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Abstract. Several studies in the last two decades measuring stable isotope

ratios 613C from foraminifera shells pointed out that during the last glacial maximum

(LGM) the Atlantic thermohaline circulation was significantly different from the
present day circulation, indicating a shallower and reduced North Atlantic Deep Water

(NADW), while the compensating Antarctic Bottom Water (AABW) penetrated further

northward. Here, we show a 3 D OGCM response to glacial wind stress and air

temperature derived from an atmospheric GCM and salinity reconstructions adapted

from 6180 measurements in foraminifera shells. The OGCM includes a simplified

biogeochemical cycle and reproduces the main features of the past 6130 distribution

with a reduction of the Atlantic ’conveyor belt’ by about the half at 30 08. Sensitivity

experiments with respect to possible errors in the reconstructed salinity boundary

fields show circulation patterns in the Atlantic ranging from an even stronger than the

present day one to a nearly shut down of the ’conveyor belt’ circulation. Additionally,

a sensitivity experiment with respect to uncertainties of the wind field in order of the

glacial—interglacial amplitude shows that Atlantic overturning circulation is not severely

affected.



1. Introduction

Geological proxies indicate that during glacial periods the climate was significantly

different from todays interglacial state (for an overview see e.g. Crowley and North

[1991]). It is widely accepted that changes of the Atlantic ’great conveyor belt’

[Broecken 1987] which transports warm water north and cold dense water south are

linked considerably with these climate variations.

A common geological tool to reconstruct the ocean circulation during the last

glacial maximum (LGM) 21,000 years ago is the distribution of the 613C ratio of

calcareous shells of benthic foraminifera sampled through marine sediment cores [e.g.,

Curry and Lohmann, 1983; Boyle und Keigwin, 1987; Duplessy et ul.‚ 1988; Surnthez'n et

ul.‚ 1994]. The vertical gradients of the 613C ratio in the ocean are strongly attributed

to a biological pumping mechanism, the ”soft tissue pump” [Volk und Hoflert, 1985]. At

the surface, 12C is preferably incorporated in the soft tissue relative to 13C yielding a

613C ratio in the organic material which is about -20 0/00 lower than in the surrounding

water. The soft tissue provided by primary production at the sea surface is transferred

to the deep sea where most of the parts are remineralized. Thus the surface ocean

has relatively high 613C ratios while the deep sea shows low ratios. The circulation,

however, effects the nutrient and 613C distribution in a complex way and changes in

the circulation also cause changes in the biological pump as well as changes in the 613C

distribution.

The geological studies supported theories of different modes of the Atlantic

circulation [Stamme], 1961; Booth, 1982] due to significant fluctuations of high latitude

boundary conditions (e.g., wind, air temperature and freshwater pattern) in the past.

Several experiments with three—dimensional [e.g., Maier-Reimer und Mikolajewlcz, 1989;

England, 1993; Ruhmstorf, 1994; Tzipermun et ul.‚ 1994; Seidov et ul., 1996; Schiller et

ul.‚ manuscript submitted] and two-dimensional [e.g., Stacker et ul.‚ 1992; Fichcfct et

ul.‚ 1994] ocean circulation models suggested a high sensitivity of the Atlantic circulation
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Fig. 1. Reconstruction of the changes in 613C across the Atlantic Ocean: (a) for
the modern interglacial period (adapted from Kroopm'ck [1984]), and (b) for the

LGM (adapted from the foraminifera shell 613C distribution of Duplessy et al.

[1988]). Numbers behind the slash refer to values after subtracting the global mean

glacial-interglacial shift of -0.4 0 „O (redrawn after Labeym’e et al. [1992]).



due to perturbation in the surface buoyancy forcing in the polar regions. These authors

showed that the strength of the ’conveyor’ significantly depends on the density contrast

between high latitudes of the northern and southern hemispheres. Hughes and Weaver

[1993] used an OGCM to examine the role of model geometry and surface buoyancy

and Windstress forcing in the asymmetry of the global thermohaline circulation. Their

model results showed that multiple ’conveyor’-type equilibria with different strengths of

the North Atlantic overturning are very sensitive to the bathymetry and to prescribed

temperature and salinity forcing. With modern forcing and topography OGCMs

are capable of exhibiting at least three different types of equilibria in the Atlantic

[Mikolujewicz et ul., 1993]: The first mode (’conveyor on’) corresponds to the present

day circulation with a strong North Atlantic Deep Water (NADW) formation (Figure

1a). The second mode (’conveyor reduced’) with a reduced NADW flow and a stronger

influence of Antarctic Bottom Water (AABW) characterizes the situation during the

LGM (Figure 1b) as shown by Heinze et ul. [1991] with a carbon cycle model (which

simulates a 613C distribution similar to Figure 1b). The third mode (’inverse conveyor’)

has similarities to the recent Pacific circulation.

In contrast to the Atlantic Ocean, climate fluctuations of the past 21,000 years in

deeper Pacific Ocean seem to be much weaker. With a presumably more ventilated

upper Pacific [301118, 1992; Keigwin et ul., 1992], the LGM circulation field of the two

oceans appeared more symmetrically, while todays circulation has a more antisymmetric

structure [Broecken 1993]. However, the geological 613C reconstructions cannot be

applied to large areas of the deep northern Pacific, or Antarctic Circumpolar Current,

which are almost free of calcareous sediment.

Several geochemical box models [e.g., Knox Ennever und McElroy, 1985; Toggweile'r

and Surmiento, 1985; Wank and Siegenthaler, 1985; Brosche?" und Peng, 1986; Keir,

1988; Michel et ul., 1995] have been developed to explain the LGM 613C distribution

and atmospheric COZ level which was reduced by about 30% compared with the



preindustrial value of about 280 ppm [Barnola et al., 1987]. These models also generally

support the geological assumptions of a reduced Atlantic ’conveyor’ during the last

glacial maximum.

One direct approach to reproduce the glacial ocean circulation has been examined

with the Hamburg large scale geostrophic (LSG) oceanic general circulation model

(OGCM) forced with sea surface temperatures from the CLIMAP Project Members

[1981] and wind stress and freshwater flux derived from the ice age response of an

atmospheric GCM [Lautenschlager et al., 1992]. The glacial changes in the physical

ocean appeared to have the correct sign, but they were too large. The authors

concluded that insufficient data for surface boundary conditions might have caused

these deviations.

Fichefet et al. [1994] evaluated a reduced Atlantic ’conveyor’ of about 40% with a

zonally averaged ocean circulation model. Their model was forced with the same LGM

boundary conditions for wind stress and temperature as in the study of Lautenschlager

et al. [1992] and prescribed salinity deduced from reconstructions derived from 6180

analysis in foraminifera shells [Duplessy et al., 1991]. The surface 6180 is obtained by

computing the oxygen isotopic fractionation at temperature relevant for the growth

of the shells. Salinity may then be calculated using a linear [Duplessy ct al., 1991] or

nonlinear relation [Schaefer-Naeth, 1994] between surface water 61803M0W (Standard

Mean Ocean Water) and salinity observed for modern North Atlantic Ocean GEOSECS

data [Östlund et al., 1987]. The slope between the two tracers is varying for surface

water between 0.1 (for tropical regions) to 0.6 (for high latitudes) [Craig and Gordon,

1965] due to the regional fresh water dilution into sea water. In polar regions the

waters have a relatively wide range of salinities influenced by freezing processes even

though they have virtually the same 61805M0w [Zahn and Mix, 1991]. More recently,

Mikolajewz'cz [1996] pointed out that errors in the reconstruction of salinity from 6180

in sea water could be larger than 1 psu during a meltwater input from the glacial ice



sheets, which has a different isotopic composition than the surrounding sea water. Thus

the slopes between surface water 51803Mow and salinity might have changed during

glacial times where sea ice freezing had been significantly increased.

Another major uncertainty comes from the errors derived from the sea surface

temperature reconstructions. A typical :1: 1 ”C uncertainty introduces an about i 0.5

psu error on salinity. Other errors may arise from uncertainties from the foraminiferal

6180 measurements themselves, and from the sparse coverage of 6180 cores for most

parts of the ocean.

A straightforward technique to reconstruct the steady LGM ocean circulation

would be the direct assimilation of 613C ratios from marine sediment cores into an

ocean model. Heinze and Husselmunn [1993] used a linear model optimally fitted to ice

and marine sediment core records for the last 120,000 yr to estimate the carbon cycle

parameter changes that could have caused the observed reduction of atmospheric pCOz

during the last glaciation. Le Grund und Wunsch [1995] applied a coarse resolution

inverse model to simulate the LGM circulation of the North Atlantic. The latter authors

conclude that the geological assumption of a reduced ’conveyor’ satisfies the 613C data

constraint as well as a circulation pattern similar to the modern interglacial one. The

latter is supported by a more recent analysis of radioactive tracers in marine sediment

cores [Yu et ul., 1996]. However, Le Grund und Wunsch neglect changes in the biological

pump which also affect the 613C distribution of the past ocean deep water.

Assimilation of 6130 data by using the adjoint technique [e.g., Le Dimet und

Tulugrund, 1986] into a global OGCM including marine biology can evaluate an optimal

circulation pattern and surface boundary conditions consistent with the dynamics of the

model and minimal distance between the geological data and model counterparts. This

method has the disadvantage that it is relatively expensive in computational costs and

that the iteration for optimization may converge in a secondary minimum. Thus it is

necessary to construct a first guess as a starting point for the assimilation which is close



enough to the geological data base.

In this study we present experiments with an OGCM [Maier-Reimer et al., 1993]

including a simplified biological cycle, run with prescribed LGM boundary conditions

to provide a first guess for data assimilation. In addition we show the sensitivity

of the thermohaline circulation due to possible errors of the surface salinity pattern

reconstructed from 6180 distribution in foraminifera shells and due to changes of the

wind fields.

2. Model Description

2.1 Ocean General Circulation Model

The Hamburg large scale geostrophic model (LSG), described in detail in Maier-

Reimer et al. [1993], is based on the conservation laws for heat, salt, and momentum (the

latter in linearized form), the full equations of state, and the hydrostatic approximation.

Gravity waves are suppressed by the implicit integration scheme, permitting a free sea

surface elevation. Additionally the Boussinesq approximation is applied and vertical

friction is neglected. The circulation is divided into a barotropic component, consistent

of the vertical integrated circulation field and the surface elevation, and baroclinic

components, which describe the residual current after subtraction of the barotropic

mode. The motion outside the equator is essentially in geostrophic balance with

frictional effects. Prognostic variables are sea ice, temperature, and salinity, to which the

velocities and surface elevation on the time scale of interest adjust almost immediately.

Three prognostic geochemical tracers, phosphate (P04), particulate organic carbon

(POC), and oxygen (02) are included. This represents a chemically consistent reduction

of the full HAMOCC3 [Maier-Reimer, 1993] phosphate cycle model. The model runs on

a global 72 x 72 E grid [Arakawa and Lamb, 1977](approximate 3.50 x 3.50 horizontal

resolution), 11 vertical layers with realistic bathymetry, and has a time step of one



month in order to resolve the seasonal cycle. The temperature and salinity in the

surface layer were computed by a Newtonian coupling to prescribed air temperatures

and salinities. A coupling coefficient of 40 W m‘2 s‘1 for temperature and 1.5 x 10‘5 m

s“1 for salinity yields (for a 50—m thick top layer) a time constant for both properties of

approximately 40 days.

2.2 Biological Model

For this study the Hamburg LSG model is extended by a simplified biological model

which is used instead of the 3 D carbon cycle model [Mater-Reamer, 1993] in order to

reduce computational costs and complexity. The idea of the model applied here is to

simulate only the soft tissue pump [Volk and Hoflert, 1985] which can explain more than

80% of the vertical carbon gradients in the ocean [Maier-Reimer et al.‚ 1987].

Phosphate, chosen as a limiting nutrient tracer, is consumed by primary production

in the surface and released in the deep sea by remineralization. The model assumes for

these processes a constant Redfield ratio [Takahashi et al., 1985; Broecker and Pang,

1992]

P:N:C:A02=1:16:127:—172 (1)

Export production (NP), the part of primary production transported into deeper levels

[Eppley and Peterson, 1979], is parameterized by the Michaelis Menten kinetic formula

according to Dugdale [1967]. The formula (see Maicr-Reime'r [1993], page 653) depends
on light intensity, phosphate, potential temperature 19 and convective mixing. Hence,

the three prognostic geochemical tracers change in the surface under consideration of
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partial remineralization of POC (B):

[POO] = [P00] + NP — B
[P04] = [P04] — (NP — B) /RC
[02] = [02] + ROC . (NP — B)

Where ROC and RC denotes the Redfield ratio A02 : C and P : C. The change of the

oxygen concentration in the surface layer is only a secondary process because we assume

an almost 100% 02 saturation due to the gas exchange with the atmosphere. The gas

exchange is modeled according to Henry’s law under consideration of a solubility from

Weiss [1970]. Much of the soft tissue sinks downward in large aggregates - fecal pellets -

in a relatively short time compared to the advection [Honjo, 1982]. Below the euphotic

zone which is represented by the top 50-m-thick layer of the model, the downward flux

of soft tissue is modeled according to Berger et al. [1987] proportionally to z‘o's, where

2 denotes the depth. With increasing depth, concentration of phosphate increases while

02 concentration decreases through the remineralization of POC. The remineralization

is limited to regions with suflicient oxygen. Unremineralized POC is preserved and

advected by the circulation. According to measurements from the GEOSECS expediton

[Kroopnick, 1985; Östlund et al., 1987], 6130 for dissolved ECOg is in most parts of

the deep ocean well correlated to phosphate. Neglecting the thermodynamic effect

(including the influence of gasexchange with atmospheric C02 ) for the deep sea we use

a linear relationship from Broecker and Maier-Reimer [1992] to calculate the 613C ratio
diagnostically from the phosphate concentration:

613C = 2.9 — 1.1PO4 + c (2)

based on a mean concentration of 2200 pmol kg‘1 for 2002 and 2.2 pmol kg‘1 for P04.

c is an offset constant to adjust the modeled 613C distribution to the 613C GEOSECS

data of the deep Atlantic [Kroopm'clg 1985] and is taken to be -0.25 0/00.



Table 1., Overview of Sensitivity Experiments

Boundary Condition
Experiment Temperature Salinity Wind Stress

IFG COADS LEVITUS
ECHAM3/T42

(Holocene)

GFG
ECHAM3/T42

(LGM)

LEVITUS

+DUPLESSY

NA: —0.50 psu

SA: +0.75 psu

ECHAM3/T42
(LGM)

GFGPl
ECHAM3/T42

(LGM)

LEVITUS

+DUPLESSY

NA: +0.50 psu

SA: +0.75 psu

ECHAM3/T42
(LGM)

GFGMl
ECHAM3/T42

(LGM)

LEVITUS

+DUPLESSY

NA: —l.50 psu

SA: +0.75 psu

ECHAM3/T42
(LGM)

GFGHW
ECHAM3/T42

(LGM)

LEVITUS

+DUPLESSY

NA: —0.50 psu

SA: +0.75 psu

ECHAM3/T42

(Holocene)

GFGSW
ECHAM3/T42

(LGM)

LEVITUS

+DUPLESSY

NA: -0.50 psu

SA: +0.75 psu

ECHAM3/T42
(LGM)

ACC: 1.5 T,

5 sensitivity experiments with different prescribed boundary conditions have been carried out:

interglacial first guess (IFG) is taken as reference run with present-day boundary conditions,

glacial first guess (GFG) with LGM boundary conditions, and two experiments (GFGPI and
GFGMl) with the same LGM boundary conditions as in the GFG experiment and additional

salinity anomalies in the North Atlantic. In the GFGHW experiment Holocene wind stress

forcing was used and in the GFGSW experiment LGM wind stress was intensified in the zonal

component by a factor of 1.5 (including a smooth transition) in the region of the Southern

Ocean. In the GFGHW and GFGHW experiment the same thermohaline boundary conditions

were used as in the GFG experiment. NA denotes the North Atlantic north of 50°N and SA
the South Atlantic south of 50°S (including a linear transition between 40°and 50°). ACC
denotes here the region between 67.5 ”S and 40 DS.

11
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3. Experiments

Long term variations of the ocean circulation are influenced by changes of sea

surface boundary conditions (temperature, salinity, and momentum fluxes) as well

as changes in bottom topography due to plate tectonics, water volume changes, and

isostatic rebounds. Five sensitivity experiments with different interglacial and glacial

boundary conditions were carried out (listed in Table 1):

Experiment IFG corresponds to the interglacial reference run or interglacial first

guess for data assimilation. The model was forced with present day boundary conditions.

The Bering Street is open.

Experiment GFG , the glacial first guess, simulates the glacial circulation under

LGM boundary conditions. Here, the Bering Street was closed and topography otherwise

was unchanged. However, previous experiments with the Hamburg LSG model showed

that the closed Bering Street did not cause significant changes in the circulation pattern.

Experiments GFGPl (GFG plus 1 psu) and GFGMl (GFG minus 1 psu)

estimate the changes of circulation due to possible errors in the LGM salinity pattern

reconstructed from the 6180 in the planctonic foraminifera shells. The model was forced

with the same boundary conditions as in GFG and an additional salinity anomaly of +1

psu respectively —1 psu in the Atlantic north of 50 °N.

Experiments GFGHW (GFG Holocene wind) and GFGSW (GFG strong Westwind),

finally, investigate the sensitivity of thermohaline circulation to uncertainties in the LGM

wind fields. The model was driven in both experiments with the same thermohaline

boundary conditions as in the GFG experiment. Experiment GFGHW used Holocene

wind as in the IFG experiment and GFGSW used LGM wind stress intensified in the

zonal component by a factor of 1.5 in the region of the Southern Ocean.

All experiments were integrated (of order 4000 years and more) with the forcing

fields until a steady state of the circulation was achieved.
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Fig. 2. Annual mean of zonally averaged Atlanic merdional Circulation: (a) OGCM

response to present-day boundary conditions (IFG experiment), and (b) OGCM

response to LGM boundary conditions (GFG experiment). Contour interval: 2 Sv (1 SV

=106 m 33—1).
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Fig. 3., Annual mean of zonally averaged Pacific merdional circulation: (a) OGCM
response to present-day boundary conditions (IFG experiment), and (b) OGCM
response to LGM boundary conditions (GFG experiment). Contour interval: 2 SV (1 SV
=106 m 33—1).
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experiment, contour interval: 0.5 OC).
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1 °/oo)), and (b) LGM minus present-day anomaly (difference between GFG and IFG

experiment, contour interval: 0.5 psu).
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3.1. Experiment IFG - Interglacial First Guess

In the reference experiment, the model was spun up with monthly mean wind

stress from the control run of the ECHAM3/T42 atmospheric general circulation

model [Lorenz et al., manuscript submitted], monthly mean COADS air temperatures

[Woodrufi et al., 1987] and annual mean climatological sea surface salinities from Levitus

[1982]. For phosphate a global mean concentration of about 2.1 ‚umol 1‘1 [Conkright et

al., 1994] is chosen.

The main features of the Atlantic and Pacific steady state circulation (Figure 2a

and 3a) are similar to the corresponding fields from the former standard run (ATOSl)

in Maier-Reimer et al. [1993], which generally reproduce the observed radiocarbon

distribution in the world ocean fairly well. The zonally averaged transport of the

Atlantic ’conveyor belt’ is about 24 SV at 30 0N, and 18 SV at 30 °S, about 25% higher

than estimations of Schmitz et al. [1995]. In the North Atlantic up to 30 ON the model

simulates an inflow of cold and dense Antarctic Bottom Water mainly formed in the

Ross and Weddell Sea with a net transport of about 5 SV across 30 °S (slightly lower

than the 7 SV estimations of Macdonald [1993]). The deep Pacific circulation shows a

deep inflow of about 18 SV at 30 °S from the Southern Ocean. The strong upwelling

of more than 10 SV into the equatorial region can be seen as an artifact of the zonal

integration, which includes the strong upwelling area along the central American west

coast.

Figure 4a and 5a show the distribution of potential temperature and salinity along

a cross section of the western Atlantic. The model simulates an intensive source of

high salinity NADW spreading southward, getting mixed in the Antarctic Circumpolar

Current (ACC), and flowing further north into the Indian and Pacific Ocean. However,

the model still reproduces in comparison with the data [Levitus, 1982] a too salty and
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response to present-day boundary conditions (IFG experiment), and (b) OGCM response

to LGM boundary conditions (GFG experiment). Contour interval: 0.2 ‚umol 1‘1.
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essentially the wind stress divided by the coriolis parameter. Contour interval: 2 x 10‘6

m s'l.
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Fig. 9. Annual mean of 613C in a section of the eastern Atlantic: (a) OGCM response

to present-day boundary conditions (IFG experiment), and (b) anomaly (LGM minus

present-day). Contour interval: 0.2 °/oo.
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warm NADW (the simulated deep Atlantic Ocean (for depth more than 1500m) has an

about 0.13 psu too high average salinity of 35.01 psu, and a 0.5 ”C too high average

potential temperature of 2.6 0C). However, the observed deep ocean temperature and

salinity distribution includes past climate variability (e.g., little ice age) and thus may

not reflect present surface forcing. The mean salinity of the deep Pacific (34.67 psu)

is in concordance with the data, and the potential temperature of the deep Pacific is

calculated to be 1.7 0C, which is approximately 0.2 °C too warm in comparison to the

corresponding potential temperature calculated from the Levitus [1982] data set.

The ACC has a transport of about 115 SV through the Drake Passage (Figure 6a),

about 6% lower than estimations from Whitworth and Peterson [1985], while exchange

between the Pacific and Indian through the Banda Street is simulated to be about 12

SV. The feature of the subtropical gyres is reproduced reasonably well. The strength of

the Gulf Stream, however, is, due to the coarse resolution of the model, significantly

underestimated and too sluggish.

The distribution of phosphate in the surface layer (Figure 7a), maintained through

export production and circulation, is similar to previous simulations with the full

HAMOCC3 [e.g., Maier-Reimer, 1993; Winguth et al.‚ 1994] and generally reproduces

the observed distribution from Conkright ct al. [1994]. The eastern boundaries and

equatorial areas of the oceans are characterized by high biological activity due to

Ekman transport induced upwelling (Figure 8a) of nutrients from deeper levels and

their advection in westward direction. In the subtropics, which are wideley known

as biological deserts, the model reproduces the low concentrations. High phosphate

concentrations are simulated in areas of low light conditions, low temperatures and high

vertical mixing rates in winter time, such as the Southern Ocean. The modeled 513C

distribution for the western Atlantic, which is diagnostically derived from the phosphate

concentration by formula (2), is shown in Figure 9a. The simulated gradients for the

modern Atlantic generally agree with observations shown in Figure 1a (adapted after
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Fig. 10. Annual mean of 613C in a section of the central Pacific: (a) OGCM response

to present-day boundary conditions (IFG experiment), and (b) anomaly (LGM minus

present-day). Contour interval: 0.2 °/oo.
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613C MODEL — DATA DIFFERENCES (ATLANTIC OCEAN)
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Fig. 11. Histogram of 6130 misfit between the foraminifera shell 613C distribution of

Sarnthein et al. [1994] and 513C ratios simulated by an OGCM in the northern Atlantic

(black), central Atlantic (30 0N to 30 “S, grey), and the southernAtlantic (white): (a)

for present-day boundary conditions (IFG experiment), and (b) for LGM boundary

conditions (GFG experiment).
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513C MODEL — DATA DIFFERENCES (WORLD OCEAN)
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Fig. 12. Histogram of 613C misfit between the foraminifera shell 613C distribution for

the deep waters of Michel et al. [1995] and 613C ratios simulated by our OGCM in the

world ocean (Atlantic (black), Pacific (grey), and Indian Ocean (white)): (a) in response

to present-day boundary conditions (IFG experiment), and (b) in response to LGM

boundary conditions (GFG experiment).
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Kroopnick [1985]), with high ratios in the NADW (which is young in 14C age and low

in nutrients). The AABW, which is comparably older in 14C age and correspondingly

has a higher accumulation of remineralized products, is accompanied by more negative

ratios. A similar distribution of the 613C ratios in the Atlantic and Pacific (Figure 10a)

has been achieved in previous studies with the 3 D carbon cycle model [Heime et al.‚

1991L

Figure 11a shows a histogram of disagreements between the 6130 ratios from

epibenthic foraminifera shells (Cibicidoides wucllerstorfi) in the Atlantic [Sarnthein et

al., 1994] and the model counterparts of the boxes in nearest vicinity to the position of

the marine sediment cores. Most of the misfits have deviations in the size of the error

range of the data themselves which is assumed to be 0.2 0/00 according to LeGmnd and

Wunsch [1995].

The root mean square error between the modeled 6130 distribution and the data

from foraminifera shells in the Atlantic [Sarnthein et (11., 1994] is 0.41 0/00 (Table 2),

about twice the error range which can be assumed for the data themselves. Areas of a

high concordance between data and modeled counterparts are assigned to the western,

northern, and southern Atlantic, while high deviations occur in the tropical regions.

These regions are also characterized by large differences between 613C in water samples

and foraminifera shells, which reflects the complexity of the biogeochemical processes in

these regions.

The misfit between the global distribution of foraminiferal 613C (Figure 7a in

Michel et al. [1995]) and the model counterparts are shown in Figure 12a. In the

Indian and Pacific Ocean the agreement between 6130 data and modelled counterparts

is much poorer. The differences may possibly be attributed to overestimated export

production, but sparse distribution of data in central parts of these oceans also leads to

large uncertainties in the 613C reconstructions themselves.
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Fig. 13. (a) Reconstruction of the glacial-interglacial sea surface salinity anomalies

(adapted from Duplessy et al. [1991], Duplessy et al.[manuscript in preparation]

and interpolated to the model grid by advection with the ’NADW reduced’ mode of

Mikolajewicz et al. [1993]). Stars denote data locations. (b) Annual mean of surface

salinty from the OGCM response to LGM boundary conditions (GFG experiment,

contour interval: 0.5 psu (1 psu = 1 °/ao)).
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3.2. Experiment GFG - Glacial First Guess

For reconstructing a glacial circulation which is in agreement with the 613C

distribution adapted from analysis of foraminifera shells [Sarnthein et al., 1994;

Michel et al., 1995], the model was spun up With LGM boundary conditons (Table 1).

Prescribed monthly mean air temperatures and wind stress were derived from the LGM

experiment with the atmospheric general circulation model ECHAM3/T42 [Lorenz et

al., manuscript submitted], which in turn was forced with LGM sea surface temperature

reconstructions from CLIMAP Project Members [1981]. The salinity surface boundary

condition was obtained by adding glacial—interglacial salinity anomalies to the annual

mean salinity of Levitus [1982]. The salinity anomalies were estimated using salinity

reconstructions from the 6180 ratio in planctonic foraminifera shells [Duplessy et al.‚

1991, Duplessy et al., manuscript in preparation] and include a global +1 psu [Fairbanks,

1989] increase due to the storage of water in the great Laurentide and Fennoscandian

ice sheets. Because of the sparse distribution, the salinity values derived from the

6180 data were interpolated to the model grid by advection with the ’NADW reduced’

mode of Mikolajewicz et al. [1993](Figure 13a). This method has the feature that the

interpolated fields tend to smooth the gradients of the reconstructed pattern. The

model forced with this boundary condition yielded an Atlantic ’conveyor belt’ even

stronger than the present day one, and hence was not able to reproduce a circulation in

concordance to the distribution of foraminiferal 613C .

In order to drive the circulation towards a first guess of minimal 6130 model-data

distance, an additional anomaly had to be added to the reconstructed LGM surface

salinity fields according to the ’NADW reduced’ experiment of Mikolajewicz et al.

[1993]. The salinity was modified in the Atlantic Ocean by -0.50 psu north of 50 0N

and +0.75 psu south of 50 °S (including a linear transition between 40° and 50").

Nevertheless, the salinity fields of the top 50—m model layer (Figure 13b) still agree with

reconstructions of Duplessy et al.[1991](Figure 9), With the 37 psu isohaline at 40 °N
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Fig. 14. Annual mean of ice thickness: (a) OGCM response to present-day boundary

conditions (IFG experiment), and (b) OGCM response to LGM boundary conditions

(GFG experiment). Contour interval: 0.5 In.
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Fig. 15. Zonally integrated transport of heat: OGCM response to present-day boundary

conditions (IFG experiment, dashed), and to LGM boundary conditions (GFG

experiment, solid).
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and the 35 psu at 60 ON south of Iceland. The distribution of sea ice (Figure 14),

strongly dependent on the prescribed surface temperature, has an average ice thickness

of about 2.5 m in the Arctic and extends (in the annual mean) from Newfoundland in

the west to Ireland in the east. The Antarctic sea ice coverage extends up to 50 OS. It

has thus, in accordance with Cooke and Hays [1982], approximately the double size of

the Holocene sea ice extend.

Figure 2b shows the meridional circulation in the Atlantic with a reduced maximum

overturning to 14 SV at 30 ON (as compared to 11 SV estimated by the zonally

averaged model of Fichefet et al.[1994]) and 8 SV at 30 OS, which is about half of the

values obtained from the IFG experiment With Holocene boundary conditions. The

intensification of AABW formation causes an increase of the inflow from the south into

the deep Pacific (Figure 3b). The tropical Ekman cell is significantly reduced due to a

weakening of the Hadley cell and negative zonal vorticity in the North Pacific.

Figure 4b shows simulated glacial—interglacial temperature anomalies with a cooling

in the deep Atlantic (lower than 1500 m) from 2.6 °C to 0.6 °C in good agreement to

estimates of the 2—3 °C temperature change from Labeyrie et al. [1987]. The deep Pacific

cooled down by 0.7 ”C to 1.0 0C, yielding a homogenization between deep Atlantic

and deep Pacific. The meridional heat transport in the Atlantic is characterized by a

reduced northward transport in the northern Hemisphere (at 30 0N reduced by roughly

20% to 0.7 PW (Figure 15)) and a southward transport in the southern Hemisphere

(at 30 OS reduced by 0.3 PW). This response agrees with that simulated by Fichefet et

al. [1994]. The vertical salinity anomalies in Figure 5b are high in the deep Southern

Atlantic and tropical subsurface due to a stronger northward penetration of colder and

more haline AABW. The salinity changed in the deep Atlantic by 1.29 psu to 36.30 psu

and in the Pacific by 1.40 psu to 36.07 psu. Hence the salinity gradients between deep

Atlantic and deep Pacific in the GFG experiment were reduced in comparison with the

IFG experiment by 32%.
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The simulated global mean salinity increases by 1.36 psu to 36.14 psu, i.e. 0.32 psu

higher than estimations of Duplessy et al. [1991] which are consistent with data on sea

level [Fairbanks, 1989]. However, the change of the global mean salinity reflects almost

linearly the change of the surface boundary conditions.

We use salinities and potential temperatures of the IFG and GFG experiment

to estimate rough glacial-interglacial changes in the 5180mzcite for the deep Atlantic

and Pacific Ocean. At the LGM, 6180mm. in the deep Ocean measured from benthic

foraminifera shells, is in comparison with the present day ratio higher everywhere. This

reflects mainly two combined effects: 1. the increased global ice volume by shifting the

modern equilibrium 6180 profiles by 1.—1.3 0/00 and 2. decreased water temperature. Here

we use a global ice volume effect of 1.3 o/oo(assuming a mean glacial-ice 61805M0W value

of —42°/00), consistent with data on sea level [Fairbanks, 1989] and a glacial—interglacial

global mean salinity change of 1.36 psu. The linear relation between salinity S and

61803M0W is applied by using equation of Zahn and Mix [1991] for the deep sea:

61803M0Wmodern = 1-53 Smode'rn — 53-2- (3)

and

ölsosMOnia, = 1.53 (39mm, — 1.37) — 53.2 + 1.3. (4)

This yields a glacial—interglacial 61805M0W change of about 1.4 0/00 for the deep

Atlantic and Pacific. To estimate the temperature effect we use the inversion of the

paleotemperature equation of Duplessy et al. [1991]:

Ölsocalcite = 61805M0W + 21.9 — V310.61 + 10T . (5)

Thus the glacial—interglacial change of 61800alc¢t8 is calculated to be 1.7 0/00 for the whole

deep Atlantic in good agreement to the change derived from foraminferal analysis in the

Northeast Atlantic [Zahn and Mix, 1991]. The simulated glacial-interglacial difference in
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the deep Pacific is calculated to be 1.6 0/00, about 0.1 ”/00 higher than the corresponding

estimated change of Zuhn und Mix [1991]. However, the calculations applied here are

based on constant 61805Mow-S slopes which possibly changed during the glacial periods.

The transport through the Drake Passage (Figure 6b) increased by 10% to about

125 SV caused by enhanced wind stress with about the same increase in zonal direction

in the Southern Ocean and stronger Antartic Bottom Water formation. This result

confirms the sensitivity study of Klz'nck and Smith [1993] that the change in the wind

forcing results in an almost identical change in the flow of the Antarctic Circum Polar

Current. However, the 10% increase in zonal wind stress simulated by the AGCM

(Figure 16) might be typically underestimated in comparison with geological evidence

from sediment cores, indicating that surface winds over the the southern ocean were

faster during the LGM by a factor ranging-from 30% to 70% [Klinck und Smith, 1993].

By contrast, the transport through the Banda Street has not changed significantly.

The North Atlantic subtropical gyre is intensified by the stronger glacial atmospheric

west wind drift and its northern bounds shifted more southward. Thus the North

Atlantic Current reaches Europe near the Bay of Biscay. A northern component of the

current system along the Norwegian Coast exists as in the IFG experiment and hence

transports heat in the polar region. The Winddriven subtropical gyre in the northern

Pacific substantially decreased by more than 10 SV, including a reversal of the Kuroshio

leading to a southward flow along the southeast Asian coast. These changes reflect the

glacial-interglacial changes in the wind field caused by a possibly overestimated land/sea

temperature gradient in this region. The potential uncertainties in the temperature

gradients possibly reflect also problems with the accuracy of the sea surface temperature

reconstructions.

We assume for phosphate for the GFG experiment a general increase in

concentration of 3% due to the change of sea level of about 120 m [Fairbanks, 1989].

The Ekman induced upwelling in the tropical eastern Atlantic increased in comparison
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with the IFG experiment by about 20% (Figure 8b), and thus this area shows high

glacial phosphate concentrations (Figure 7b). In the tropical Pacific the change in the

distribution behaves in the opposite way caused by weakening of the Ekman induced

upwelling. The increased upwelling in the tropical Atlantic generally agrees with

geological reconstructions [e.g., CLIMAP, 1981; Sarnthein et al., 1988; Yu et al., 1996],

but simulated values in the tropical Pacific obtained here are still in contradiction to

intensified glacial nutrient pattern estimated by Farrell et al. [1995] and a stronger

glacial paleoproductivity calculated by Peterson et al. [1991]. However, the available

613C data in the eastern tropical Pacific do not support a dramatic change in the

productivity pattern [Michel et al., 1995].

We assume a glacial-interglacial global mean change of the 513C ratio of about

-0.4 0/00 due to changes of land biosphere [Crowley, 1995]. In the Atlantic (Figure 9b)

and Pacific (Figure 10b) simulated gradients of the 613C ratio generally agree with the

reconstructed pattern from foraminifera shells in Figure 1b and Figure 7b in Michel et

al. [1995]. The strongest differences occur in regions of high productivity in the deep

South Atlantic and parts of Antarctic Circumpolar Current where mixing might be

overestimated in the model and hence causes too high simulated 613C ratios.

Model-data differences are also displayed in Figure 11b and 12b. The best fit is

obtained for the Atlantic Ocean, but very large differences occur in the Indian Ocean,

especially in the Arabian Sea and Bay of Bengal, where glacial—interglacial changes are

not resolved by the model. The general larger model-data disagreement for the LGM

reflects an even larger uncertainty in the forcing from glacial boundary conditions (see

Table 2 and below).
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Fig. 16. Average zonal component of wind stress in response to present-day boundary

conditions (solid), LGM boundary conditions (dotted), and LGM boundary conditions

including an increase by a factor of 1.5 in the region between 67.5 °S and 40 08

(dot-dashed). The zonal components of wind stress were computed from experiments

with the atmospheric general circulation model ECHAM3/T42.
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Fig. 17. Zonally integrated flow in Sverdrup (SV) accross (a) 30 0N, and (b) 30 OS in

the Atlantic for the five experiments. Positive values denote a southward flow while

negative values denote a northward flow (1 SV = 106 m 3s‘l).
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3.3. Sensitivity to LGM salinity boundary conditions and forcing wind fields

To study the sensitivity of the thermohaline circulation due to possible errors of

the reconstructed salinity boundary conditions [e.g., Duplcssy at al., 1991; Fichefet

et al., 1994; Mikolajewz'cz, 1996] two experiments have been carried out. In the two

experiments GFGPl and GFGM1 the model was forced with the same prescribed glacial

boundary conditions as in experiment GFG, described in the previous section, and an

additional salinity anomaly of +1 psu respectively -1 psu in the Atlantic north of 50 ON

with a linear transition between 40 °N and 50 ON. Two additional experiments, GFGHW

and GFGSW, were performed to investigate the sensitivity of thermohaline circulation

due to uncertainties in the LGM wind fields. Both experiments used the same LGM

thermohaline boundary conditions as in the GFG experiment. In experiment GFGHW

we used Holocene wind stress of experiment IFG to estimate the effect of uncertainties

in the range of the glacial-interglacial amplitude. In GFGSW experiment LGM wind

stress was intensified in the zonal component by a factor of 1.5 in the region of the

Southern Ocean (Figure 16) to consider strong glacial-interglacial wind stress changes

according to Klinck and Smith [1993]. Figure 17 shows the Atlantic ’conveyor’ at 30-°N

and 30 OS of the four experiments in comparison with the interglacial and glacial first

guess experiments. In GFGPl and GFGMl experiment a drastic change of the Atlantic

’conveyor’ takes place. The change of the reconstructed salinity of +1 psu in the North

Atlantic intensifies the formation of NADW and causes an even stronger circulation

than the present day one under glacial boundary conditions. In GFGPl meridional

transport in the Atlantic reaches about 28 SV at 30 °N which is about 2 times higher

than the transport calculated by the GFG experiment.

By contrast, the Atlantic ’conveyor’ is significantly weakend in GFGMl by a

freshening of the surface by —1 psu (a reduction by 50% of the meridional transport at

30 °N calculated from the GFG experiment). The root mean square errors between

6130 data and model values of experiment GFGPl and GFGMl (Table 2) have higher
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values than those of the GFG experiment. Experiment GFGMl showes the best fit for

south of 30 OS indicating a probably too weak simulated inflow of AABW in the GFG

experiment. This sensitivity experiment also confirms the tendencies of corresponding

experiments carried out with the 2 D GCM from Fichefet et al.[1994](Figure 3.b, page

254). Figure 17 b could be directly compared with Figure 14 in Metier-Reime?" et al.

[1993], which shows similar model behaviors by alternative formulations of the heat and

fresh water boundary conditions.

Figure 17 displays also the sensitivity in respect to uncertainties in the glacial wind

field. The Atlantic ’conveyor’ circulation simulated by the GFGHW experiment which

is driven with Holocene wind stress has almost the same feature as the circulation

obtained by GFG experiment which is forced with LGM wind pattern (see also Table

2 for the deviations from the observed 6130 distribution). Experiment GFGSW showes

an increase of the Atlantic ’conveyor’ by about 2 SV at 30 OS and confirms similar

experiments with the GFDL OGCM carried out by Toggweiler and Samuels [1993].

Hence misfits between modelled and observed 6130 values are slightly higher as in

the GFG experiment. The experiments executed here strongly support the above

mentioned previous studies that the thermohaline circulation is very sensitive to changes

in the bouyancy boundary conditions, While errors in the wind fields cause much

smaller deviations. A realistic evaluation of uncertainties in the reconstructed surface

salinity boundary conditions for the LGM therefore yields a wide spectrum of possible

circulation patterns.
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Table 2. Root mean square error between 6130 data of Sarnthein et al.[1994]

and 613C ratios simulated by an OGCM in the Atlantic Ocean

Latitude

Belt

Experiment

IFG GFG GFGPl GFGMl GFGHW GFGSW

60°— 45 ”N 0.28 0.41 0.43 0.42 0.40 0.47

45°- 30 ”N 0.31 0.30 0.38 0.34 0.31 0.36

30°— 15 °N 0.21 0.32 0.38 0.29 0.32 0.43

15°— 0 °N 0.52 0.51 0.50 0.64 0.49 0.52

0°- 15 OS 0.75 0.81 0.85 0.86 0.80 0.81

15°- 30 °S 0.76 0.42 0.48 0.46 0.44 0.47

30°— 45 OS 0.12 0.70 0.81 0.68 0.73 0.73

45°- 60 OS 0.12 0.57 0.68 0.50 0.59 0.58

Atlantic Ocean 0.41 0.46 0.48 0.51 0.45 0.49
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4. Summary and Conclusions

We have studied the thermohaline and wind driven circulation simulated with

an ocean general circulation model in response to present day and glacial prescribed

boundary conditions. Generally, the model is able to reproduce the reconstructed 613C

distribution from foraminifera shells. In comparison with previous attempts to simulate

the glacial ocean circulation this study shows a significant reduction of the discrepancies

between simulated 613C distribution and 613C ratios from foraminifera shells. However,

large deviations still exist, e.g. in the area of the Antarctic Circumpolar Current and

in the tropical zones of high primary productivity. These discrepancies may be due to

more complex physical and biogeochemical processes in these regions.

Our model results strongly depend on the prescribed surface buoyancy boundary

conditions. For example, the accuracy of the prescribed sea surface temperature from

the AGCM used here reflects the accuracy of those from CLIMAP [1981]. Recent

geochemical studies [Guilderson et al., 1994] provide some support for the hypothesis

that tropical sea surface temperatures estimated by CLIMAP are about 2—3 00 too

warm. Sensitivity studies in respect to errors in the salinity boundary conditions of :l:

1 psu in the North Atlantic yield circulation fields which cover the whole range from

a super interglacial Atlantic ’conveyor belt’ with a transport of 28 SV to a strongly

reduced transport of 7 SV at 30 0N. A sensitivity experiment in respect to uncertainties

of the wind field in range of the glacial-interglacial amplitude showed that the Atlantic

overturning circulation did not change drastically. In conclusion, the results from our

study support previous findings [eg. Stacker et al.‚ 1992; Maier-Reimer et al.‚ 1993;

Fichefet et al., 1994] that the intensity of the Atlantic ’conveyor’ depends strongly upon

the gradient of the high latitude buoyancy boundary conditions between the northern

and southern hemispheres.

Applying optimal control techniques, such as assimilation of the 6130 data from

marine sediment cores into an ocean general circulation model, would provide optimal
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surface boundary conditions consistent to the dynamics of the model and minimal

distance between the geological data and model counterparts. Therefore, the results of

this study could be used as a starting point for data assimilation.
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