the data do not match any of the

interpretations of the simulation LGMstd suggests that the
model is inadequate or that the interpretation of the data is
problematic. In particular, it is not possible to explain the
apparent increase in PP as indicated by the data of cores
north of 22°N. Section 5.2 considers the hypothesis of a

Figure 9. Index of nitrate concentration at MLD (106 mol N m−2) averaged from the coast to the isodepth
3000 m. (a) PD, (b) LGMpd, (c) LGMstd, (d) LGMpd‐PD, (e) LGMstd‐PD, and (f) LGMstd‐LGMpd. In
Figures 9d–9f, white areas indicate results that are statistically not significant (Student’s t test, a = 0.05).
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stronger wind stress during the LGM over the NW African
coast.

5.2. Wind Stress Sensitivity Test

[49] An early study of dust accumulation in marine sedi-
ments over the eastern subtropical Atlantic and NW Africa
concluded that the Harmattan and Trade Wind systems
strengthened during the last glacial period, without changes
in the latitudinal position of the summer ITCZ [Sarnthein
et al., 1981]. The increased wind intensity has also been
asserted by further core studies at the latitude of Cape Blanc
based on grain‐size analysis [e.g., Martinez et al., 1999;
Zhao et al., 2000] or terrestrial biomarkers records [Sicre
et al., 2001]. This is in stark contrast to the wind stress
field used in simulation LGMstd, which showed hardly any

change in this region. Simulation LGMdbl has been designed
to test the impact of increased local wind intensity. The wind
stress has been doubled in a restricted area localized along the
coast of our study area (see Appendix A for a description).
The perturbation is applied only locally in order to evaluate a
local answer and not a change in the basin‐scale circulation.
[50] Doubling the wind strength over the coastal area, as

introduced in simulation LGMdbl, led to an overall increase
of the PP. This is true for both approaches of comparing the
PP at geographical location or zonally (Figures 10b and 10d).
Despite this general increase in PP, the two approaches used
to evaluate the changes in local or zonal PP can still give
different LGM to PD trends, as previously demonstrated,
or even opposite trends. This is illustrated on Figures 11c
and 11d, where we plotted the transect of PP and zonally

Figure 10. Relative difference of PP between LGM and PD simulations (LGM/PD‐1): Vertically inte-
grated PP at geographical location comparing (a) LGMstd versus PD and (b) LGMdbl versus PD. Zonally
cumulative PP between any location and the coast comparing (c) LGMstd versus PD and (d) LGMdbl
versus PD. Circles and squares are data as presented in Figure 1.
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cumulative PP at 25.1°N, for the simulations PD (continuous
line), simulation LGMstd (dashed line) and LGMdbl (bold
dashed line). We also indicate the location of core
GIK12392–1 (at 16.8°W, 2575 m depth), for both simula-
tions PD (square symbol) and LGMdbl (triangle symbol).
At this particular location, the zonally cumulative PP at
LGMdbl (triangle on Figure 11d) is significantly lower than
the zonally cumulative PP at PD (square on Figure 11d). We
could therefore conclude that, at this particular transect, the
LGMdbl simulation is globally less productive. However,
because of the sea level change and the associated eastward
shift of the coastline and upwelling system, the local PP at
LGMdbl (triangle on Figure 11c) appears to be significantly
higher than the local PP at PD (square on Figure 11c), which
is at the opposite of the interpretation given by the zonally
cumulative PP.
[51] Nevertheless, it is now possible to find a scenario to

match the model outputs with the sedimentary data. To do
so, we propose to distinguish between the core sites off
Cape Blanc, where the sedimentary signal may record the

zonal production, from the rest of the area, where the sedi-
mentary cores may record the local PP. In the two sites off
Cape Blanc, around 21°N, the presence of the slope depo-
center [Fütterer, 1983] points to the processes of remobili-
zation and accumulation of the sediments. Therefore we
compare the data to the trend of the zonal production in the
model result (Figure 10b). They agree about the decrease in
PP from PD to LGM. The other sedimentary cores in the
north are not known to face a slope depocenter [Fütterer,
1983]. We compare therefore the data to the local produc-
tion of model results (Figure 10d). The data indicate an
increase of the PP while the model simulates either an
increase or no significant change. Assuming a different
meaning of the sedimentary record (local in the north, and
zonal off Cape Blanc), the scenario of a doubling in wind
stress over the NW African upwelling leads to an agreement
between data and model results.

5.3. Subsurface Nutrients Versus Local Conditions

[52] Figure 5f shows that the simulation LGMstd is sig-
nificantly more productive than simulation LGMpd close to

Figure 11. Longitudinal transects of modeled PP and zonally cumulative PP at (a and b) 23.3°N and
(c and d) 25.1°N. Simulation PD (continuous line), LGMpd (dashed thin line), LGMdbl (dashed bold
line). Dotted lines (thin and bold) are identical to dashed lines (thin and bold, respectively), but shifted
eastward in order to start at the same longitude than the PD simulation, for comparison purposes only.
The square and triangle marks in Figures 11c and 11d indicate the longitude of core GIK12392‐1
(at 16.84°W–25.17°N, see Table 1) for simulations PD and LGMdbl, respectively.
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the coast and at many locations over the continental slope.
Since the bathymetry is identical for both LGM simulations,
this local PP difference was not due to any sea level change
effect. It may therefore reflect the changes in upward flux of
nutrients, which is itself a result of variations of both the
vertical velocities, i.e., the upward flux of subsurface waters,
and the nutrient content of these upwelling subsurface waters.
[53] The vertical velocities are driven by the local surface

wind stress and the process of Ekman pumping. In this sense
it belongs to local conditions, even if the wind field has a
large deformation radius and can be seen as a synoptic
feature. On the other hand, the subsurface nutrient concen-
tration is not controlled by regional biogeochemical pro-
cesses. Even if some effects of transient nutrient trapping
may have existed in the model, the remineralization of
organic matter at the regional scale played a minor role in
renewing the nutrient content of subsurface waters. The
latter was mainly controlled by the conditions during the
formation of central water by ventilating the thermocline
and the remineralization of organic matter during the cir-
culation. The subsurface nutrients were therefore formed
outside of our study area, i.e., preformed, and respond to
basin scale conditions.
[54] The results of Figure 8f showed that the use of LGM

wind stress conditions for simulation LGMstd instead of the
PD wind stress for simulation LGMpd did not significantly
modify the vertical velocities at the MLD. Therefore, we
conclude that the wind stress variations issued from the
CCSM3 wind stress anomaly played a minor role in driving
the PP variations if we consider the local process of Ekman
pumping. This result is in agreement with the fact that the
CCSM3 wind stress anomaly did not significantly modify
the PD wind stress in the coastal area of NW Africa. The
sensitivity test introduced in section 5.2 identified the role of
an increased wind stress on the upwelling PP.
[55] The MLD of simulation LGMstd was shallower than

for simulation LGMpd (Figure 7f). This was a response to
the local wind stress conditions. Despite this shallower
MLD, the nutrient concentration at the MLD was higher for
LGMstd than for LGMpd (Figure 9f). The CCSM3 wind
stress anomaly was the only change in forcing conditions
between the two LGM simulations performed with the UVic
model. The CCSM3 wind stress anomaly had therefore an
influence on the PP of the NW African coastal upwelling by
inducing the formation of subsurface waters with a higher
nutrient content.
[56] In winter, the PP of this upwelling area was the result

of the deepening of the MLD rather than of the upwelling of
subsurface waters. The deepening of the winter MLD was
less intense for LGMstd than for LGMpd (Figure 7f), so that
despite higher subsurface nutrient concentrations for LGMstd
(Figure 9f), the availability of nutrients for the mixed layer
was similar for both LGM simulations and did not induce
any significant change in winter PP (not shown). The
CCSM3 wind stress anomaly introduced in simulation
LGMstd compared to LGMpd had no net impact on the
winter PP, because local (i.e., shallower MLD driven by
local wind stress) and global (higher preformed subsurface
nutrient concentration) canceled each other. The decrease of
winter PP for LGMstd compared to PD was already present

in simulation LGMpd. The winter PP decrease between PD
and LGM simulations was therefore due to the decrease in
preformed subsurface nutrient content at the basin scale
(Figures 9d and 9e) and the LGM boundary conditions, not
the local CCSM3 wind stress anomaly.
[57] In summer, the PP of this upwelling area was driven

by the upward flux of subsurface nutrients. Figure 8f shows
that the CCSM3 wind stress anomaly did not induce a sig-
nificant change in vertical velocities at the MLD between
the two LGM simulations. Figure 9f shows that north of
∼26°N, the nutrient concentration at MLD was higher in
summer for LGMstd than for LGMpd, while the MLD itself
did not significantly change (Figure 7f). As a consequence,
the summer PP was higher for LGMstd than for LGMpd
(not shown). South of 26°N, the combination of statistically
non‐significant changes in vertical velocities and nutrient
concentration at MLD still induced a significant increase
of PP. We consider that it was due to the combination of
nonlinear processes. We conclude that, in summer, the
CCSM3 wind stress anomaly introduced in simulation
LGMstd compared to LGMpd, had a net positive impact on
the PP, because of higher preformed subsurface nutrient
concentration, while the local factors stay unchanged, i.e.,
identical MLD (Figure 7f) and vertical velocities (Figure 8f)
driven by local wind stress.
[58] Despite this increase in subsurface nutrient concen-

tration compared to LGMpd, the LGMstd PP remained
lower than for PD, except for some narrow bands. The lower
summer PP observed in both LGM simulations was the
result of higher vertical velocities and lower or not modified
subsurface nutrient concentrations. The local favorable
conditions, i.e., higher upwelling intensity, did not com-
pensate for the global non‐favorable changes, i.e., lower
preformed nutrient concentration. It is also worth noting that
the increase in summer upwelling intensity was due to the sea
level and topography change, not to the variations in surface
wind stress (see section 4.4.3). Therefore, both for winter
and summer conditions, the changes in subsurface nutrient
concentration predominantly drive the upwelling PP.

6. Conclusion

[59] Based on regional coupled simulations, we investi-
gated the processes driving the variations of PP in the NW
African coastal upwelling area during glacial times and its
record in sediments, with a particular interest in the effect
of sea level change. We conclude that annual‐mean SST
changes along the coast reflected the general trend of the
North Atlantic cooling at the LGM, but that they may not be
related to variations in upwelling intensity. We used two
approaches to compare the PP variations between glacial
and interglacial time. First, we compared the PP at geo-
graphical locations, assuming a direct link between the
surface signal and the sedimentary record below. Second,
we calculated the zonal integration of the PP between the
coast and any location, considering that advection and
sediment transport processes had the effect of summing up
the signal produced mostly over the continental shelf. The
zonally cumulative PP of our standard LGM simulation
(LGMstd) showed a decrease compared to the present day,
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at all latitudes of our study area. This could be caused by the
nutrient depletion of glacial subsurface waters and/or the
shift of the upwelling center toward the continental slope
because of the lower sea level. In contrast, the comparison
of the PP at geographical locations between LGMstd and
PD over the continental slope did not show significant
changes. This is explained by the fact that the area of
maximum production during the LGM is now displaced
over the continental slope, where the PD upwelling was
already in a less eutrophic stage. Therefore, variations of PP
from LGM to PD for a core site can show variations or not,
depending on whether it is a record of the local production
or of the zonally cumulative production. This decoupling
between geographical PP and zonal PP was attributed to the
eastward shift of the coastline due to the sea level rise from
the LGM to the PD. Before interpreting a sedimentary signal,
it is therefore important to make sure whether it is represen-
tative of the zonally cumulative production, or of the local
production. In a sensitivity experiment, the doubling of wind
stress localized over NW Africa has shown the same decou-
pling between PP at geographical location and zonal PP.
[60] With this work, we have attempted to evaluate the

relative importance of sea level, wind strength and subsur-
face nutrient concentration in the variations of glacial PP of
the coastal upwelling. Based on a global simulation of LGM
conditions, we used boundary and initial conditions showing
a subsurface nutrient depletion of ∼32%. First, this nutrient
depletion seemed to be the main reason to explain the
decrease of the zonal PP observed in our simulations. Sec-
ond, the sea level change induced a change in the upwelling
intensity that increased the PP of the upwelling. This
increase in PP only partly compensated the decrease induced
by the reduced subsurface nutrient concentration. Third, the
LGM wind field introduced in our LGMstd simulation (the
CCSM3 wind stress anomaly added to the NCEP/NCAR

present‐day wind field) had little influence at the local scale
on the LGM PP. However, a sensitivity experiment showed
that a doubling of the wind stress localized over the NW
African coast had a significant impact on the PP, leading to
an increased PP.
[61] From this study, it appears clearly that the interpre-

tation of a sedimentary signal as a record of local conditions
cannot be extrapolated to an entire upwelling area; there is a
decoupling between the local and regional scales. Further
advances regarding the effect of changes in sea level, sub-
surface nutrient concentration and wind strength on glacial
PP variations will depend on our understanding of sediment
origin, transport processes and sediment distribution on the
continental slope. These should be included in numerical
models.

Appendix A

[62] The wind stress of simulation LGMdbl has been
modified in order to double the wind stress over a restricted
area of the NW African coast. We consider two arbitrary
reference points A (18.5°N, 19.0°W) and B (33.0°N, 9°W),
located along the NW African coast. For any point P of the
model domain, we calculate the sum L of distances AP and
BP. For any point of the domain where L is less than a
critical distance Lcr = 1200 km, we apply a scale factor
Wscale to the wind stress as follows:

Wscale ¼ 1þ 1

2
1þ sin � L=Lcrit þ 1

2

� �� �� �
if L < Lcrit

Wscale ¼ 1 if L � Lcrit

[63] Acknowledgment. This work was funded through the DFG
Research Center/Excellence Cluster “The Ocean in the Earth System.”

References
Armstrong, E. M., and J. Vazquez‐Cuervo
(2001), A new global satellite‐based sea sur-
face temperature climatology, Geophys. Res.
Lett. , 28(22), 4199–4202, doi:10.1029/
2001GL013316.

Bard, E., B. Hamelin,M. Arnold, L.Montaggioni,
G. Cabioch, G. Faure, and F. Rougerie (1996),
Deglacial sea‐level record from Tahiti corals
and the timing of global meltwater discharge,
Nature, 382(6588), 241–244, doi:10.1038/
382241a0.

Berelson, W. M. (2002), Particle settling rates
increase with depth in the ocean, Deep Sea
Res., Part II, 49(1–3), 237–251, doi:10.1016/
S0967-0645(01)00102-3.

Berger, A. (1978), Long‐term variations of caloric
insolation resulting from the Earth’s orbital ele-
ments, Quat. Res., 9(2), 139–167, doi:10.1016/
0033-5894(78)90064-9.

Blayo, E., and L. Debreu (1999), Adaptive mesh
refinement for finite‐difference ocean models:
First experiments, J. Phys. Oceanogr., 29(6),
1239–1250, doi:10.1175/1520-0485(1999)
029<1239:AMRFFD>2.0.CO;2.

Debreu, L. (2000), Adaptive mesh refinement
and zoom techniques: Application to ocean
models (in French), Univ. Joseph Fourier de
Grenoble 1, Grenoble, France.

Debreu, L., C. Vouland, and E. Blayo (2008),
AGRIF: Adaptive grid refinement in Fortran,
Comput. Geosci., 34(1), 8–13, doi:10.1016/j.
cageo.2007.01.009.

Diester‐Haas, L. (1983), Differentiation of high
oceanic fertility in marine sediments caused
by coastal upwelling and/or river discharge
off Northwest Africa during the late Quater-
nary, in Coastal Upwelling: Its Sedimentary
Record, Part B: Sedimentary Records of
Ancient Coastal Upwelling, edited by J. Thiede
and E. Suess, pp. 399–419, Plenum, NewYork.

Eberwein, A., and A. Mackensen (2008), Last
Glacial Maximum paleoproductivity and water
masses off NW‐Africa: Evidence from benthic
foraminifera and stable isotopes, Mar. Micro-
paleontol., 67(1–2), 87–103, doi:10.1016/j.
marmicro.2007.08.008.

Fischer, G., B. Donner, V. Ratmeyer, R. Davenport,
and G. Wefer (1996), Distinct year‐to‐year parti-
cle flux variations off Cape Blanc during 1988–
1991: Relation to d18O‐deduced sea‐surface tem-
peratures and trade winds, J. Mar. Res., 54(1),
73–98, doi:10.1357/0022240963213484.

François, R., M. Frank, M. M. R. van der Loeff,
and M. P. Bacon (2004), Th‐230 normaliza-
tion: An essential tool for interpreting sedi-
mentary fluxes during the late Quaternary,

Paleoceanography, 19, PA1018, doi:10.1029/
2003PA000939.

Freudenthal, T., and H. Kuhlmann (2001), Age
model and TOC of sediment core GeoB4228‐3,
http://doi.pangaea.de/10.1594/PANGAEA.
57857, PANGAEA, Germany.

Freudenthal, T., T. Wagner, F. Wenzhöfer,
M. Zabel, and G. Wefer (2001), Early diagen-
esis of organic matter from sediments of the
eastern subtropical Atlantic: Evidence from
stable nitrogen and carbon isotopes, Geochim.
Cosmochim. Acta , 65(11), 1795–1808,
doi:10.1016/S0016-7037(01)00554-3.

Freudenthal, T., H. Kuhlmann, and H. Meggers
(2001a),Agemodel, stable isotope record,CaCO3
and TOC of sediment core GeoB4216‐1,
http://doi.pangaea.de/10.1594/PANGAEA.
57856, PANGAEA, Germany.

Freudenthal, T., H. Kuhlmann, and H. Meggers
(2001b), Age model, stable isotope record,
C aCO3 a n d TOC o f s e d im e n t c o r e
GeoB4223‐2, http://doi.pangaea.de/10.1594/
PANGAEA.57858, PANGAEA, Germany.

Freudenthal, T., H. Kuhlmann, and H. Meggers
(2001c), Age model, stable isotope record,
C aCO3 a n d TOC o f s e d im e n t c o r e
GeoB4240‐2, http://doi.pangaea.de/10.1594/
PANGAEA.57859, PANGAEA, Germany.

GIRAUD AND PAUL: PALEOPRODUCTION IN NW AFRICAN UPWELLING PA4224PA4224

18 of 19



Freudenthal, T., H. Meggers, J. Henderiks,
H. Kuhlmann, A. Moreno, and G. Wefer
(2002), Upwelling intensity and filament activ-
ity off Morocco during the last 250,000 years,
Deep Sea Res., Part II, 49(17), 3655–3674,
doi:10.1016/S0967-0645(02)00101-7.

Fütterer, D. (1983), The modern upwelling
record off Northwest Africa, in Coastal
Upwelling: Its Sedimentary Record, Part B:
Sedimentary Records of Ancient Coastal
Upwelling, edited by J. Thiede and E. Suess,
pp. 105–121, Plenum, New York.

Gabric, A. J., L. Garcia, L. V. Camp, L. Nykjaer,
W. Eifler, and W. Schrimpf (1993), Offshore
export of shelf production in the Cape Blanc
(Mauritania) giant filament as derived from
coastal zone color scanner imagery, J. Geophys.
Res. , 98(C3), 4697–4712, doi:10.1029/
92JC01714.

Garcia, H., R. Locarnini, T. Boyer, and J. Antonov
(2006),World Ocean Atlas 2005, vol. 4, Nutri-
ents (Phosphate, Nitrate, Silicate), NOAA
Atlas NESDIS 64, edited by S. Levitus, U.S.
Govt. Print. Off., Washington, D. C.

Giraud, X. (2006), Modelling an alkenone‐like
proxy record in the NW African upwelling,
Biogeosciences, 3(3), 251–269, doi:10.5194/
bg-3-251-2006.

Giraud, X., P. Bertrand, V. Garçon, and I. Dadou
(2000), Modeling delta N‐15 evolution: First
palaeoceanographic applications in a coastal
upwelling system, J. Mar. Res., 58(4), 609–
630, doi:10.1357/002224000321511043.

Giraud, X., P. Bertrand, V. Garçon, and I. Dadou
(2003), Interpretation of the nitrogen isotopic
signal variations in the Mauritanian upwelling
with a 2D physical‐biogeochemical model,
Global Biogeochem. Cycles, 17(2), 1059,
doi:10.1029/2002GB001951.

Hartmann, M., P. J. Müller, E. Suess, and C. H.
Weijden (1976), Chemistry of Late Quaternary
sediments and their interstitial waters of sedi-
ment cores from the North‐West African con-
tinental margin, http://doi.pangaea.de/10.1594/
PANGAEA.548430, PANGAEA, Germany.

Kageyama, M., A. Paul, D. M. Roche, and C. J.
Van Meerbeeck (2010), Modelling glacial
climatic millennial‐scale variability related to
changes in the Atlantic meridional overturning
circulation: a review, Quat. Sci. Rev., 29,
2931–2956, doi:10.1016/j.quascirev.2010.
05.029.

Kalnay, E., et al. (1996), The NCEP/NCAR
40‐year reanalysis project, Bull. Am. Meteorol.
Soc., 77(3), 437–471, doi:10.1175/1520-0477
(1996)077<0437:TNYRP>2.0.CO;2.

Kara, A. B., P. A. Rochford, and H. E. Hurlburt
(2000), An optimal definition for ocean mixed
layer depth, J. Geophys. Res., 105(C7),
16,803–16,821, doi:10.1029/2000JC900072.

Klaas, C., and D. E. Archer (2002), Association
of sinking organic matter with various types of
mineral ballast in the deep sea: Implications
for the rain ratio, Global Biogeochem. Cycles,
16(4), 1116, doi:10.1029/2001GB001765.

Kriest, I. (2002), Different parameterizations of
marine snow in a 1D‐model and their influence
on representation of marine snow, nitrogen
budget and sedimentation, Deep Sea Res.,
Part I, 49(12), 2133–2162, doi:10.1016/
S0967-0637(02)00127-9.

Kriest, I., and G. T. Evans (1999), Representing
phytoplankton aggregates in biogeochemical
models, Deep Sea Res., Part I , 46(11),
1841–1859, doi:10.1016/S0967-0637(99)
00032-1.

Large, W., J. McWilliams, and S. Doney (1994),
Oceanic vertical mixing: A review and a
model with a nonlocal boundary layer param-
eterization, Rev. Geophys., 32(4), 363–403,
doi:10.1029/94RG01872.

Martinez, P., P. Bertrand, G. B. Shimmield,
K. Cochrane, F. J. Jorissen, J. Foster, and
M. Dignan (1999), Upwelling intensity and
ocean productivity changes off Cape Blanc
(northwest Africa) during the last 70,000 years:
Geochemical and micropalaeontological evi-
dence , Mar . Geol . , 158 (1–4) , 57–74 ,
doi:10.1016/S0025-3227(98)00161-3.

Meissner, K. J., A. J. Weaver, H. D. Matthews,
and P. M. Cox (2003), The role of land surface
dynamics in glacial inception: A study with
the UVic Earth System Model, Clim. Dyn.,
21(7–8), 515–537, doi:10.1007/s00382-003-
0352-2.

Mollenhauer, G., M. Inthorn, T. Vogt, M. Zabel,
J. S. Sinninghe Damsté, and T. I. Eglinton
(2007), Aging of marine organic matter during
cross‐shelf lateral transport in the Benguela
upwelling system revealed by compound‐
specific radiocarbon dating, Geochem. Geo-
phys. Geosyst., 8, Q09004, doi:10.1029/
2007GC001603.

Morel, A. (2000), Process studies in eutrophic,
mesotrophic and oligotrophic oceanic regimes
within the tropical northeast Atlantic, in The
Changing Ocean Carbon Cycle, edited by
R. B. Hanson, H. W. Ducklow, and J. G. Field,
pp. 338–374, Cambridge Univ. Press, New York.

National Geophysical Data Center (1988), Digital
relief of the surface of the Earth. Boulder,
Announce. 88‐MGG‐02, NOAA, Boulder,
Colo.

Oschlies, A., and V. Garçon (1999), An eddy‐
permitting coupled physical‐biological model
of the North Atlantic: 1. Sensitivity to advec-
tion numerics and mixed layer physics, Global
Biogeochem. Cycles , 13 (1) , 135–160,
doi:10.1029/98GB02811.

Otto‐Bliesner, B. L., C. D. Hewitt, T. M.
Marchitto, E. Brady, A. Abe‐Ouchi,M.Crucifix,
S. Murakami, and S. L. Weber (2007), Last
Glacial Maximum ocean thermohaline circula-
tion: PMIP2 model intercomparisons and data
constraints, Geophys. Res. Lett., 34, L12706,
doi:10.1029/2007GL029475.

Pacanowski, R. C. (1995), MOM 2 Documenta-
tion User’s Guide and Reference Manual,
Version 1.0, GFDL Tech. Rep. 3, Geophys.
Fluid Dyn. Lab., Princeton, N. J.

Parkin, D. W. (1974), Trade‐winds during the
glacial cycles, Proc. R. Soc. London, Ser. A,
337, 73–100, doi:10.1098/rspa.1974.0039.

Parkin, D. W., and N. J. Shackleton (1973),
Trade wind and temperature correlations down
a deep‐sea core off the Saharan coast, Nature,
245(5426), 455–457, doi:10.1038/245455a0.

Peltier, W. R. (2004), Global glacial isostasy and
the surface of the Ice‐Age Earth: The ICE‐5G
(VM2) model and GRACE, Annu. Rev. Earth
Planet. Sci., 32, 111–149, doi:10.1146/annurev.
earth.32.082503.144359.

Penven, P., L. Debreu, P. Marchesiello, and J. C.
McWilliams (2006), Evaluation and applica-
tion of the ROMS 1‐way embedding proce-
dure to the central California upwelling
system, Ocean Modell., 12(1–2), 157–187,
doi:10.1016/j.ocemod.2005.05.002.

Rühlemann, C., P. J. Müller, and R. Schneider
(1999), Organic carbon and carbonate as
paleoproductivity proxies: Examples from
high and low productivity areas of the tropical

Atlantic, inUse of Proxies in Paleoceanography:
Examples from the South Atlantic, edited by
G. Fischer and G. Wefer, pp. 315–344, Springer,
New York.

Sarnthein, M., G. Tetzlaff, B. Koopmann,
K. Wolter, and U. Pflaumann (1981), Glacial
and inter‐glacial wind regimes over the eastern
sub‐tropical Atlantic and northwest Africa,
Nature, 293(5829), 193–196, doi:10.1038/
293193a0.

Schmittner, A., A. Oschlies, H. D. Matthews,
and E. D. Galbraith (2008), Future changes
in climate, ocean circulation, ecosystems, and
biogeochemical cycling simulated for a
business‐as‐usual CO2 emission scenario until
year 4000 AD, Global Biogeochem. Cycles,
22, GB1013, doi:10.1029/2007GB002953.

Shchepetkin, A. F., and J. C. McWilliams
(2003), A method for computing horizontal
pressure‐gradient force in an oceanic model
with a nonaligned vertical coordinate, J. Geo-
phys. Res., 108(C3), 3090, doi:10.1029/
2001JC001047.

Shchepetkin, A. F., and J. C. McWilliams
(2005), The regional oceanic modeling sys-
tem (ROMS): A split‐explicit, free‐surface,
topography‐following‐coordinate oceanic
model, Ocean Modell . , 9(4) , 347–404,
doi:10.1016/j.ocemod.2004.08.002.

Sicre, M. A., Y. Ternois, M. Paterne, A. Boireau,
L. Beaufort, P. Martinez, and P. Bertrand
(2000), Biomarker stratigraphic records over
the last 150 kyears off the NW African coast
at 25°N, Org. Geochem., 31(6), 577–588,
doi:10.1016/S0146-6380(00)00021-8.

Sicre, M. A., Y. Ternois, M. Paterne, P. Martinez,
and P. Bertrand (2001), Climatic changes in the
upwelling region off Cap Blanc, NW Africa,
over the last 70 kyear: A multi‐biomarker
approach, Org. Geochem., 32(8), 981–990,
doi:10.1016/S0146-6380(01)00061-4.

Sigman, D. M., S. J. Lehman, and D. W.
Oppo (2003), Evaluating mechanisms of
nutrient depletion and 13C enrichment in the
intermediate‐depth Atlantic during the last ice
age , Paleoceanography , 18 (3 ) , 1072 ,
doi:10.1029/2002PA000818.

Speth, P., and H. Detlefsen (1982), Meteorological
influences on upwelling off Northwest Africa,
Rapp. P. V. Reun. Cons. Int. Explor. Mer, 180,
29–34.

Tiedemann, R. (1991), Accumulation rates cal-
culated for Site 108‐658, http://doi.pangaea.
de/10.1594/PANGAEA.68589, PANGAEA,
Germany.

Weaver, A., et al. (2001), The UVic Earth System
Climate Model: Model description, climatol-
ogy, and applications to past, present and future
climates, Atmos. Ocean, 39(4), 361–428.

Zhao, M. X., G. Eglinton, S. K. Haslett, R. W.
Jordan, M. Sarnthein, and Z. H. Zhang
(2000), Marine and terrestrial biomarker records
for the last 35,000 years at ODP site 658C off
NW Africa, Org. Geochem., 31(9), 919–930,
doi:10.1016/S0146-6380(00)00027-9.

X . G i r aud , CEREGE, A ix ‐Marse i l l e
Université, Collège de France, IRD, Europôle
de l’Arbois, CNRS, BP80, F‐13545 Aix‐en‐
Provence, France. (giraud@cerege.fr)
A. Paul, MARUM – Center for Marine

Envi ronmenta l Sciences and Facul ty of
Geosciences, University of Bremen, PO Box 33
04‐40, D‐28334 Bremen, Germany.

GIRAUD AND PAUL: PALEOPRODUCTION IN NW AFRICAN UPWELLING PA4224PA4224

19 of 19



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


