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In this study we assimilate measurements of stable carbon isotope com-
positions �13C and the ratio of cadmium to calcium (Cd/Ca) concentrations
from marine sediments into an ocean general circulation model to recon-
struct the 
ow �eld of the deep-sea during the last glacial maximum (LGM)
21,000 years ago. The results of the assimilation con�rm that the southward

ow of North Atlantic Deep Water was shallower during the LGM and this
was accompanied by a strong source of glacial North Atlantic Intermediate
Water. The optimized glacial 
ow �eld in the Southern Ocean is consistent
with the Cd/Ca measurements but can not explain �13C changes, suggesting
a breakdown of the glacial phosphate-�13C relationship.

1. INTRODUCTION

Reconstructions of the ocean circulation during the

last glacial maximum (LGM) by ocean general circu-

lation models (OGCMs) [Fichefet et al., 1994; Seidov

and Haupt, 1997; Herterich et al., 1999; Winguth et

al., 1999], coupled models with reduced complexity of

the ocean-atmosphere system [Fieg, 1996; Ganopolski et

al., 1998; Weaver et al., 1998], or fully coupled ocean-

atmosphere GCMs (integrated only over short periods

of 15 years)[Bush and Philander, 1998] are generally

based on paleoclimatic evidence. The paleo deep-sea

circulation is commonly deduced from stable carbon

isotope compositions (�13C) and the ratio of cadmium

to calcium (Cd/Ca) concentrations from foraminifera

shells in marine sediments [Boyle, 1992; Sarnthein et

al., 1994; Michel et al., 1995]. Although the models

try to reproduce the main features of the glacial to in-

terglacial changes, signi�cant di�erences occur in some

regions between the model studies and the observational

data base which are caused by uncertainties in: 1. for-

mulation of the models, 2. surface boundary conditions

of heat, salinity, and wind, and 3. the data.

The model formulation of OGCMs is dependent on

the temporal and spatial resolution and internal param-
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eterization of physical and geochemical processes. For

example, high resolution OGCMs allow to resolve ed-

dies in the ocean and a detailed description of the geo-

physical dynamics [Semtner and Chervin, 1992]. One

disadvantage of the use of these models are the high

computational expenses of the forward and inverse al-

gorithms [van Oldenborgh et al., 1997].

The second critical problem is the uncertain recon-

struction of the forcing boundary conditions for past

times. The ventilation of the deep-sea is sensitive to

variations of the thermohaline conditions on the surface,

especially to surface salinities in regions with suitable

conditions for deep water formation (e.g. the Nordic

Sea and the Weddell Sea). Uncertainties in recon-

structed surface salinity data from the ratio of 18O to
16O isotopes (�18O) in foraminifera shells [Duplessy et

al., 1991] are dependent on several exchange processes

of the ocean-atmosphere-cryosphere system: For exam-

ple, 1. about 2/3 of the glacial-interglacial variations in

the �18O of the foraminifera shells are caused by im-

perfectly known changes in the continental ice volume.

2. The fractionation between the 18O/16O ratios in the

shells and the 18O/16O ratio of the surrounding water

(�18Ow) depends on the past temperature in seawater

[Shackleton, 1974] which is only known to certain de-

gree. 3. Deviations of up to 0.5 in salinity from the

modern linear salinity-�18Ow relation [Labeyrie et al.,

1992] are observed in the Southern Ocean because for-

mation of sea ice in
uences salinity but has little impact

on �18Ow [Zahn and Mix, 1991]. If the modern lin-

ear salinity-�18Ow relation is taken to reconstruct the

glacial salinities, then large errors occur because of the

imprecisely known extent of sea ice coverage and thick-

ness.

Also, recent proxy data for sea surface temperature

(SST) show discrepancies to the Climate: Long Range

Investigation, Mapping, and Prediction (CLIMAP) Pro-

ject Members [1981] reconstruction in polar regions [Wei-

nelt et al., 1996; Rosell-Mel�e and Koc, 1997; A. de Ver-

nal, personal communication, 1997]. Evidence from

measurements of Sr/Ca in corals from Barbados [Guilder-

son et al., 1994], noble gases in ground water from

Brazil [Stute et al., 1995], alkenones [Sikes and Keig-

win, 1994], and snow line depressions [Rind and Peteet,

1985] indicate also a LGM tropical SST [Farrera et al.,

1999] 2o-4oC colder than temperature reconstructions

from the CLIMAP Project Members [1981].

Atmospheric modelling studies such as the Paleomod-

elling Intercomparison Project (PMIP)[Joussaume and

Taylor, 1995] do signi�cantly depend on the forcing

surface temperature reconstructions. Thus, the relia-
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bility of the outcome of these studies, e.g. the wind

�elds which in turn are used to force the OGCMs, are

strongly related to the quality and uncertainties of the

surface temperature reconstructions. Winguth et al.

[1999] studied the relation of glacial type surface buoy-

ancy 
uxes and wind �elds and the deep-sea circulation.

Their model results (using restoring boundary condi-

tions) indicate a much weaker relation between wind

stress in the Southern Ocean and the Atlantic deep-sea

circulation than the previous study of Toggweiler and

Samuels [1993]. Winguth et al. [1999] concluded that

changes of the surface salinities is the most uncertain

and e�ective boundary condition to control the venti-

lation of the deep-sea. However, their results strongly

depend on the way the models are parametrized (e.g.,

internal friction, choice of numerical scheme, boundary

conditions [Rahmstorf and England, 1997], or topogra-

phy [McDermott, 1996]).

Besides uncertainties due to model formulation and

surface boundary conditions, inconsistency in the recon-

struction of the glacial nutrient distribution estimated

from �13C and the Cd/Ca of calcareous foraminifera

shells has obscured our view of the glacial ocean circula-

tion [Boyle, 1992; Broecker, 1993; Yu et al., 1996]. Both

paleonutrient proxies indicate a shallower and reduced

North Component Water (NCW), but appear to be in-

consistent in the Southern Ocean [Boyle, 1992; Sarn-

thein et al., 1994, Francois et al., 1997].

In this study we present a method by which an

OGCM can be adjusted to �t the paleonutrient data

as a means to reduce the uncertainty in the circulation

patterns and surface boundary conditions for the last

glacial period. Our study focuses on the reconstruc-

tion of the glacial Atlantic, where most of the data are

available, and seeks to answer the following questions:

1. What does the reconstruction of the paleonutrient

distribution from marine sediment cores tell us

about the ocean circulation during the last glacial

maximum?

2. How should surface salinity boundary conditions

be modi�ed to result in a circulation close to that

predicted by the paleonutrient data?

3. How sensitive is an OGCM to changes in the salin-

ity boundary conditions?

2. MODEL

A description of the current version of the Hamburg

large scale geostrophic OGCM (LSG)[Maier-Reimer et

al., 1993] is given by Winguth et al. [1999]. The Ham-

burg LSG uses a 72 x 72 E grid [Arakawa and Lamb,
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1977] (approximately 3.5o x 3.5o horizontal resolution),

11 vertical layers, and has a time step of one month.

The temperature and salinity in the surface layer were

computed by a Newtonian coupling to prescribed air

temperatures and salinities. The sea ice model is a sim-

ple thermodynamic model including a wind dependent

ice advection. Further details are found in Mikolajewicz

[1996]. Coupling coe�cients of 40 W m�2 K�1 for tem-

perature and 1.5 x 10�5 m s�1 for salinity yield (with a

50-m thick top layer) time constants for both properties

of approximately 60 and 40 days, respectively.

A biological model - the \soft tissue pump" of the

HAMOCC3 [Maier-Reimer, 1993] - with phosphate,

particulate organic matter, and oxygen as additional

prognostic variables is coupled on-line to the OGCM

for this study. The model assumes a constant Red�eld

stoichiometry for particulate organic mater [Takahashi

et al., 1985]:

P : N : C : �O2 = 1 : 16 : 127 : �172 (1)

where �O2 denotes the amount of released oxygen dur-

ing the biological production. Phosphate, the limiting

nutrient, is consumed by primary production in the sur-

face and released in the deep-sea by remineralization.

Here, we modeled these processes as in Winguth et al.

[1999].

Were there no air-sea fractionation, then the distri-

bution of �13C values within the sea should be tightly

correlated with phosphate. During photosynthesis 12C

is �xed with slight preference over 13C yielding a frac-

tionation for organic matter of -20o=oo for modern times
and -18o=oo for the LGM [Rau et al., 1991]. Because

plant material is formed only in the mixed layer and

some of the material is oxidized only after falling to

deeper layers of the sea, �13C in the surface layer is

higher than that in deep waters. To calculate �13C di-

agnostically from phosphate we use a linear relationship

after Broecker and Maier-Reimer [1992] (see formula (2)

in Winguth et al. [1999]). The total �13C distribution

(�13Ctot) in the deep-sea can be described by

�13Ctot = �13Cbio + �13Cas � �13Cbio + c (2)

where �13Cbio describes the \soft tissue pump" and

�13Cas denotes the carbon isotope fraction by the air-

sea gas exchange on the surface. �13C in the deep At-

lantic can be approximated by the e�ect of the biolog-

ical pump, where c is a constant chosen to be -0.2o=oo
for modern times. Winguth et al. [1999] showed with a

carbon cycle model coupled on-line to an OGCM that

in �rst order the e�ect of the gas exchange �13Cas in

the deep-sea can vary for glacial and interglacial times
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in the same range as the observational error of the �13C
data.

3. DATA

�13C data are taken from analysis of benthic foramini-

fera shells from the study of Sarnthein et al. [1994] and

Michel et al. [1995]. The analytical reproducibility of

�13C is up to �0.04o=oo for �
13C (Kiel laboratory) [Sarn-

thein et al., 1994]. However, deviations between �13C
measurements of the foraminiferal shells and dissolved

inorganic carbon (DIC) in deep water are much larger,

in the order of �0.2o=oo as shown in Figure 6 (b) in

Sarnthein et al. [1994] or in McCorkle and Keigwin

[1994]. Here, we assume the same observational error

of �0.2o=oo as in the study of LeGrand and Wunsch

[1995]. It has been deduced that �13C of pore water

and �13C gradients between the sediment surface and

the surrounding water signi�cantly in
uence the �13C
incorporated into the foraminiferal shells (\Mackensen

e�ect") [Mackensen et al., 1993]. The authors showed

that �13C in F. Wuellerstor� can di�er locally up to

-0.5o=oo from the ratio in the bottom water because of

seasonal 
ux variations of organic carbon [Mackensen,

1997]. However, since these processes at the sediment-

water interface are not known in detail we do not con-

sider the Mackensen e�ect in our model.

A glacial-interglacial change of -0.4o=oo derived from

deep Paci�c sediment cores is assumed in our study,

which implies a �600 GtC loss of carbon during glacial

times from the land biosphere (see Crowley [1995] for a

review). Glacial-interglacial changes in the land bio-

sphere are recently estimated to be 850 � 300 GtC

(Table 2 in Crowley [1995]). Thus, carbon and �13C
di�erences between the estimates from the land bio-

sphere and marine sediment cores are 250 � 300 GtC

and 0.2 � 0.2 o=oo respectively. Spero et al. [1997]

showed a pH dependence on the 13C/12C and 18O/16O

ratio of calcareous foraminiferal shells. The observed

glacial-interglacial shift of -0.4o=oo thus can possibly be

explained simply by a higher pH of seawater during

glacial times [Sanyal et al., 1995].

Cd/Ca in the water column follows in �rst order

phosphorus (P) in the ocean with the \global" Cd-P

relationship (Cd=0.208P for P<1.34 and Cd=0.279+

0.398(P-1.34) for P>1.34) [Boyle, 1988]. Here, we used
the method of Boyle [1992] to transform the Cd/Ca data

from the foraminifera shells into phosphate concentra-

tions of the water column which could then be directly

compared with the simulated phosphate values of the

water column. Cd distribution coe�cients between Cd

(foram) and Cd (water) are taken from a depth depen-
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dence relationship (1.3 for z<1150m, 1.3+(z-1150)(1.6
/1850) for 1150m<z<3000m, and 2.9 for z>3000m)
[Boyle, 1992]. The Cd/Ca data applied in this study

are taken from Boyle [1992]. Rosenthal et al. [1997]

summarized several mechanisms which have been of-

fered to explain the apparent paleoceanographic conun-

drum between Cd/Ca and �13C in the Southern Ocean.

1. The Mackensen e�ect for �13C, 2. the e�ect of �13C
gas exchange by deep open ocean convection (e.g. by

Southern Ocean polynyas) [Mackensen et al., 1996], 3.

postdepositional dissolution of Cd/Ca, and 4. changes

in Cd inventory. However, the latter two e�ects are as-

sumed to be a second-order phenomenon (at least for

the Holocene) [Rosenthal et al., 1997].

4. INVERSE METHOD

The inverse technique we used in our study is the ad-

joint method, which provides the best �t of a dynamical

model to a given data set and has been discussed and

applied in several studies (seeWunsch [1997], and Gier-

ing [this book] for a review). A schematic overview of

the con�guration of the inverse OGCM is displayed in

Figure 1. Figure 1

4.1. Control Variables and Cost Function

The variational problem is to �nd a solution of the

model equations and control variables � which mini-

mizes the total cost function JTOT over some temporal

and spacial domain. JTOT is de�ned by a summation

of the data cost function JD and the penalty cost func-

tions JP and Jw at time t and grid location ijk. The

data cost function describes the distance between the

paleonutrient data y0 and the simulated model values

xP. Penalty terms JP and Jw are introduced to penalize

large di�erences between the a priori and a posteriori

phosphate concentrations (xP) and vertical velocities

(xw). If model equations are assumed to be perfect,

then the trajectory simulated by the model depends

only on the initial conditions at time t=t0 and on the

boundary conditions. JTOT can be written thus:

JTOT = JD + JP + Jw with (3)

JD =
X

t

X

n

X

ijk

Rn;ijk(xPt;ijk � y0
n
)2 ;

JP =
X

t

X

n

X

ijk

(PP)n;ijk(xPt;ijk � xPt0;ijk)
2 ;

Jw =
X

t

X

ijk

(Pw)ijk(xwt;ijk � xwt0;ijk
)2 ;
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with weights

Rn;ijk =
Wn

�2
D

dvijk

VD

;

(PP)n;ijk =
Wn

�2
P

dvijk

VD

;

(Pw)ijk =
Ww

(�2
w
)ijk

dvijk

Vtot

: (4)

We decided to modify the uncertain surface salinity re-

constructions to optimize the glacial ocean circulation.

This assumption is based on results fromWinguth et al.

[1999] (see also references therein) studying the sensi-

tivity of paleonutrient tracer distributions and deep-sea

circulation to glacial boundary conditions. One ma-

jor di�culty of the work presented here is the spar-

sity of salinity data: only 330 observations are globally

available, which is �10 times lower than the amount of

surface salinity boxes in the model. We solve this prob-

lem of underdetermination by condensing the amount of

control variables into amplitudes � of a few orthogonal

large-scale patterns. We chose the �rst 30 eigenfunc-

tions of the Laplace operator on the model grid with

vanishing gradients normal to the coast, which is ap-

propriate for scalar quantities. The eigenfunctions were

obtained by a repeated application of the Ritz proce-

dure, which yields a series of eigenvalues in descending

order.

The weighting matrix R denotes the observation er-

ror covariance matrix which we assume to be diagonal,

i.e. that the data are independent and normally dis-

tributed. For the standard deviation of the data �D we

used a value of �0.2 �mol L�1. This value is based on

the assumed error of �0.2o=oo for the �13C data. The

covariance matrix for PP is with �P = �D chosen to

be the same as the observation error covariance matrix.

The matrix Pw contains the standard deviation of the

vertical velocities �2
w
and is calculated from the sea-

sonal variance for modern times. The parameter Wn

describes the distance to the data location and Ww the

in
uence of a smooth vertical velocity �eld. The weight

Ww is set to be 10�6 on the grounds that the choice led

to stable results for interglacial and glacial simulation

[see Winguth, 1997]. Vtot is the total ocean volume and

VD is the sum of all box volumina dvijk used for the

assimilation.

4.2. Adjoint Model

We constructed the adjoint model by inversion of

the computer code of the forward model, a common

technique for GCMs demonstrated by Talagrand [1991].

With this method the statements of the forward model
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are transformed using the chain rule into a tangent lin-

ear statement (the linearized code) and inverted into

an adjoint statement. The structure of this inversion is

generally systematic and thus automatic procedures can

be applied. The adjoint Hamburg LSG has partly been

generated by the tangentlinear and adjoint model com-

piler (TAMC) [Giering and Kaminsky, 1996]. The di-

rect inversion of the model code presented here has some

major di�erences to an earlier version of the adjoint

LSG compiled by Giering [1996] due to further devel-

opment of the forward model (e.g. di�erent treatment

of the calculation of the baroclinic velocities, changes

in the ice model, and incorporation of tracers and bio-

geochemistry) as well as di�erent treatment for implicit

loops in the adjoint model code. The correctness of the

gradients has been tested by �rst order perturbations of

the model [Long, pers. comm.] and with arti�cial data

sets studied by Winguth [1997].

4.3. Minimization Algorithm

A descending algorithm, the M1QN3-Module from

Gilbert and Lemar�echal [1989] which is a limited-mem-

ory quasi-Newton-Method (QN), has been used to cal-

culate the corrected control variables - the new guess.

With this guess a new cost function and gradient can

be calculated. The descending procedure is successively

continued until a minimum is found. The M1QN3-

Module computes a local approximative Hessian matrix

from the gradients of the cost function. Thus, a much

higher convergence rate in �nding a minimum can be

reached in comparison with the conventional conjugate

gradient method.

One of the major problems in applying the optimiza-

tion technique to an OGCM is the successful search

for a global minimum of the cost function. Thus, the

�rst guess should be close to the global minimum to

avoid a convergence in local minima. There are system-

atic methods to avoid convergence in local minima like

simulated annealing [Barth and Wunsch, 1990; Kr�uger,

1993] or the use of di�erent initial conditions to con�rm

the �nding of a global minimum (see e.g. Schiller and

Willebrand [1995]). However, these methods are cur-

rently too expensive in numerical and computational

costs to allow an application for our model.

5. RESULTS OF THE DATA ANALYSIS

In the simulations presented here, the adjoint OGCM

has been applied to optimize the 
ow �eld of the deep-

sea for the present and for the LGM. Winguth [1997]

used identical twin experiments to demonstrate that the

adjoint approach works well as a means to reconstruct
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surface boundary conditions from the distribution of

nutrients in the deep-sea. Based on observed radiocar-

bon di�erences between the surface and the deep-sea,

OGCMs are generally spun up a couple of thousand

years to simulate the steady state of the ocean circu-

lation. However, past computational capacities limited

the integration of inverse OGCMs to a length in the

integration times of less than a few decades [Tziper-

man et al., 1992; Marotzke and Wunsch, 1993; Schiller

and Willebrand, 1995; Giering, 1996; Winguth, 1997].

These studies discussed the quality of the assimilation

as a function of integration time of the inverse OGCM

and concluded that an increase in the integration inter-

val would considerably improve the reconstruction of

nonlinear processes such as convective mixing, sea ice

formation, and biogeochemistry and hence would im-

prove the quality of the deep-sea circulation and tracer

distribution. Results from identical twin experiments

[Winguth, 1997] suggest that even if perfect data are

used the decline of the cost function is strongly depen-

dent on the length of the integration time for the inverse

model.

Here, we integrated the model 300 years in time

which allows us to interpret the circulation of the deep

Atlantic. We have split the model trajectory, which

contains current informations at time t of the forward
model needed for the adjoint model (Figure 1), into

N=60 trajectories with length of �t=5 yrs each to re-

duce the amount of storage limited by our computa-

tional resources. At �rst, a forward integration of the

model from the initial conditions at time t0 to the �-

nal conditions at tf generates restart �les which are

stored (checkpointed) every �ve years. These restart

�les at time tr=t0 + n�t (with 0�n�N-1) are used

as initial conditions for the model trajectory from tr to
tr+�t with a length of �ve years, which delivers the cur-
rent information for the adjoint model at time t=tr+tl
(with tl=0 �l� �t). Applying the checkpointing tech-

nique reduces the storage required for this time frame

to �1/60, but increases the cost of additional compu-

tations.

5.1. Estimated Circulation in the Present Atlantic

In order to create a reference and a model error es-

timate for the glacial circulation, an assimilation ex-

periment with modern surface boundary conditions has

been carried out. This experiment is referred to as the

Interglacial Second Guess (ISG). Here, we have taken

the 
ow �eld IFG experiment of Winguth et al. [1999]

as a �rst guess for the modern reference state (Fig-

ure 2a). This experiment restores the surface layer to Figure 2
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monthly mean COADS air temperatures [Woodru� et

al., 1987], annual mean surface salinities [Levitus, 1982]

((Figure 3a) and wind stress of the atmospheric model Figure 3
ECHAM3/T42 [Lorenz et al., 1996] and the ocean cir-

culation is comparable with that from ATOS1 run pro-

duced by Maier-Reimer et al. [1993]. The optimization

procedure has been applied 8 times until changes in the

di�erent contributions of the cost function were smaller

than 1% (Table 1). Table 1
The optimized modern circulation state di�ers little

from the �rst guess salinity (with a �0.2o=oo anomaly,

Figure 3b) and circulation. A weak positive salinity

anomaly in the North Atlantic causes an increase in

convective overturning, an increase in the North At-

lantic deep circulation (Figure 2c), a weakening of the

in
ow of Antarctic Bottom Water, and a lowering in

the deep phosphate concentration. Consequently, \Nu-

trient trapping" [Najjar et al., 1992] (a simulated high

nutrient concentration in the equatorial subsurface gen-

erated by an overestimated export production) is signif-

icantly reduced by the data assimilation.

5.2. Estimated Circulation in the Atlantic during the

Last Glacial Maximum

Initial conditions for the glacial assimilation experi-

ment (GSG) were taken from experiment GFG of Win-

guth et al. [1999] based on the following LGM sur-

face boundary conditions: Wind stress and 2m air tem-

perature were taken from the PMIP study with the

ECHAM3/T42 atmospheric GCM [Lorenz et al., 1996].

We used prescribed LGM surface salinities instead of

fresh water 
uxes from PMIP ice-age simulations be-

cause Lautenschlager et al. [1992] showed that uncer-

tainties of these 
uxes can cause large disagreements

in �13C between the data and the model counterparts.

Surface salinities were derived from stable oxygen iso-

tope measurements in foraminifera shells [Duplessy et

al., 1991; Duplessy et al., 1996] including a correction

within the observational uncertainty as described in

Winguth et al. [1999] (Figure 3c). The optimization

procedure was applied 7 times until the successive re-

duction of the data cost function was less than 1%. The

total decrease of the data cost function at the �nal state

was �25% (Table 1 and Figure 4). Figure 4
Since the use of adjoint method provides by de�-

nition a solution consistent with the dynamics of the

model [LeDimet and Talagrand, 1986], the remaining

residual might be related to an underestimation of the

observational errors, the approximations for non-linear

processes due to a limited integration time, a too high

con�dence of the OGCM used in this study, a local min-
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imum, the weight of the penalty terms and/or the choice

of the �rst guess. Further,Winguth et al. [1999] showed

that the relation between the strength of the deep west-

ern boundary currents and changes in the Eastern At-

lantic �13C are only loosely correlated with the strength

of the western boundary currents. Also, the gaussian

assumption for the model and data uncertainties might

not be adequate. However, it is generally not very easy

or impossible to check the correctness of these assump-

tions [Bennet, 1992]. Although the deviations of the

model-data di�erences are still higher than the data

uncertainties the results are signi�cantly closer to the

observed data base than the �rst guess from Winguth

et al. [1999].

Optimized surface salinities (Figure 3d) are closer to

the reconstructions of Duplessy et al. [1991;1996] than

the �rst guess salinities. They cause an increase of up-

per deep-water formation in the North Atlantic (Fig-

ure 2d), also referred to as the glacial North Atlantic

Intermediate Water, consistent with interpretations of

Duplessy et al. [1988] suggesting high �13C and low nu-

trient water. These results are supported by recent cou-

pled ocean-atmospheric model simulations [Ganopolski

et al., 1998]. The out
ow of NCW into the Southern

Ocean is �2 Sv higher than in the GFG, but 50% lower

than in the optimized modern circulation in ISG. Strong

convective activity in the southern ocean accompanied

with nutrient rich water dominates lower deep water in

the North Atlantic.

A relatively high salinity anomaly in the western

tropical Atlantic is supported by measurements in plank-

tonic �18O [Broecker, 1989]. The features of low salini-

ties in the tropical upwelling region and high salinities

in the area of the North Equatorial current also gen-

erally agree with the fresh water 
ux pattern obtained

by the ice-age simulation with the ECHAM3/T42 at-

mospheric GCM by Lorenz et al. [1996]. However, we

emphasize that the optimized pattern is mainly linked

to salinity changes in regions of deep water formation

which in
uence the strength of the deep-sea circulation

signi�cantly.

Our model results con�rm previous sensitivity exper-

iments with a coupled ocean and carbon cycle model

of Winguth et al. [1999] which showed that the glacial-

interglacial changes in the Southern Ocean phosphate

cannot explain the large shifts in the stable carbon iso-

topes (Figure 5). In the South Atlantic (south of 30oS), Figure 5
model-data di�erences for �13C are about 2-3 times

higher than for Cd/Ca. However, di�erences to the �rst

guess are signi�cantly in
uenced by the paleonutrients

of the deep eastern Atlantic, where most of the data are
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available (Figure 4).

6. CONCLUSION AND SUMMARY

Our assimilation experiments with an OGCM sug-

gest:

Optimized glacial-interglacial surface salinities re-

quire a strong positive fresh water anomaly in the North

Atlantic, consistent with observations from �18O in

planktonic foraminifera [Duplessy et al., 1991]. A 25%

reduction of the data-model mis�t in this study is a sig-

ni�cant improvement of previous attempts of Winguth

et al. [1999] to simulate the glacial ocean circulation.

We simulate for the LGM a southward 
ow of North At-

lantic Deep Water into the Southern Ocean which was

shallower and 30-50% slower than the modern reference,

accompanied with a strong source of glacial North At-

lantic Intermediate Water, which is in qualitative agree-

ment with interpretations of Duplessy et al. [1988].

Our model results appear to di�er with the assertion

of LeGrand and Wunsch [1995], that the paleonutri-

ent distribution itself is inadequate to distinguish be-

tween the present-day circulation and a 50% reduction

of North Atlantic Deep Water (NADW) formation. Dif-

ferences to their �ndings might be attributed to the un-

certainties in the quanti�cation of northern and south-

ern water mass end members in their regional model and

due to a more complex treatment of the physical equa-

tions and the consideration of geochemical processes in

our OGCM.

However, since di�erences between the OGCM and

the data remain, signi�cant residuals might be related

to the following uncertainties: For example,

1. Model equations are assumed to be perfect and an

explicit model error is not considered in the inverse for-

mulation. The results strongly depend on the way the

model is parametrized (e.g., internal friction, choice of

numerical scheme, model resolution, formulation of the

boundary conditions [Mikolajewicz and Maier-Reimer,

1994; Rahmstorf and England, 1997], topography [Mc-

Dermott, 1996], or formulation of biogeochemical pro-

cesses [Heinze et al.,1999; Archer et al., 1999], etc.).

2. Reevaluation of CLIMAP [1981] sea surface tem-

peratures in high latitudes [Weinelt et al., 1996; A. de

Vernal, personal communication, 1997] a�ects buoyancy

and momentum 
uxes, which can lead to considerably

di�erent solutions in the coupled atmosphere-ocean sys-

tem.

3. Uncertainties within the paleonutrient tracer ob-

servations, the sparse spatial distribution, and the as-

sumption of the observational distribution function and

variance in
uence adversely the quality of the assimila-
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tion approach.

4. Residuals might also be related to the approxima-

tions for non-linear processes due to a limited integra-

tion time, a local minimum, the weight of the penalty

terms and/or the choice of the �rst guess.

Our simulated glacial to interglacial changes in phos-

phate in the Southern Ocean agree generally with the

Cd/Ca distribution. The model simulation cannot ex-

plain the large �13C shifts (in terms of normalized phos-

phate units) in the benthic foraminifera. The large �13C
shifts from glacial to interglacial observed in some ben-

thic foraminifera were directly under high productiv-

ity zones [Rosenthal et al., 1997] and might be in
u-

enced by sediment pore water [Mackensen et al., 1993].

Possible changes in the postdepositional dissolution, in-

ventories and a change in the pH value might play an

important role in this region. Also, the model cannot

resolve eddies and we do not consider any shift in the

Red�eld Ratio (e.g., a decoupling of the linear relation-

ship between the P:N ratio related to iron fertilization)

as discussed in Broecker and Henderson [1998]. Most

of the paleonutrient data are available in the northern

and eastern Atlantic and optimized anomalies are in
u-

enced mainly by these data. Thus we conclude, there is

a need for a much larger data base along the deep west-

ern boundary currents and in the Southern Ocean to

constrain future model simulations with higher spatial

resolution and improved biogeochemistry. We also sug-

gest that additional paleoceanographic tracers should

be used simultaneously in future e�orts (such as e.g.

Pa/Th [Heinze et al., 1999; Henderson et al., 1999]) to

interpret the past ocean circulation.
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Figure 1. Con�guration of the inverse model.

Figure 1. Con�guration of the inverse model.

Figure 2. OGCM response to modern and LGM boundary
conditions (�rst guess experiments IFG (a) and GFG (b),
and assimilation experiments ISG (c) and GSG (d)). Left:
Potential energy loss due to convection. Right: Zonally
averaged Atlantic meridional circulation (contour interval:
2 Sv = 2 x 10 6 m3 s�1).

Figure 2. OGCM response to modern and LGM boundary conditions (�rst guess experiments IFG
(a) and GFG (b), and assimilation experiments ISG (c) and GSG (d)). Left: Potential energy
loss due to convection. Right: Zonally averaged Atlantic meridional circulation (contour interval:
2 Sv = 2 x 10 6 m3 s�1).

Figure 3. Salinity at the sea surface. (a) Modern obser-
vations [Levitus, 1982](contour interval: 0.5 psu), (b) opti-
mized anomalies for modern times gained by assimilation of
�13C and Cd/Ca data at the available sediment core sites
into an OGCM (experiment ISG minus IFG, contour inter-
val: 0.05 psu), (c) reconstructed glacial-interglacial anoma-
lies from Duplessy et al. [1991; 1996], interpolated to the
model grid (contour interval: 0.5 psu), and (d) optimized
glacial-interglacial anomalies gained by assimilation of �13C
and Cd/Ca data into an OGCM (experiment GSG minus
ISG, contour interval: 0.2 psu). Stars denote geographical
positions of data.

Figure 3. Salinity at the sea surface. (a) Modern observations [Levitus, 1982](contour interval: 0.5
psu), (b) optimized anomalies for modern times gained by assimilation of �13C and Cd/Ca data at the
available sediment core sites into an OGCM (experiment ISG minus IFG, contour interval: 0.05 psu), (c)
reconstructed glacial-interglacial anomalies from Duplessy et al. [1991; 1996], interpolated to the model
grid (contour interval: 0.5 psu), and (d) optimized glacial-interglacial anomalies gained by assimilation
of �13C and Cd/Ca data into an OGCM (experiment GSG minus ISG, contour interval: 0.2 psu). Stars
denote geographical positions of data.

Figure 4. Histogram of paleonutrient mis�ts between mea-
surements in benthic foraminifera shells and model values in
the Atlantic Ocean for the LGM. a) a priori mis�t to �13C
data, b) a priori mis�t to Cd/Ca data, c) a posteriori mis�t
to �13C data, and d) a posteriori mis�t to Cd/Ca data (�13C
after Sarnthein et al. [1994]; Michel et al. [1995]; Cd/Ca
ratios after Boyle [1992]; see also text).

Figure 4. Histogram of paleonutrient mis�ts between measurements in benthic foraminifera shells and
model values in the Atlantic Ocean for the LGM. a) a priori mis�t to �13C data, b) a priori mis�t to
Cd/Ca data, c) a posteriori mis�t to �13C data, and d) a posteriori mis�t to Cd/Ca data (�13C after
Sarnthein et al. [1994]; Michel et al. [1995]; Cd/Ca ratios after Boyle [1992]; see also text).

Figure 5. Vertical section of the phosphate concentra-
tion in the Eastern Atlantic. Glacial-interglacial di�er-
ences gained by assimilation of paleonutrient data into an
OGCM (experiment GSG minus ISG; contour interval 0.1
�mol L�1).

Figure 5. Vertical section of the phosphate concentration in the Eastern Atlantic. Glacial-interglacial
di�erences gained by assimilation of paleonutrient data into an OGCM (experiment GSG minus ISG;
contour interval 0.1 �mol L�1).
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Table 1. Normalized Cost Function

Experiment JTOT (First Guess) JTOT (Opt.) JD (First Guess) JD (Opt.) JC13 (Opt.) JW (Opt.)

ISG 1.00 0.95 1.00 0.90 0.04 0.01
GSG 1.00 0.97 1.00 0.74 0.17 0.07

Normalized total cost function JTOT and contributions of data cost function JD and penalty terms (JC13 and JW )

which measure the di�erence to the �rst guess �13C and vertical velocities.
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