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Abstract. A regional biogeochemical model is applied to temperature of these algae (Marlowe, 1984; Brassell et al.,
the NW African coastal upwelling between?19 and 27 N 1986; Conte et al., 1998). Prahl et al. (1988) calibrated a lin-
to investigate how a water temperature proxy, alkenones, arear relation between an unsaturation alkenone indé;’)(u
produced at the sea surface and recorded in the slope sednd the growth temperature of & huxleyistrain in cul-
iments. The biogeochemical model has two phytoplanktonture experiments. It was then confirmed that this index could
groups: an alkenone producer group, considered to be codse used in the open ocean to reconstruct SSTs from coretop
colithophores, and a group comprising other phytoplankton.alkenone measurements iiNer et al., 1998).
The Regional Ocean Modelling System (ROMS) is used to In order to be used as a paleotemperature proxy, lfl,e U
simulate the ocean circulation and takes advantage of th@as to fulfil certain criteria. The stability of the{ signal
Adaptive Grid Refinement in Fortran (AGRIF) package 10 jn the water and sedimentary diagenesis are still questions.
set up an embedded griding system. In the simulations th&ome studies argue for possible modification of the original
alkenone temperature records in the sediments are betwegBmperature signal (Hoefs et al., 1998; Gong and Hollander,
1.1 and 2.3C colder than the annual mean SSTs. Despite1999; Rontani et al., 2005), whereas other studies conclude
the seasonality of the coccolithophore production, this tem+hat there is no diagenetic effect on the temperature record
perature difference is not mainly due to a seasonal bias, nor tfe g. Grimalt et al., 2000; Harvey, 2000). The species consid-
the lateral advection of phytoplankton and phytodetritus seagred to be the main alkenone producer and which was used
ward from the cold near-shore waters, but to the productiongr the U§7 calibration, E. huxleyj is widely distributed in
depth of the coccolithophores. If coretop alkenone temper+the present-day world ocean. The calibration has also been
atures are effectively recording the annual mean SSTs, thgonfirmed for other alkenone-producer species that appeared
amount of alkenone produced must vary among the coccolpefore E. huxleyi(Conte et al., 1998). Finally, the global
ithophores in the water column and depend on physiologicakoretop calibration of Nller et al. (1998), as well as other
factors (e.g. growth rate, nutrient stress). regional studies (e.g. Prahl et al., 2005), have established
that the alkenone index was best correlated with annual mean
SSTs. Thus the alkenone index is widely used to reconstruct
past annual mean SSTSs.

Nevertheless, the relationship betwee§7’ land annual

A large number of paleoceanographic studies use thdnean SSTs may be biased by different factors, particularly
alkenone ratio in sediments to reconstruct past sea surfacdey the conditions of generation, transport and burial of the
temperatures (SSTs) (e.g. Zhao et al., 2000; Sicre et al@lkenones. In certain regions the seasonality of alkenone pro-
2000, 2001; Sachs and Anderson, 2003). This approach {§UCers causes a bias towards spring (Conte et al., 1992) or
based on the discovery that the relative content of long-chaifvinter period (Herbert et al., 1998). The depth of maximum
(Cs7) unsaturated ketones (alkenones) in certain Haptophyté"kenone concentration is not necessarily Iocqted at the sea
algae, especially the coccolithophomiliania huxleyiand surface, but corresponds to the depth of maximum chloro-

species of the genuBephyrocapsadepends on the growth phyll concentration, and varies from the surface to subsurface
(Lee and Schneider, 2005). The lateral advection of parti-
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25 nal. Here we study the alkenone IPT in the context of the
Northwest African coastal upwelling using a modelling ap-
B proach, in order to compare the simulated IPT with SSTs and
23 alkenone temperatures from coretop sediments and to evalu-
- = ate potential biases.

GIK12309-Te — A biogeochemical model has been developed to study the
= production and settling of the alkenone temperature proxy.
nEs It uses an alkenone-producer phytoplankton pool separated
from the rest of the primary producers in order to capture the
- time and space distribution of alkenone production. It has
= 19 been coupled to a regional ocean circulation model and ap-
plied to the Northwest African coastal upwelling along the
Mauritanian coast between 48 and 27 N. The two mod-

17 els are presented in Sect. 2. Section 3 presents the results. In
Sect. 4, we discuss the influence of seasonality, production
depth, lateral and vertical advection of phytoplankton and
phytodetritus, and sediment resuspension, before concluding
in Sect. 5.
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Fig. 1. Simulated SSTC) at 1 June over the area of the parent grid. 2 Model description and setup of simulations
The inner rectangle shows the area of the child grid. The locations
of the sedimentary cores used in this study are also indicated. =~ 2.1 Ocean model

2.1.1 Background
mismatches between alkenone temperatures and SSTs (e.qg.

Benthien and Mller, 2000). The ocean circulation model is the Regional Ocean Mod-
These considerations have lead to the notion of Integrate@lling System (ROMS), which solves the primitive equa-
Production Temperature (IPT; Conte and Eglinton, 1993;tions based on Boussinesq and hydrostatic approximations,
Conte et al., 1998): the alkenone content of the sedimentand has a free surface, horizontal curvilinear coordinates,

reflects the integrated production over years, thus includingand a terrain-following (sigma coordinate) vertical curvilin-
seasonal and the interannual variability. This may includeear grid. A complete description can be found in Shchep-
changes in spatial origin to varying advection and mixing etkin and McWilliams (2003, 2005). ROMS has been applied
processes, and modification by differential losses in the watein various regional modelling studies, in particular coastal
column or by diagenetic processes. The challenge in develupwelling systems (Blanke et al., 2002; Marchesiello et al.,
oping a good proxy is in getting an accurate picture of all 2003; Di Lorenzo et al., 2004).
processes affecting its production and settling. The IPT is e use a nesting approach in order to do high-resolution
the temperature recorded in sediments after the integratiomodelling on the Northwest African margin. A low resolu-
of all processes of production, transport and transformationjon grid is set up on an extended domain betweerNL&nd
and is therefore not necessarily the above annual mean SS32° N, the “parent” grid, and a higher-resolution embedded
The notion of IPT can be extended to other temperature ProXgrid, or “child” grid, is centred within it on the study area,
ies, like the Mg/Ca ratio in foraminiferal tests or statistical petween 19N and 28 N (Fig. 1). This embedded griding
assemblages, since the planktonic tests may also experieng¢gkes advantage of the AGRIF (Adaptive Grid Refinement in
advection/transport processes or a seasonal production biasortran) package (Blayo and Debreu, 1999; Debreu, 2000;
A recent global calibration study (Conte et al., 2006) hasDebreu and Vouland, 2003). The scale factor between the
shown a positive offset between surface water calibration angharent and the child grids is set to 3 and applied to the time
sediment calibration of the alkenone index, i.e. between corestepping as well. The result is that the parent and child grids
top IPT and annual mean SSTs. Their results indicate thahave a resolution of 1#5and 1/13, respectively, and baro-
this deviation can be best explained if seasonality in produc<linic time steps of 1800 s and 600 s, respectively. The num-
tion and/or thermocline production and diagenetic processeper of barotropic time steps between baroclinic time steps is
affect the sedimentary alkenone signal. set to 45. The grid has 20 levels in the vertical, with sur-
The modelling approach of the present study has the poface and bottom refinement using the stretching parameters
tential to investigate the relative impact of individual pro- 6,=4.5 and9,=0.9 to allow for better representation of these
cesses on the production and record of the alkenone sigboundary layers.
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The vertical mixing coefficients for momentum and trac- :
ers atthe ocean interior are calculated according to the Large,| Z y— Py ||: Por

+ mortality
H +

McWilliams and Doney (Large et al., 1994) mixing scheme, ] lg: _ ol

and used in a nonlocal, K-Profile Parameterisation (KPP) % oy | £ N e

scheme. : excretion L omin. o
The topography is obtained by linear interpolation of the [D remineraizaion ™ o ~

GEBCO Digital Atlas published by the British Oceano-

graphic Data Centre (BODC) on behalf of IOC and IHO remineralization : A

(I0C, IHO and BODC, 2003). Depths shallower than 10m 2 s : )| £

are reset to 10 m. The topography is smoothed with a maxi- * " . s P12 ’ T2

mum slope parameter£grad (h) /h, whereh is depth) of p/v e |y / [ NAE
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2.1.2 Forcing and initial conditions Fig. 2. Scheme of the biogeochemical model. The left half is

the basic trophic chain model. The right half contains the added
The model has been initialized using the temperature andemperature-related state variables. The dashed arrows are non-
salinity fields from Levitus and Boyer (1994) and Levitus conservative processes.
et al. (1994) for the month of January, and from zero flow.

A monthly climatology for the open boundaries has been | . .
produced using the World Ocean Atlas (Levitus and Boyer,dlﬁerent growth rate parameters, which leads to different be-

1994: Levitus et al., 1994) temperature and salinity fields and'@viours during the productive phase of the upwelling. One

the Comprehensive Ocean-Atmosphere Data Set (COADS FT has characteristics representative of diatoRis lfere-
(da Silva et al., 1994) winds, assuming a level of no motionafter referred to as diatoms), whereas the other has charac-

at 2000m to determine the total velocity. See also March-teristics representative of coccolithophor@s, (hereafter re-

esiello et al. (2003) and references therein for a descriptiorféed to as coccolithophores).
of the boundary conditions. The surface forcing is provided 1he basic structure of this nitrogen-based ecosystem
by mean seasonal heat and freshwater fluxes derived frof"ode! (Fig. 2, left half) comprises five biological tracer com-

the COADS. The wind forcing is from the daily reanaly- Ponents: nutrients\), diatoms ¢y), coccolithophoresk),

sis of the European Centre for Medium-range Weather ForZ00Plankton £) and detritus D). These follow the source-

casts (ECMWF) dataset bytRke (2001) for the purpose of Minus-sink differential equations:

the Ocean Model Intercomparison Project (OMIP). The da"ydPl/dt _ @
surface forcing is appropriate for short-term phases (pulses- p
relaxation) of the coastal upwelling. Ji(z. 1, N) Pp — L G(PL+P)Z—upPr
P1+ P>
2.2 Biogeochemical model
dPy/dt = 2)
The most abundant coccolithophore specigsjliana hux- P,

leyi and Gephyrocapsa oceanicare also though to be Ja2(z,t, N) P> — G(PL+P)Z —uphs

the main producers of alkenones in the present ocean (Molk-
man et al.,, 1995). Not all phytoplankton groups pro- dZ/dt — G (PL+ P)) Z — o7 — g 7? 3)
duce alkenones and coccolithophores do not necessarily

represent a constant proportion of the total phytoplankton.

Thus, a biogeochemical model of the alkenone temperadD /dt =

ture proxy should include an alkenone-producer phytoplank-(l_yl) G (P1+P2) Z+up (Pi+P2) 11z Z2—ppD (4)
ton group, representing the stated coccolithophores, and a

non-alkenone-producer phytoplankton group, representing

diatoms, flagellates, etc. dN/dt =

upD +y2Z — J1(z,t, N) P1 — J2(z,t, N) P> (5)

P14+ P

2.2.1 Initial NPPZD model

whereG is the zooplankton grazing function, adis the
The biogeochemical model used for this study is derivedphytoplankton growth rate as a function of depthtime ¢,
from the NPZD model described in Oschlies and Gargonand nutrientsV. The five state variables\, P1, P>, Z, D)
(1999) and Giraud et al. (2000, 2003). The total phytoplank-have units of mmol N m3. Model parameters and functions
ton pool has been divided into two plankton functional typesare given in Table 1. The grazing functi@nis calculated
(PFTs). The two phytoplanktonic PFT#y(and P,) have  with respect to total phytoplankto®{ + P») and applied to
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Table 1. Parameters of the biogeochemical model.

Parameter Symbol Value Unit

Phytoplankton coefficients

Initial P-I curve o 0.025 (Wnr?)~1g-1
Photosynthetically active radiation PAR 0.4
Light attenuation due to water uK 0.04 ml
Light attenuation by phytoplankton ok 0.03  nT(mmol m—3)~1
Maximum growth rate for P a 0.6 dl
Maximum growth rate for p a 0.4 d1
Growth rate parameters (fop Rnd B) b 1.066
c 1.0 ecyt

Half saturation constant for{P kq 2.1 mmol n3
Half saturation constant for,P ko 0.53 mmol T3
Specific mortality rate wp 0.03 d?

Zooplankton coefficients
Assimilation efficiency " 0.75 d?
Maximum grazing rate g 1.0
Prey capture rate & 1.0  (mmolm3)—24-1
Quadratic mortality wz 02 (mmolnr3)~1g-1
Excretion 2 0.03 d?

Detritus coefficients

Remineralisation rate D 0.05 d?

Suspended sediment coefficients

Remineralisation rate s 0.001 a1
Photosynthesis and grazing expressions

Photosynthesis growth rate Ji (z,t, N) = min (J,» (z,1), Ji-maxikiﬁN)
Growth rate without nutrient limitation Ji(z, 1) = _ Jimaetl(z,t)
TP et @l (z,0))
Maximum growth rate Ji max = a;b¢Tw
Insolation 1(z,1) =1 (1),—0€Xp kutke Jo (PutPo)dz
2
Zooplankton maximum growth r Py + Py) = 8&(P1tPo)”
ooplankton maximum growth rate G (PL+ Py) P

wherez is the depth (m); is time (d), Ty, is the water temperatur@€) andd is the angle of incidence at noon
(radians).

P1 and P, proportionally. The shortwave radiation is pro- otrophic conditions, we used a constant sinking velocity of
vided by the COADS monthly climatology, with & Besolu- 200 m d-! for the reference simulation.

tion, and follows a reconstructed diurnal cycle. The nitrate and phytoplankton fields were initialized from
the World Ocean Atlas database (Conkright et al., 2002).
The total phytoplankton biomass was calculated assuming a
chlorophyll-a:N ratio of 1.59 mg chla (mmol N (Oschlies

and Garcon, 1999). The ratio between the initial coccol-
ithophore and diatom concentrations is then set to 0.5, the
zooplankton concentration was set to 30% of the total phyto-
blankton, and there was no initial detritus or phytodetritus.

An additional sinking term is applied to the detritus pool.
In upwelling regions, fecal pellets and organic matter form
aggregates having fast sinking velocities. Bory et al. (2001)
report settling rates of 150 m d"1 at the oligotrophic site of
the EUMELI program, off Cape Blanc, and suggest much
faster settling rates at the mesotrophic site. Fischer e
al. (1996) and Miller and Fischer (2001) also report sink-
ing velocities for organic matter of the order of 280 rmtdn
the same mesotrophic context. Because we have only one de-
tritus pool and since the study area covers eutrophic to olig-

Biogeosciences, 3, 25269, 2006 www.biogeosciences.net/3/251/2006/
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Table 2. PFT growth parameters. The are half saturation constants for nitrate uptake (mmof)rand thes; are maximum growth rates
(d.

diatoms coccolithophores

References

k1 ag ko az
Eppley et al. (1969) 1.9 <05
Moore et al. (2002) 2.5 3% 0.5 3.¢
Chai et al. (2002) 3® 0.5 2.8
Gregg et al. (2003) 1 2%0 0.5 1.%
Le QLeré et al. (2005) 1.2 06(P1 0064 0.2(0.9
Buithenhuis (DGOM) 21 06(2% 053 0419

This study — reference simulation STD 2.1 0.63.1 053 0.4(1.%)

@ The parameter is scaled by the temperature function (see references).
b This value is calculated with the temperature functigni.066 , with T=20°C.
¢ DGOM: Dynamic Green Ocean Model. Available onlinenétp://lgmacweb.env.uea.ac.uk/greecean/

2.2.2 Plankton functional types two thirds (Eppley et al., 1969; Chai et al., 2002; Gregg et
al., 2003). The half saturation constant reflects the ability to

The parameterisation of the PFTs should be certainly baseld>€ low levels of nutrients, and varies approximately in pro-

on observed or measured physiological features. These a ortion to cell size and inversely with specific growth rate

unfortunately rare and the measured parameters (in situ 0 Fpleyfic]_al., 1969).t ch%rglng toIENppIey_%t ?l' (1969)|' the
from laboratory experiments) are not always appropriate to € OT Iis parameler 1SY.o mmo Q m™= for coccol-
thophores. Classical values for the half saturation constant

fillthe modellers’ expectations. It also appears that the model

. _3 _
structure does not allow a complete match with natural beg;nlt;]ate uptalée are agom:nd 0.51mmc<jJI2}§I5®| firm(gg‘;m
haviours. The parameterisation of our model has thereford. 'OPNOTes and range between 1 and .5 mmo or

to reproduce the temporal and spatial coccolithophore disggégmzsogipgey et a:., |192609(;)3? T_a' et, alz.b(z)(;OZ;TrI:/l oore et al,
tribution without having this full complexity of trophic rela- ' »oreggetal, Le &8, )- The param-

tions. There are many factors discussed for causing coccol‘—e'[er v_alues use din this stucjy are similar to thos.e proposed by
ithophore blooms. In a study of the environmental control E. Buitenhuis in the Dynamic Green Ocean PrOJeCt. (available
of living coccolithophores in the northern Arabian Sea, An- athtip:/igmacweb.env.uea.ac.ukfgreeceary. For diatoms

druleit et al. (2003) mention that the coccolithophore com—and coccolithophores, the maximum growth rates were set to

1 1 i i -
munities seemed to be more dependent on mixed layer dept?r6 d™and0.4d", respectively, and the half saturation con

and nutrient availability than on temperature and salinityStarlts to 2'.1 and 0.53mmo_| N@n~3, respectively (alllisted
changes. Critical irradiance and decreasing nitrate concenf-Or comparison on bottom line of Table 2).
trations are also thought to be selective for upper ocean
large scale coccolithophore blooms (Iglesias-Rodriguez e2-2.3 Modelling an alkenone temperature proxy

al., 2002). The possible factors to distinguish between coc-

colithophores and diatoms in the model are limited. The ex-The basic biogeochemical model provides for the develop-
perience of former PFT models is therefore very valuable andnent of the phytoplankton and the loop of the trophic chain.

constitutes a solid base for our purpose. However, in order to track the alkenone temperature proxy
The phytoplankton growth rate functiohis applied sim- from the sqrface to the bottom, the_ d_etritl_Js pool produced by

ilarly to both P, and P, but different maximum growth rates the _coccollthophores has to be _d|st|ngwshed from the total

and half saturation constants for nitrate uptake are used fofl€tritus pool D). A new state vagable is thus added: a phy-

each PFT. These parameters determine the competitive abif?detritus pool 0z, in mmol N m™*) having only the coccol-

ity of each PFT relative to the other. Table 2 gives a selectiorlthoPhores £2) as a source (Fig. 2, right half); has most

of these parameters from other PFT biogeochemical mod®f the same characteristics As(remineralisation rate, mor-

els or laboratory experiments. A maximum growth rate of {@lity rate and sinking velocity) but the source-minus-sink

0.6 d"1 is widely used for phytoplankton in biogeochemistry differential equation fo is:

models (Le Qaré et al., 2005), and is the value used for

the initial NPZD model (Oschlies and Gargon, 1999; Giraud dDz/dt =

et al., 2000, 2003). The maximum growth rate for coccol- P

ithophores is usually lower than that of the diatoms, by about( — ¥1) Pt PzG (Pr+P)Z+ppP2—ppD2 (6)

www.biogeosciences.net/3/251/2006/ Biogeosciences, 328912006
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P>

Additional state variables are also needed to carry the infor-y, (z, ¢, N) P>T,,—
mation about the temperature at which the coccolithophores 1+ P2

grew. However, considering only the advection of a tem-This is tried in non-reference simulations and means that the
perature record would miss the information of the concen-P,; pool grows proportionally to the coccolithophorid pri-
tration of the coccolithophore or phytodetritus carrying this mary production {, P») and to the local water temperature
temperature record. For modelling purpose only, we thus in{T,,). This pool is therefore a mixture of concentration-
troduce the concept of concentration-weighted temperatureweighted temperatures from different times. However, the
The advection of the concentration-weighted temperature is énfluence of earlier production is progressively removed by
linear process both in regard of coccolithophore or phytode-the processes of mortality and zooplankton grazing and trans-
tritus concentrations and their temperature. At any time, themitted to the phytodetritus pooDGr).

temperature record is retrieved by dividing the concentration- For the phytodetritus pool we assume that the temperature
weighted temperature by the concentration. The idea is thusignal carried by alkenones is not modified by any diagenetic
to run the described concentration state variabRsand process. The variations @,y are then only due to mixing

D, (mmol N m™3), in parallel with two more state vari- with other phytodetritus pools, remineralisation and coccol-
ables,P,r andDyr (°C mmol N nT-3), giving concentration-  ithophore mortality. The source-minus-sink equation for it,
weighted temperature. The alkenone temperatures of theased on Eg. (6), is:

coccolithophoresTp2 (°C), and of the phytodetrituslp,

G (P1+P2) ZTpo—pp P2Tp2 (9)

(°C), are then simply: dDar [d1 :

2
Tpa = Por [ P2 (7) (1-y1) Pt b, G (P1+P2) ZTpo+up P2Tpo—up D2Tp2
Tp2 = Dor [ D2 (8) (10)

In other words,Tp; is the temperature in which the coc- 2.3 Sediment processes
colithophorid pool grew and thus the alkenone temperature
proxy. Similarly forTp, but for the detritus pool, comprising 2.3.1 Sediment transport

dead coccolithophores and unassimilated zooplankton graz-
ing material. The detritus pool carries the biogeochemical information

The exact role of the alkenones in the physiology of from the surface to the sea floor but its final comparison with
coccolithophores is not clear. It has been suggested thagore sediments requires considering further transformation
alkenones and associated compounds participate in the buojfOCesses.
ancy of cells (Fernandez et al., 1994), somehow regulate The detritus reaching the sea floor become sediment,
membrane fluidity, or are associated with formation of coc-Which might be resuspended by bottom currents and trans-
coliths (Sawada and Shiraiwa, 2004). Some recent studieBorted in the water column. It may also form bottom bound-
suggest that alkenones are metabolic storage lipids and th&@y layer aggregates, acquiring different properties than the
their metabolic utilisation is not a source of error in the tem- Sinking detritus (Thomsen et al., 2002). In particular, the
perature estimation (Epstein et al., 2001; Sawada and Sherganic matter may stick to inorganic minerals, so that its
raiwa, 2004). Whatever their exact physiological role, the remineralisation rate is lower.
important point here is their rate of turnover. Therefore we again added state variables to the bio-

Conte et al. (1998) concluded that alkenone compositiorge€ochemical model: suspended sedimesjsapd the as-
adapts rapidly to environmental conditions, even in stressegociated temperature proxy pools, phytodetritic suspended
populations, and that alkenones turn over rapidly. We assediments §) and its concentration-weighted temperature
sume in our reference simulation that the alkenone ratio in(S2r). These originate only fronD, D, and D2r, respec-
the phytoplankton pool always reflects the surrounding wa-tively (Fig. 2), via accumulating in the sea floor and being re-

ter temperaturel(,), so that at any timé&p,=T,,. suspended. Resuspension is by the bottom shear stress, with
However, it has also been suggested that newly-produced flux Fs (mmol N n2 d—1) given by:
alkenones are added to an older stock (Epstein et al., 1998};S = Fpe + Fsr (11)

One consequence of this would be a delay in the response of

the phytoplankton pool to rapid changes in their environmen-Where

tal conditions. A modelling difficulty would then lie in the Tp — TCR

estimation of the rapidity of response. Following Epstein et Fpe = Kc cr forz, > cr (12)
al. (1998), we formulated an equation that accounts for the

temperature of coccolithophores responding to local water

temperature only during the growing phase, via incorpora-Fst = Ks (Hcg — H), for H < Heg (13)

tion of newly-produced alkenone into an older stock: Fpc is the resuspension flux associated with the bottom cur-

dPZT/dt = rent shear stres ¢ and Kg are erosion coefficients (mmol

Biogeosciences, 3, 25269, 2006 www.biogeosciences.net/3/251/2006/
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N m~2d-1), 7, is the bottom shear stress antk is the crit-  years at best. Since our simulations are for getting an average
ical shear stress for resuspension (both inN¥m Fsr isthe  present-day picture, the realism of the sea surface and water
resuspension flux associated with storm events and tides, column processes does not suffer because of this time scale
is the water depth (m), anHcy is an empirical maximum limitation. Still, long-term diagenetic processes cannot be
depth of impact of this resuspension term. explicitly accounted for. However, alkenones are known to
The parameterisation of the resuspension processes is dibe among the most refractory lipids (Grimalt et al., 2000) and
ferent for each study area (lakes, coastal domain, continentahany studies suggest that thé{Undex is not affected by
shelves), because of the many sediment types, grain sizes amliagenesis (e.g. Grimalt et al., 2000; Harvey, 2000). There-
cohesion properties. We attempt in this work to take into ac-fore, the only expected effect of diagenesis is a reduction of
count the post-settling transport of sediments from the shelthe organic matter accumulation, without modification of the
and its influence on the continental slope accumulation, ortemperature-record.
the seasonal time scalelitferer (1983) interprets the grain
size distribution on the shelf and slope off Northwest Africa 2.4 Simulations setup
as reflecting the action of currents and waves. The rework

and erosion of the shelf sediments leaves only coarse matery,q biogeochemical model is applied on both parent and

rial on the shelf and upper slope. The maximum organic mathiig grids, with a time step half of the baroclinic time step

ter content is located at around 1000 m to 2000 m depth oy yith the parent grid providing the boundary conditions
the slope off Cape Blanc. Our parameterisation is thereforgq, the child grid. The biogeochemical fields exported from
set up to minimize the sedimentary accumulation of organiche chiid grid do not influence the parent. We believe this is
matter on the shelf. , , , not a major shortcoming since few feedbacks are to be ex-
The formulation ofFc is from a classical expression of hected once water flows out of the child grid. The current
the resuspension flux as a function of the bottom shear streqaops formed by eddies are on small scales compared to the

(Blom and Aalderink, 1998; Ribbe and HoIIovzvay, 2001). extent of the study area and their eventual feedback would
The critical shear stresg-g is set to 0.01 Nm#<, corre- only impact the borders.

sponding to the limit of resuspension for organic material Each simulation includes two model years using only the
(Peterson, 1999). .
ocean model on the parent grid, followed by one model year

The Fg7 term accounts for the impact of tidal currents and = . . .
) - using both the ocean and biogeochemical models and the par-
storm events, which are not explicitly modelled. The present

T S S ent and child grids to achieve full development and coherent
formulation is empirical and the effects are limited to the 7. . . ) : : .
: . . . distribution of the biogeochemical tracers. This constitutes
continental shelf, with a maximum effect in shallow areas,

but decreasing to zero at 200 m depfiick). K is set to t.he.spm-up phase. Mgrcheslellp (2003) showed that the equr-
5> 1 : ... librium of the ocean circulation is reached after 2-3 yearsin a
5mmol nT< d™*, a value arrived at after a few sensitivity

) . . . similar configuration. Three additional model years are then
experiments with our model. A too-high value of this co- .
- . . : run and averaged to provide the results presented hereafter.
efficient leads to non-negligible resuspension terms in dee

. . : Frhis averaging removes interannual variability. In the fol-
water (continental slope or abyssal plain) and this seems U wing fi ) . . s
realistic owing figures and discussion of results only the child grid is

The total flux is limited to the amount available in the sedi- con§|dered. ) ) )
ments so the whole process is conservative. Once in the water Different simulations were performed. The reference sim-

column, thes components are advected by the ocean circulal1ation, “STD”, assumes that the alkenone temperature of

tion model just like the other biogeochemical state variablesN€ coccolithophores is always equal to the surrounding wa-

The only sink term (unless the resettling on the sea floor hader temperature, as described in Sect. 2.2.3. The simulation

the same sinking velocity @) is the remineralisation: “DELAY” considers the inertia of the temperature record in
coccolithophores (using Eq. 9), as discussed in Sect. 2.2.3.
dS/dt = —usS (14) For both simulations, a series of sensitivity tests were per-

cIormed. The sensitivity test “"GROWTH” considers a differ-
ent parameterisation of growth rate and light affinity of the
coccolithophore PFT in order to favour a production at shal-
lower depth. In sensitivity test “NOADV”, the lateral advec-
tion of detritus particles was disabled in order to evaluate its
impact on the IPT. In sensitivity test “SINKING”, the sink-
ing rate of the detritus is not constant but set as a function of
The second sedimentary process is long-term transformadepth. The motivation and settings of these sensitivity tests
tion. Real sediments accumulate over centuries or millenare presented and commented in the discussion of Sect. 4.
nia. This time scale is out of range of the simulations in The simulations were performed on a 3.6 GHz PC under
this work, which reproduces only seasonal cycles over a fewa Scientific Linux CERN 3 system. For each simulation, the

This is also applied, with the same remineralisation rate an
sinking velocity, to theS, and Sor components (Fig. 2, Ta-
ble 1). Only the remineralisation term applied to theom-
ponent is goes back to the nutrient pool (Fig. 2).

2.3.2 Sediment transformation over time
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SST (observed) SST (simulated)
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19°W 17°W 15°W 19°W 17°W 15°W

19°wW 17°W 15°W

Fig. 3. Seasonal SSTSC) from the AVHRR Pathfinder Global 9 km Pentad SST Climatology (left) (PODAAC, 2001) and from the model
(right). (winter: January—March, spring: April-June, summer: July—September, autumn: October—December).

3-years spin-up phase takes 5 days computing and each atbn distribution. Figure 4 compares the simulated seasonal

ditional simulated year takes another 5 days. MLD with observations (Kara et al., 2002). The simulated
MLD has been averaged to the grid of the observations for
a clearer comparison. The simulated MLD are slightly shal-

3 Results lower than observations. The root-mean-square of the differ-

ence is~20m.
3.1 Hydrography

The hydrographical results are identical for all simulations.3-2 Primary production and coccolithophore distribution
The seasonal variations of sea-surface elevation, annual
mean SST and surface kinetic energy are extremely similath the reference simulation STD, the distribution of total phy-
from year to year, showing the stability of the model. toplankton concentration resembles the general pattern of a
Figure 3 compares seasonal simulated SSTs with satellitoastal upwelling, with higher concentrations close to the
observations (PODAAC, 2001http://podaac.jp.nasa.gov  coast. There is a maximum of 3.5mg chla®in summer
The upwelling that develops on the continental shelf brings(@ssuming a chla/N ratio of 1.59 mg chla (mmolT4)Os-
deep cold water to the coast, where SSTs are thus loweghlies and Gargcon, 1999) and with respect to the total phyto-
than 17C. Offshore SSTs show a strong seasonal patternplankton concentration?; + Py), corresponding to the maxi-
warming to 25C in summer, while in winter, the onshore- mum chlorophyll concentration reported for the Mauritanian
offshore temperature gradient is only 3¢4 The simulated ~ upwelling (Gabric et al., 1993; Fischer et al., 1996; Morel,
SSTs show generally a higher onshore-offshore gradient thaR000).
observations, with colder SSTs at the coast and warmer SSTs The relative distribution of coccolithophores and diatoms
offshore. The discrepancy is withia3°C. Nevertheless, on is the result of the competitive ability of each to grow at
the continental slope where cores are located, the simulatedifferent levels of nutrient concentrations. This distribution
SSTs are identical to observations. is thus controlled in the model by the differing PFT pa-
North of Cape Blanc, the coastal surface current flowsrameterisations of the diatoms and coccolithophores, which
equatorwards all year long. South of Cape Blanc, the cur-are based only on the growth rate and nitrate assimilation
rents flow northward in summer and southward in winter. parameters. The diatoms have a higher growth rate than
The coastal currents form eddies that contribute to the exthe coccolithophores for nitrate concentrations greater than
change between coastal and offshore waters. All these paR.7mmol N@ m=3. These conditions occur during the
terns are in good agreement with the observations of Mittel-strong upwelling events, i.e. in summer and close to the
staedt (1991). coast. In contrast, coccolithophores are favoured in wa-
The mixed layer depth (MLD) is also an important fea- ter masses relatively more nitrate-depleted, i.e. during win-
ture to look at, since it may drive the mixing of the phyto- ter and away from the coast in summer. The typical suc-
plankton and the influx of deep nutrient to the surface ocearcession of phytoplankton communities in upwelling systems
and therefore influence primary productivity and phytoplank-is thus a diatom-dominated community during, and in the
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Fig. 4. Seasonal Mixed Layer Depth (MLD), in meters, from the Naval Research Laboratory monthly climatology (left) (Kara et al., 2002),
and from the model (right). (seasons: see caption of Fig. 3).

center of, nutrient-rich upwelling, followed by communities coccolithophore diatom
dominates by flagellates and coccolithophores during water concentration concentration
column stratification (Tilstone et al., 2000; Schiebel et al., (mmol N m*) (mmol N m*)

2004). 27N i

This sequence of diatoms and coccolithophores is well-
reproduced by the model (Fig. 5; STD). The diatoms 25°N
and coccolithophores show opposite seasonal patterns, with
maximum surface concentrations occurring in summer for 23°N

diatoms and in winter for coccolithophores (1.29 and B
0.51mmol N n73, respectively). The diatoms distribu- 21N 123
tion shows a strong contrast between high concentrations 1
at the coast, where SSTs are colder and nutrient concentra- _ 0.75
tions higher, and lower concentrations offshore. The coc- 0.5
colithophore distribution is more diffuse, with a maximum .\ '
more offshore compared to the diatom bloom. The coccol- 0.4
ithophore concentration maximum always appears later in___ 0.3
the phytoplanktonic sequence associated, in association with 0.2
the high primary production of the upwelling. . 01
Figure 6 gives the seasonal depth profiles of coccol- 0.05
ithophore and phytodetritus concentration from simulation : ¢ Summer
) ) 21°N 0.02
STD and phytodetritus alkenone temperature from simula- -
tions STD and DELAY; all at the location of core SU94-11S, . 0.01
° 0

which is at the latitude of Cape Blanc (see Fig. 1, and Ta- 19w 17°W | 15°W 1w 17°W  15°W

ble 3 for coordinates). It is clear that the coccolithophore

production follows a seasonal cycle. The concentration ofrig. 5. Simulated (STD) distributions of coccolithophore (left col-
Coccolithophores is twice as much in winter as in summerumn) and diatom (right column) concentration (mmol N‘ﬁ] in
(Fig. 6a). A similar maximum of coccolithophores in winter winter (top row) and summer (bottom row) at the sea surface.

is found in observations at station CB offshore Cape Blanc

(Kdbrich and Baumann, 2004;8rich, personal communi-

cation). At a Canary Island station, the maximum coccolith face to~100 m depth, before slowly decreasing with depth
flux also occurred in winter, when SSTs are at lowest (Bijmadue to remineralization.

et al., 2001; Sprengel et al., 2002). This seasonal pattern is The vertical distribution of the coccolithophores at the lo-
also visible in the phytodetritus concentration (Fig. 6b). Thecation of core SU94-11S (Fig. 6a) shows a maximum con-
phytodetritus concentration rapidly increases from the sur-centration over the first 30 m in winter, spring and summer,
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Table 3. Comparison between alkenone-derived SSTs, AVHRR Pathfinder Global 9 km Pentad SST Climatology (PODAAC, 2001), simu-
lated annual mean SSTs and simulated (STD) alkenone IPTSs, for core sites off the Northwest African margin (all tempet&turésen

U§7’ values are as measured in coretop sediments and given in Sicre et al. (2000). The alkenone-derived SSTs are from ubargethe M
al. (1998) calibration.

Reference Core site Location Depth (m) g}'J SST (L§7') SST (AVHRR)  SST (model) IPT (model)
Muller and Fischer (2003) GIK12309-1 Z®N 1507W 2849 0.79 22.7 20.4 20.6 18.3
" GIK12326-3 2318N 17P25W 1046 0.71 20.2 20.1 20.9 19.4
Sicre et al. (2000) SU94-20bK 261N 1639W 1445 0.77 22.0 20.6 20.1 18.6
" SuU94-21S 2453N 1631W 750 0.75 214 20.4 19.8 18.7
" SU94-15S 2844N 1P16W 1000 0.74 21.1 20.3 20.6 19.0
" SU9%4-11S 2229N  1P57W 1200 0.73 20.8 20.0 20.1 18.9
" SU9%4-7S 2P11N  1852W 3010 0.75 214 20.7 20.3 18.8
ODP 658A 2075N 1858W 2263 0.72 20.5 20.9 20.8 18.8
coccolithophore phytodetritus phytodetritus phytodetritus
concentration concentration temperature (°C) temperature (°C)
(mmol N m™) (mmol N m™) Simulation STD Simulation DELAY
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Fig. 6. Seasonal depth profiles at location of core SU94-11S: coccolithophore concentration from simulati¢en),3FYtodetritus con-
centration from simulation STIb), phytodetritus alkenone temperature from simulation §@)Dand phytodetritus alkenone temperature
from simulation DELAY (d); winter (solid line), spring (dotted line), summer (dashed-dotted line) and autumn (dashed line). In (c) and (d)
simulated seasonal mean SSTs are also indicated (see legend).

and over the first 50 m in autumn. It then rapidly decreases t8.3 Temperature record

zero at~200 m. According to this distributiony60% of the

coccolithophorid mass is located in the upper 50m. Time se3.3 1 Temperature recorded by phytodetritus in the water
ries of coccolithophore standing stocks and taxonomic com- column

positions at the Bermuda Atlantic Hydrostation “S”, near the

BATS station, have shown that coccolithophore cell densitie:~‘1n the reference simulation STD, the phytodetritus alkenone

were highest in the upper 50 m and decreased rapidly belo o .
100 m (Haidar and Thierstein, 2001). They also indicate tha\f[flemperatures atthe surface are similar to the SSTs (Fig. 6¢),

) : . which is consistent with the fact that the coccolithophore
E. huxleyican present local maximum densities from the sur- .
, ) . ._alkenone temperature always reflects the surrounding water
face until 50 m and be the dominant coccolithophore specie .
down t 200 m emperature. The phytodetritus alkenone temperature then

decreases to the depth of maximum phytodetritus concen-
tration, reflecting the progressive accumulation of deeper
and colder phytodetritus production by the coccolithophores.
This temperature decrease 480.8°C in spring and au-
tumn. Below the maximum phytodetritus concentration
depth, the alkenone temperature carried by the phytodetritus
pool slightly decreases in autumn, winter and spring (around
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Simulated Simulated annual mean Difference (°C):
alkenone IPT (°C) SST (°C) IPT minus SST

27°N

27°N+

25°N+

23°N 4

23°N

21°N+ 21°N

19°N

19°N+ SZAL" = 3 16

19°W  17°W 15°W 19°W  17°W 15°W 17°W

19°W 15°W
Fig. 7. Simulated (STD) alkenone IPT (left), simulated (STD) annual mean SST (centre), and their difference (first minus second; right) (all
in °C). Solid lines show the bathymetry with isobaths at 200, 500, 1200, 1445, 2000, and 3000 m.

0.22C from ~100 m to the bottom) and dropsl°C in sum-  Cape Blanc, with a minimum of 16°8. They then gener-
mer. We think that these variations at great depth are due tally increase offshore. The area south of Cape Blanc is an
the unequal quantity of phytodetritus reaching there, in rela-exception, with high IPTs on the shelf, which we attribute
tion to the intensity of primary production events. In sum- to the particularly warm SSTs close to the coast. The map
mer, the high primary production events are associated wittof the temperature differences (Fig. 7, right) shows that the
cold water filaments, whereas lower production periods ardPTs are colder than the annual mean SSTs, with an average
associated with warmer SSTs. There exists therefore a biagifference of 1.8C on the modelled region.

toward colder temperatures, due to the more important export Table 3 shows the alkenone temperatures of coretop sedi-
of material at depth during upwelling events. This bias is lessments for different core sites off Mauritania, as well as the
pronounced in winter, since SSTs of nutrient-rich upwelling climatological annual mean SSTs, simulated annual mean
filaments and offshore waters are more homogeneous.  SSTs and simulated alkenone IPTs. The core locations are
In the case of simulation DELAY, given the increased in- also shown on Fig. 1. Table 3 clearly shows that at the depth
ertia of the temperature record in the coccolithophore poolof core locations, between 750 m and 3000 m, the simulated
phytodetritus alkenone temperature profiles are more homoalkenone IPTs are colder than the simulated annual mean
geneous (Fig. 6d). The winter profile of phytodetritus tem- SSTs by 1.1C to 2.3C. In contrast, the alkenone temper-
perature is constant from the surface to the bottom. In springatures of coretop sediments at these core locations, using the

summer and autumn, the phytodetritus alkenone temperamiiller et al. (1998) calibration, are similar or warmer than
tures at the surface are colder than the corresponding se#@e annual mean SSTs.

sonal mean SSTs, with a maximum difference ofQ.6n
spring. For these three seasons, the phytodetritus temper-
ature then decreases a maximum°Q.eby ~100m. Be-
low this depth, the temperatures are constant. Becaus
the alkenone temperature record of the coccolithophores is i i )
changed only during their growing phase, it induces inertia in The processes potentlally responsible for the temperature dif-
their response to water temperature variations. The alkenon{$'€nce between the simulated alkenone IPTs and the annual
temperature signal can then be smoothed by the lateral adi€@n SSTs are: (1) the depth of alkenone production; (2) the
vection and vertical mixing of the coccolithophores. The Seasonality of coccolithophore production; (3) the lateral ad-
coccolithophores at depth also have warmer alkenone temYection anq vertical transport of the'phytodetrltus.; and (4) the
peratures compared to simulation STD, because their growtf€SUSPension and transport of sediments. If we introduce the

rate is reduced compared to the surface and they are mixepossibility of inertia in the alkenpne production (simulation
with pools coming from the warm superficial layers. DELAY) and therefore a delay in the response of the coc-
colithophores to the changing growing conditions, then the

3.3.2 Temperature record in sediments lateral advection of the coccolithophores at the surface may

also play a role in the final sedimentary temperature record.
Figure 7 shows the simulated (STD) alkenone IPTs and anWe discuss the influence of each of these aspects and then the
nual mean SSTs and the difference between the two. Thamplications for the interpretation of the alkenone tempera-
lowest IPTs are located on the continental shelf, north oftures of the coretop sediments.

zel Discussion
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4.1 Lateral advection and vertical transport of phytodetritus4.2 Sediment resuspension

The high and constant sinking velocity set in the mode| Because of the distinction made in the model between detri-

(200m d1) is responsible for fast export of the organic mat- (S (D) and suspended sediments (S), it is possible to keep
ter (the detritus pool) from the surface to the sea floor. Astrack of the direct detritus flux at the bottom, separately from

a consequence, the lateral advection of particles in the wate'€ Seédiment resuspension and transport. There exists there-
column seems to play a minor role in the temperature Sig_fore a difference between the final sediment accumulation

nal mixing. In order to evaluate this lateral advection com- and the flux over time of the detritus at the bottom. The com-

ponent, we performed a sensitivity test, “STD+NOADV” in parison of the IPT and the alkgnon_e temperature of the total
which the advection term applied to the detritus pool washkhytodetritus botFom flux provides information on the effect
disabled. The result was that there was little change in the?f the resuspension processes.

biogeochemical distribution and primary production location In the reference simulation STD, the resuspension of sedi-
because the detritus pool was still remineralising progresiments on the shelf does not modify the IPTs on the slope (not
sively at depth, and sustains the correct nutrient recyclingshown) and only small temperature difference® °C) ap-
budget for the upwelling. The IPT obtained from this sen- pear on the shelf, due to local redistribution processes. Even
sitivity test is similar to the reference simulation, with only if the sediment resuspension in the model contributes to a
minor temperature variations, lower thanT@2not shown).  better budget of the nutrients by enabling their remineralisa-
We thus conclude that the lateral advection of the phytodetrition in the water column, it does not directly influence the
tus has no impact on the temperature signal when the sinkingediment temperature distribution. Nevertheless, given the
velocity is fast and constant. sedimentary temperature distribution (Fig. 7, left) and the

Nevertheless, some studies suggest that vertical sinkin§0|detrh|PTS Otntthti shlelf, any elgfectlvte_bseidlinent tral_nspo;t
velocities are low in the surface mixed layer and increase rom the coast fo the siope would contribute fo a coaling o
he alkenone temperature of the slope sediments and there-

with depth, due to aggregation processes (Kriest and Evan%, . ) .
1999: Berelson, 2002: Klaas and Archer, 2002: Kriest, ore to an increase in the temperature difference between an-
2002). A relatively low sinking velocity in the surface layer nual mean SSTs and IPTs.
would therefore favour transport of the detritus pool by lat-
eral advection. This would mean an efficient transport of4.3 Seasonality
particles produced in cold onshore waters to more offshore
locations, i.e. over the slope or abyssal plain. Therefore, weThe seasonality of the coccolithophores was shown on the
performed a sensitivity test, “STD+SINKING”, considering Figs. 5 and 6. Taking as an example the depth profiles at the
a sinking rate,V, (md-1), of 5m d=! in the upper 50m, location of core SU94-11S offshore Cape Blanc (Fig. 6), it
followed by an exponential increase with a scale-height ofappears that the coccolithophores concentration is twice as
200 m, with a maximum sinking rate of 200nTHat the  high in winter than in other seasons. Does this produce a
bottom: seasonal bias in the IPT? Figure 8 shows, for the same core
location, the depth profiles of annual mean water tempera-
e ture, annual mean phytodetritus alkenone temperature, and
Vs = max[S; 5+ 195(1 — e‘W)] (15) the mass-averaged annual mean phytodetritus alkenone tem-
perature, for simulations STD and DELAY. The difference
between the two profiles of phytodetritus alkenone tempera-
The IPTs produced by this lower sinking rate are differ- tures is due to the relative weight of productive periods. At
ent from the reference simulation only south of R2(not  the surface and subsurface, the temperature difference is at
shown). There, the IPTs are0.4°C colder than for the ref- a maximum, between 0.6 and 0@ an indication of the
erence simulation STD, with a maximum cooling 6{ClLin winter influence, as well as the cold, productive filaments
a localized area. This means that in this southern area thin summer. Below~100m, the temperature difference is
simulated IPTs are between 1.5 arfC3Xolder than the an- small and constant to the bottom-a0.2°C. This is also the
nual mean SST. We conclude that lower sinking rates haveemperature difference obtained for the simulation DELAY
an impact in regions where SST gradients are stronger. ThéFig. 8b). We think therefore that the seasonality of coccol-
particulate material produced in the cold central upwellingithophore production has a minor effect on the IPT at this
area is advected offshore in the surface layer and contributeparticular location. It is worth noting that fler and Fis-
to the sedimentation on the continental slope, where SSTsher (2001) also concluded, based on a 4-year sediment trap
are already warmer. It seems that north of R2this effect  record of alkenones at station CB offshore Cape Blanc that
is negligible because the strong currents are mostly paralthe alkenone temperature of coretop sediments was best cor-
lel to the slope and therefore generally parallel to the SSTrelated with the annual mean SST, but for a different rea-
isotherms. son. Although the alkenone production showed a strong

Biogeosciences, 3, 25269, 2006 www.biogeosciences.net/3/251/2006/



X. Giraud: Alkenone-like proxy record in the NW African upwelling 263

Temperature (°C) Temperature (°C)
185 190 195 200 20.5 21.0 185 190 195 200 20.5 21.0
0 0 gy
4100 00 T K
-200 - -200 -
2300 | -300 ]
-400 - -400 -
E 500 - E 500 |
2 600 - £ 600 -
2 700 8 -700 -
-800 - -800 -
-900 | -900 ]
-1000 - -1000 -
-1100 - -1100 -
41200 - 41200 -
-1300 LA © A -1300 - A @ A

Mass averaged annual mean phytodetritus temperature
Annual mean phytodetritus temperature
------ Annual mean water temperature

O  Annual mean SST (Simulated)

® Annual mean SST (AVHRR)

A Simulated IPT

A Alkenone-derived coretop temperature

Fig. 8. Depth profiles of annual mean water temperature (dotted line), annual mean phytodetritus alkenone temperature (thin solid line) and
mass averaged annual mean phytodetritus alkenone temperature (thick solid line) at location of core SU94-11S for the reference simulation
STD (left) and for simulation DELAY (right).

seasonality, the seasonal flux variations were different forthe Production-Insolation curve {n Table 1) of the coccol-
each year, leading to an averaged record in sediments. ithophore PFT: 0.015W n? instead of 0.025W m?. As a
consequence, the growth rate of coccolithophores is lowered
4.4  Production depth at depth, and the vertically-integrated production may be sig-
nificantly reduced. In order to compensate for this effect, we
According to the previous discussion, lateral advection ofalso set the maximum growth rate higher, from 0:4 do
particles, sediment resuspension, and coccolithophore se@.5d™1, so that coccolithophores were favoured in the sur-
sonality seem to play only a minor role in the IPT. The sum face ocean.
of all these factors is also not sufficient to explain the tem- This variation of coccolithophore PFT leads to a slightly
perature discrepancy. Thus, the cause of the temperature dighallower coccolithophore distribution. At the location of
ference between the IPT and the annual mean SST is mosiore SU94-11S;-70% of the coccolithophore mass becomes
likely to be found in the production depth, which we are dis- located in the upper 50 m, compared-+60% in the refer-
cussing below, or some other missing processes, which wence simulation STD. However, setting the maximum growth
discuss in the next section. rate higher did not completely compensate for the decrease
It is apparent in the depth profiles of Figs. 6 and 8 thatof production at depth, so that coccolithophore concentra-
the decrease of the phytodetritus alkenone temperature in thigons are generally also lower at the sea surface.
water column occurs mostly in the first 100m. Therefore The resulting IPT is slightly warmer than the reference
a sensitivity test, “STD+GROWTH”, was performed in or- simulation, which also means closer to the simulated annual
der to evaluate the impact of coccolithophore growth depthmean SSTs. In a simulation combining this coccolithophore
This sensitivity case is based on the argument Ehdtux-  PFT variation with the inertia in temperature adaptation of
leyi is at disadvantage at low light levels compared to othercoccolithophores (simulation DELAY+GROWTH), the IPTs
phytoplankton groups (Merico et al., 2004). This is imple- are still~1°C colder than the annual mean SST (Fig. 9). This
mented in the model by using a lower value for initial slope of temperature difference is still significant since it appears to
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-2.5 DAAC, 2001) (black circles); simulated annual mean SSTs (white
o i e 30 circles); simulated (STD) alkenone IPT (white triangles). Cores are
19°N-E= w2

ordered by increasingg (see Table 3).

19°W  17°W  15°W

Fig. 9. Temperature difference°C) between the simulated tion, we suggest further studies of the physiological factors
alkenone IPT and the simulated annual mean SST for simulationnyolved in alkenone production and turnover.
DELAY+GROWTH (see text for simulation description).

4.5 Calibration and interpretation of th@)index

be systematic over the study area. The reason appears to I8ince the alkenone temperature of coretop sediments is usu-
a still-significant contribution by the coccolithophore popu- ally associated with annual mean SST, the previous sections
lations present in the lower part of the MLD to the phytode- have tried to understand the reason why our model results
tritus alkenone temperature record. always have a temperature difference between the IPT and
From the preceding, it seems difficult to force the coccol-annual mean SST. We discussed the importance of produc-
ithophore population to be localised only in the top 30m tion depth. As the coccolithophore distribution in the sim-
without modifying the equilibrium with the other phyto- ulations seem correct, we concluded that the alkenone pro-
planktonic PFTs. With our coccolithophore PFT regardedduction itself may not be simply proportional to the coccol-
as representing all coccolithophores, our simulated coccolithophore biomass. We also concluded that since the details
ithophore distribution is temporally and spatially correct. of alkenone production are not well known, our model may
The distribution of the alkenone production in the coccol- still be correctly representing the distribution of alkenone
ithophore population itself thus appears to be the importandistribution. In this section, we discuss the case where the
guestion. As already mentioned, the main alkenone producemodel produces the correct IPTs and the meaning of its mis-
specie<s. huxleyican be present and be the main contributor match with the alkenone temperatures of coretop sediments.
to the coccolithophore assemblage down to 100 m or deeper. For each core described in Table 3, Fig. 10 displays the dif-
We think therefore that the implicit assumption made in theferent temperatures obtained from alkenone measurements,
model, thate. huxleyican represent all coccolithophores, is climatology and simulations (STD). It shows that the an-
valid in this work. nual mean SSTs from the model and the AVHRR Pathfinder
The alkenone distribution in the surface ocean is mostGlobal 9 km Pentad SST climatology (PODAAC, 2001) are
probably a matter of physiological factors. The exact de-similar, which implies the model is simulating the upwelling
tails of alkenone production, during coccolithophore growth, well. Despite the large geographical distribution of the
are unfortunately not well known. Batch culture experiment cores (see Fig. 1), the annual mean SSTs do not vary much,
have demonstrated that the cell alkenone content, as well aand range between 19.8 and Z&%or the simulation and
the U§7 may be significantly affected by environmental con- are even closer (between 20.0 and 2@)pfor the AVHRR
ditions like nutrient or light stress, as well as stationary or Pathfinder Global 9 km Pentad SST climatology (PODAAC,
exponential growth phases (e.g. Epstein et al., 1998; Prahl €001). Using the Mller et al. (1998) calibration, theg
al., 2003). The quantity of alkenone per cell may vary as avalues for these cores imply alkenone temperatures ranging
function of growth conditions and therefore be unequal fromfrom 20.2 to 22.7C. However, it should be noted that the
one habitation depth to another. In order to answer this quesstandard error is estimated (Mer et al., 1998) at-1.5°C
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(the bars in Fig. 10). Within this error bar, the alkenone tem-just as in the Namibian slope case. It is thus possible that
peratures of the coretop sediments are in agreement with thine alkenones in these cores also have an age offset. If this
annual mean SSTs. Two exceptions are the two cores having the case, the alkenone temperature is an average over an
the highest l§7 For these two cores, SU94-20bK (25N, unknown time span extending back from the present day.
16°9W) and GIK12309-1 (28N, 137 W), the alkenone The simulated IPT though is only for present day. As the
temperatures are higher than the annual mean SSTs. Thakenone temperatures are warmer than the simulated IPTs,
simulated IPTs associated with the cores presented in Table e present day alkenone pool would have to have been mixed
and Fig. 10 range from 18.3 to 19@. They show the same with a “warmer” and older alkenone pool. Appendix A esti-
trend as the simulated annual mean SSTs but are 1.196 2.3 mates these past temperatures assuming an alkenone age off-
colder. set and a decreasing exponential contribution of older sedi-
If we assume the alkenone index calibration is correct, thements to the coretop. In the case of core SU94-11S, offshore
mismatch between the alkenone temperature of coretop sedape Blanc, the IPT at 6 ka BP is estimated to have been
iments and the simulated IPT may stem from either a missbetween 2.8C and 5.7C warmer than the present day IPT.
ing process in the modelling, or a misinterpretation of the These estimates are speculative but could be tested by mea-
alkenone temperature. suring the age of the alkenones in slope sediments facing the
One possible missing process is a diagenetic modificatiodarge Northwest African continental shelf.
of the alkenone ratio in the sediments. After sediment burial
a differential degradation of di- and tri-unsaturated alkenone
compounds could lead to an increase in thﬁ,u:ausing 5
an apparent warming in the sediment alkenone temperature

record. Some studies argue for a possible modification OKN . . .
- : . : e developed a coupled physical-biogeochemical model to
the original temperature signal in the sediments (Hoefs et

al., 1098 Gong and Hollander, 1999: Rontani et al., 2005),S|mulate the production, transport and sedimentation of the

whereas other studies conclude that there is no diagenetic eglkenone temperature proxy in the Northwest African up-

fect on the temperature record (e.g. Grimalt et al., 2000; Har-Welllng system, between 1& and 27 N. We conclude that
: . . . the alkenone temperature record of the slope sediments (be-
vey, 2000). Diagenetic bias thus remains only a hypothesis.

. . ; tween 1000 m and 3000 m depth) are between 1.1 an€2.3
A second possible missing process that could explain the : )

. . T colder than present-day annual mean SSTs. This offset is op-
temperature mismatch is contamination by allochtonous ma-

terial. A location could be contaminated by allochthonous posite to the one identified by Conte et al. (2006) in a global

: ) . calibration of the alkenone index. This suggests that the use
transported material having a relatively-warmer alkenoneOf the U§ index to reconstruct past annual mean SSTS is
temperature record. The simulated IPT then might be the U P

“cold” temperature of the location and the alkenone temper_problematic, because the processes responsible for its record

u . S . are not fully understood. Nevertheless, the temperature dis-

ature the result of the “warm” contamination. Itis hard to say
- . o N crepancy we found seems to be mostly due to the produc-

where the origin of this hypothetical “warm” allochthonous

i . ) ) ; tion depth of the coccolithophores, with minor contribu-
sedimentary material might be since the most-likely mate- . . .
. . o tions from seasonality and lateral advection. No process that
rial would come from the continental shelf, which is an area

could possibly explain the significant positive offset identi-
){/(\;hbeéec\(/)vlgeerxpect the IPT, and thus the alkenone temperatur%,ed by Conte et al. (2006) could be found with our modelling

Another possible mismatch explanation would be a mis_study, unless a possible mixing with mid-Holocene material.

. . .These results are based on the assumption that the amount
interpretation of the alkenone temperature of coretop sedi- . : :

X ! of alkenones produced is proportional to the coccolithophore
ments due to the age of the alkenones. Previous studies have

shown that the alkenones were 10004500 years-drido population, which varies with depth. This is an assumption
years older than the co-occurring foraminifera in Namibian about physiology and further research in this area would thus

slope sediments (Mollenhauer et al., 2003) and Chilean marpe of great benefit.

gin sediments (Mollenhauer et al., 2005), respectively. How-

ever, no age differences were found between the alkenones

and contemporary foraminifera of a core in Northwest Africa Appendix A

(GeoB5546-2, 27.53N, 13.73 W), just north of our study

area (Mollenhauer et al., 2005). Mollenhauer et al. (2005)We estimate here the past temperature of sedimentary fluxes,
suggest that the physical depositional settings, such as sheffased on the simulated present day IPT, the alkenone temper-
width, or morphologic depressions may play a role in theature of coretop sediments, and assuming an age offset be-
age control of the sediment components. Core GeoB5546tween the alkenones and the co-occurring foraminiferal. Our
2, although in the Northwest African coastal upwelling sys- general assumption is that the surface sediment alkenones are
tem, is not facing a large continental shelf. In contrast, thethe result of mixing with older alkenones, but we make more
cores described in Table 3 are facing a large continental shelfpecific assumptions.

Conclusions
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Assumption #1: The relative contribution of each time pe- and
riod to the coretop sedimentag(z), follows a decreasing

- ¢ t

exponential: / —exp <__> dt =8 (A8)
L t o B B

as (1) = B exp(—E) (A1) Equation (A6) then becomes:

wheret is the time BP (ka), ang is the age offset of .the Ts (0) = T, (0) + (T; (6) — T, (0)) B (A9)

coretop alkenones (ka). The degree of mixing of sediments 0

is the result of different processes like resuspension or biotur-

bation as well as sedimentation rate. These processes werg ©) —1i 0 _ Is© -1 (0 (A10)

not always constant over the past period. Nevertheless, in 0 B

order to make the calculations simple, we assume constant o

production and mixing rates. We also assume an infinite sed- Substituting, Eq. (A4) becomes:

iment thickness, an approximation that facilitates the calcu- ¢

lation and the reason for the integrations from 0 to infinity 7; (t) = T; (0) + (75 (0) — T; (0)) 5 (A11)

that follow.
Let Ag(r) be the apparent age of the sediments and Equation (A11) expresses the IPT at any tirfig), as

A; (1) =t be the age of the instantaneous sedimentary fluxa function of the present day IPT;(0). The terms are ob-

We can verify that the apparent age of the coretop sedimentsained from the simulations, the alkenone temperature of the

As(0) is equal to the age offset:

As(l=0)=/
0

—/Ooiex (—L)dt—ﬂ
“Jo P UTB)N T

Let Ts(r) be the alkenone temperature of the sediment

o0

A; (D as (t)dt

(A2)

coretop sedimentss(0), and the age offset of the coretop
alkenones.

Before proceeding to apply this numerically, it is impor-
tant to be able to evaluate the relative contribution of sedi-
ments pools with respect to their age. This can be done with
Rs(1), the proportion of sediments younger thacontribut-

sing to the coretop sediments.

andT;(t) be the alkenone temperature of the instantaneousRS (t) =

sedimentary flux, which is also the IPT.

The alkenone temperature of the coretop sedimé&its®),
is the mass-weighted temperature accumulated over time a
can thus be expressed as:

Ts (0) =/oon(t)as (t)dt (A3)
0

Assumption #2: The IPT evolved linearly over a certain
past period{, in ka), and so can be expressed as:
T; (0) — T; (0) .

0

Using Egs. (A3) and (A4), we obtain:

Ts (0) =

/0 - (T,- 0) + r) exp(—%) dt  (A5)

1
Ts(0) = T; (0) /0 Eexp(—é) i

T; () =T; (0 + (A4)

1

B

T; (0) — Ti (0)
0

T;(Q)—Ti(o)/"ot < t)
e —exp| —— ) dt A6
5 A (A6)
It can be easily demonstrated that:
*1 t
—exp|—= ) dt = A7
/o p p( /3) (A7)
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ng as (1) dt = /Ot % exp(—%) dr=1- exp<—%) (A12)

Applying Egs. (A11) and (A12) numerically using core
SU94-11S as an example, we substitute in:

T; (0)=18.9C, the simulated IPT, and

Ts (0)=20.8C, the alkenone temperature of the coretop
sediments.

Then, if we assume an alkenone age offsetBefl ka,
we obtain7; (6ka)=21.78C, with Rs (6 ka)=78%. If we
assume an alkenone age offset #f2ka, we obtainT;

(6 ka)=24.8C, with Rg (6 ka)=95%.

These results show that the alkenone age offset (if any),
which is directly related to the degree of sediment mixing,
is an important factor in estimating the past temperatures. In
the case of core SU94-11S, offshore Cape Blanc, Mauritania,
the temperature difference between present day and 6 ka BP,
can be estimated to be between°Z&nd 5.7C.
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