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Abstract. The canonical question of which physical, chem- 1 Introduction

ical or biological mechanisms were responsible for oceanic

uptake of atmospheric GQiuring the last glacial is yetunan- During the last 800000 years atmosphepiCO, has var-
swered. |n5ight from pa|eo-proxies has led to a multitude ofiEd in concert with Antarctic surface air temperature (EPlCA
hypotheses but none so far have been convincingly supportegommunity Members, 2004;thi et al., 2008; Petit et al.,

in three dimensional numerical modelling experiments. Thel1999; Siegenthaler et al., 2005). Determining the mecha-
processes that influence the Qaptake and export produc- nisms behind the correlation remains a tantalizing question
tion are inter-related and too complex to solve conceptuallyin paleoclimatology today. Kohfeld and Ridgwel (2009) pro-
while Comp|ex numerical models are time Consuming andVide an excellent review of the processes that are known or
expensive to run which severely limits the combinations of Proposed to play an important role in lowering glacial atmo-
mechanisms that can be explored. Instead, an intermedsphericpCO;. They conclude from previous work that lower
ate inverse box model approach of the soft tissue pump i$ea surface temperatures can explain approximately 26 ppmv
used here in which the whole parameter space is explored21-30ppmv) of the interglacial to glaci@iCO, decrease
The glacial circulation and biological production states areand that this decrease was countered by a reduction in the
derived from these using proxies of g|acia| export produc-terrestrial biosphere and reduced ice volume which resulted
tion and the need to draw down GGnto the ocean. We in an increase of about 22 ppmv (12-36 ppmv) and 13 ppmv
find that circulation patterns which explain glacial observa- (11-17 ppmv) respectively. Other lesser understood mech-
tions include reduced Antarctic Bottom Water formation and @nisms include changes in the ocean circulation, aeolian Fe
high latitude upwelling and mixing of deep water and to a fertilization, bacterial metabolic rate change, Si fertilization,
lesser extent reduced equatorial upwelling. The propose@nd coral reef growth.

mechanism of C@ uptake by an increase of eddies in the ~ The observegCO,-temperature correlation in the glacial
Southern Ocean, leading to a reduced residual circulationfecord is much stronger in the Antarctic (AA) than in the
is not supported_ Regarding bio|ogica| mechanisms, an inNorthern hemisphere Greenland records. This is partly be-
crease in the nutrient utilization in either the equatorial re-cause of the more complex and variable atmospheric circula-
gions or the northern polar latitudes can reduce atmospherion patterns that prevail over Greenland. However, the very
CO, and satisfy proxies of glacial export production. Consis-good correspondence of temperature @@, in Antarc-

tent with previous studies, GQOs drawn down more easily tica suggest that the Southern Ocean (SO) played an impor-
through increased productivity in the Antarctic region than tantrole in the glacial carbon cycle. Oceanic uptake of atmo-
the sub-Antarctic, but that violates observations of lower ex-spheric CQ through air sea gas exchange is facilitated by the
port production there. The glacial states are more sensitivé0ft tissue pump, solubility pump and carbonate pump (Tog-
to changes in the circulation and less sensitive to changes igweiler et al., 2003a,b). Most of the lesser understood hy-
nutrient utilization rates than the interglacial states. potheses of glacial oceanic carbon uptake relates foremost to
the efficiency of the soft tissue biological pump where the ef-
ficiency is defined as the percentage of all nutrients exported
from the surface layer that was exported as organic matter

Correspondence toA. M. de Boer and is therefore affected by both the biology and the circula-
BY (a.deboer@uea.ac.uk) tion of the ocean.
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The zonally integrated transport in the SO can be dividedis derived. If the result is promising, the final step is to
into a deep poleward cell of which the downwelling branch verify the hypothesis in a more complex ocean or coupled
represents Antarctic Bottom Water (AABW) formation and model. Ideally not only the C®uptake, but also the circu-
an upper, more equatorward cell referred to as the SO residation and biology of the glacial simulation should be con-
ual circulation (Karsten and Marshall, 2002; Marshall and sistent with the observations in step one. All four of these
Radko, 2003). Increased net uptake of atmospherig COsteps are needed and each step has obvious advantages and
(through reduced outgassing of €has been proposed to drawbacks. The main problem with the box model approach
be a result of a weakening of the poleward cell though en-s that it requires the simplification of the circulation and bi-
hanced surface stratification or reduced winds (Sigman analogy in ways that are rather ad hoc and the implications of
Boyle, 2001; Sigman et al., 2004; Toggweiler et al., 2006;these simplifications for the conclusions are not clear. The
Francois et al., 1997) or a weakening of the residual cir-physical and biological processes in general circulation mod-
culation through reduced buoyancy or winds (Watson andels are closer to that of the real world. However, they are
Garabato, 2006; Fischer et al., 2010; Parekh et al., 2006)expensive to run and, perhaps more importantly, it is often
A reduction in either of these cells would imply less deep impossible to distinguish in a complex model between var-
upwelling during the glacial for which evidence remains am- ious mechanisms for GQuptake. For example, increasing
biguous (Anderson et al., 2009; De Pol-Holz et al., 2010). Asthe SO winds stress has an effect on the AABW formation,
noted, given a steady state circulation, the atmospheric COsea ice, the residual circulation and the North Atlantic deep
can also be reduced through increased biological productiomvater formation and it is therefore not clear how the resulting
in the SO (Sarmiento and Toggweiler, 1984). The main hy-atmospheric C@concentration has come about.
pothesis for lowering glacighCO, as a consequence of in-  We propose here a new type of box model that eliminates
creased SO biological export is that there was an enhancesome of the common problems with box models associated
supply of the limiting micro nutrient iron (Martin, 1990; Joos with hidden sensitivities to input parameters. It is inexpen-
etal., 1991; Watson et al., 2000; Parekh et al., 2008; Brovkinsive to run so that all combinations of circulation and bio-
etal., 2007). logical CQ uptake mechanisms can be explored in conjunc-

The role of the equatorial upwelling regions in the carbontion with each other or in isolation. It is akin to an inverse
cycle is still under debate. Matsumoto and Sarmiento (2002model in that we deduce the circulation and biological pa-
suggested that, during the last glacial, smaller Si:N ratios inrameters for the interglacial and glacial from observations
Antarctic plankton led to more Si leakage to equatorial re-rather than assume any values a priori. The primary obser-
gions where higher Si enhanced diatom production (at thevations used to determine the interglacial states are observed
expense of cocolithophores) weakened the carbonate pumphosphate distributions. For the glacial we isolate states that
Sediment core data does not reveal the high opal fluxesiraw down the most C&£and whose export production in re-
needed to support the Si leakage hypothesis (Bradtmiller elation to the interglacial is consistent with the observational
al., 2006) but Pichevin et al. (2009) recently argued that thesynthesis of Kohfeld et al. (2005). The bulk of the evidence
lower equatorial opal burial rate is due to a decrease in thesuggests decreased export in the Antarctic region of the SO,
silicon to carbon uptake ratio found in iron rich environ- and increased export in the Sub-Antarctic and the Equatorial
ments. The hypothesis is supported by clear evidence foupwelling regions. Because all our input parameters assume
an enhanced glacial iron supply to the Eastern Equatorial Pathe whole range of realistic values, there are no hidden sensi-
cific (McGee et al., 2007; Winckler et al., 2008). It should tivities other than those built into the geometry of the model.
be noted that more organic matter export from the Equato\We explore two other model setups to ensure that our con-
rial Pacific does not necessarily imply a stronger soft tissueclusions are not highly dependent on the geometry.
pump. Enhanced equatorial nutrient utilization could also The purpose of this study is to identify which types of
imply a geographical shift in global export production (i.e., glacial circulation and productivity regimes are consistent
from the sub-tropics to the tropics) rather than an overall in-with the observations and to relate these to current hypothe-
crease. ses for glacial oceanic uptake of atmosphericoC@ de-

The traditional process through which solutions to thetailed description of the model is provided in the next section
glacial carbon problem are sought can, conceptually at leastas well as the link between preformed nutrient concentration
be seen as comprising of four steps. The first step is to meaand atmospheripCOs,. In Sect. 3 we present the most likely
sure or assimilate existing knowledge of the glacial state (i.e.solutions of the glacial and interglacial, and explore the sen-
proxies of the atmospheric and oceanic biochemistry and cirsitivity of the pCO, and export production to the circulation
culation). The second step is to form a hypothesis of a speand biology. The implication of the results for glacial carbon
cific mechanism that may have led to a glacial atmosphericcycle hypotheses are discussed in Sect. 4 and overall conclu-
drawdown of CQ. As a next step, the hypothesis is often sions are drawn in Sect. 5.
tested in a simple box model in which the general circula-
tion is set as close as possible to observations and the sensi-
tivity of the atmospherigpCO, to the specific mechanism
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2 Methods 55°S 40°s 10°s 10N 40N
AT N MO W

2.1 Model description I i I A V| N Y W
v R WV Y

Our standard model has seven boxes of which six are in the @

upper 500 m (Fig. 1a). As is typical in box models (Wat-

son and Garabato, 2006; Johnson et al., 2007), we assum

a closed system that represents a zonally integrated ocear ' """ o roducion up

Combining the Atlantic and Indo-Pacific into one basin is T_;vonh

not ideal but the assumptions we shall make about latitudi- 535 — L

nal distributions of nutrients and export and where water up- i - > N

wells and sinks, hold in both basins. The SO is divided into j : 4 *MMye : | T

an Antarctic box and a sub-Antarctic box and the division is T: y ! v v Tw V¥

roughly at the polar front, assumed to be at S5The low

latitudes extend from 405 to 40 N and are intersected by a @

narrow box, from 10S to 10 N, which explicitly represents

the high nutrient equatorial upwelling region. A northernbox  ?)5BoxModel

starts at 40N and extends to the north pole. The volumes of

the surface boxes are the same as in the real world betwegrig- 1. The control model consists of 7 upper boxes above 500m
these specified zonal boundaries and for the deep box beind one deep bota). Export production is denoted by the dotted
tween 500m and the bottom. We shall use the term SO t§rows and is the product of the nutrients concentration and a nu-
describe both the Antarctic and the Sub-Antarctic boxes. Intrient utilization rate that varies for each surface box (see text for

order to relate the model to the real world. we refer to thedetails). The flow of water between the boxes has five dimensions
L . ’ of freedom and we have labelled the flux as they are used in the
sinking in the Antarctic box as AABW.

equations and figures. The unlabeled fluxes are derived from the
The fluxes between the boxes are fully described by fiveprescribed fluxes and conservation of mass. A second model is pre-
independent model parameters: (1) Antarctic deep water forsented in which the equatorial region has been integrated into the
mation, Ta, (2) northward surface Ekman transport betweenlow latitude boxegb).
the two SO surface boxed;, (3) a southward transport
representing the contribution of SO mesoscale eddigs,
(4) an equatorial upwelling fluXgy, and (5) a northern up-
welling flux, Tyy. These variables are indicated in Fig. 1a from 500 m _to 300 m. . S
and the range of values they take is listed in Table 1. The The soft tissue biological pump in our model is simplified

rest of the transport terms are quantities derived from contiL0 & one-nutrient formulation?, denoting phosphate (R

nuity. Note that the southward eddy flux is never more thanThe nutrients are advected by the circglqtion inthe usugl way.
the northward Ekman transport so that the residual flow intoEXport pro_ductlon froma _surfgce box s linearly propqrtlon_al
the equatorial box is always positive. Upwelling in the SO to the nutrler_1t concentration in the box. The proportionality
occurs in the Antarctic box (south of the polar front) and constantg, differs from box to box and encapsulates factors

is equal to the net flow out of the box from Antarctic sink- W?'Ch I:jT't .th(tehuptakte ?Ihnu:netnts tsr:JCh a}[s. I'g[‘t t(?lr' |rc:_n 1t 'St
ing and the residual circulation. In the northern box the up—re erredlointhe rest ol the text as the nutrient utilization rate

welling is balanced by local downwelling so that it can be and is the fraction of the available nutrients that is exported
seen as a mixing term that brings up high nutrient water tofrom the surface as organic matter (rat_her than as preformed
nutrients) each second. This constant is allowed to vary over

the surface similar to winter mixing in the real ocean. The i fval Table 1). Th duction f
upwelling in the equatorial box represents both wind drivend Wid€ range otva ues (Table .)' e export production from
the box is then simplyy P, multiplied by the volume of the

upwelling and that due to turbulent mixing. There is no sim- Th " ; . be th h
ple way to represent the complex dynamics of the equatoriapox' e overall nutrient content Is set to be the same as that

region — we have chosen to return the upwelled water to théigg\éed_rfrr]om ghe Worl((jj (I)_cean ,:tlas (.)f 2”00f5 (Galrma de_t a:].,
deep ocean in the northern box but in reality some downwar ). The above model is mathematically formulated in the

mixing of the surface properties occurs locally and some of ollowing seven equations,

the upwelled water is subducted in the low latitudes. To en-gox A: 75y Pp— (Ta+Tr+aa Va) Pa+Tye Ps = O
sure that our results are not highly dependent on equatorial

upwelling or the northern sinking that goes along with it, the Box S: 75 Pa — (T1 + as Vs) Ps = 0

study is repeated in a model that does not have an equato-

rial box (Fig. 1b). In this case the equatorial box is treatedBox LS: (Tt —Twve) Ps— (Tt —Tme +aLs Vis) P.s = 0
the same way as the low latitude boxes. In another test of

the effect of the geometry the upper layer depth was reduced
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Table 1. Model parameters for the standard 7 box model. For each box the volume and the obsepweth&¥trations for the real ocean
between the same boundaries (derived from the World Ocean Atlas 2006) is given. The range of nutrient utilization rates for each box and
transport fluxes between the boxes indicate the parameter space that is covered Bysthetiths.

Model Box Volume Observed PO  Nutrient utilization,«
(a0®m3) (10 %umolkg1) (107195-1)
Antarctic (A) 16 2.45 0-10
Sub-A (S) 21 1.70 0-10
Lowlat-south (LS) a7 1.04 0-10
Equator (E) 32 1.89 0-10
Low lat-north (LN) 36 1.23 0-10
North (N) 16 1.60 0-10
Deep Ocean (D) 1300 2.64
Transport Flux Transport
(10®m3s1)
AABW (Tau) 0-20
Ekman () 0-30
SO eddiesTvE) 0-30
EQ upwelling (g) 0-20
Northern upwelling Tu) 0-20
BoxE: Tgu Pp + (It — Tme) PLs 2.2 The relation of preformed nutrients to atmospheric
CO

— (It — Tve + Teu +ae VE) PE =0

During glacial periods C®is drawn into the ocean through

Box LN: (Tt — Tve + Teu) Pe an increase in the surface to deep gradient of dissolved in-

— (Tt — Tue + Teu + oun Vin) Ps = 0 o_rgani_c carbon (I_DIC)._This gradie_nt re!ies on the soft tis_sue
biological pump in which carbon is being sequestrated into
BoxN: Twu Po + (Tt — Tme + Teu) Pin organic matter in the surface and later remineralized in the
deep ocean. Nutrients that are advected to the deep ocean as
— (ItT—Twe+Teu+Tnu+an V) Pn =0 a result of the physical circulation of the ocean are not avail-
able for biological uptake and are referred to as preformed
All': Vo Po + VA PA + is Pis + Vs Ps + VE P& nutrients. If the proportion of preformed nutrients in the deep
ocean is large, the biological pump is inefficient, the vertical
+Vin PN+ VN PN = Psuwm, gradient of DIC weak, and the atmospheric O@gh. The

strong positive relation between preformed nutrients and at-
mospheric CQ has been derived theoretically (Ito and Fol-
lows, 2005; Goodwin et al., 2008) and confirmed in ocean
“ general circulation models (Ito and Follows, 2005; Marinov
et al., 2006). In our model we describe the biology in terms

whereT is a transport variable and the box volume. The
subscripts A, S, LS, E, LN, N, and D denote the Antarctic
box, Sub-Antarctic box, Low latitude Southern box, Equa
torial box, Low Latitude Northern box, Northern box, and

Deep box respectively. Upwelling fluxes into the boxes haveOf the macro nutrient PPand then we use this theory (Ito

a U at the end, i.e., A&y is upwelling into the Antarctic box. .
’ ' and Follows, 2005) to relate the preformed nutrient concen-
The SO Ekman transport and mesoscale eddy transport ar; ) P

. . {Fation to atmospheric CO For completeness and to alert
denoted byt and Ty respectively andsuwm is the total "o o qer of the assumptions made, we briefly summarise

L . . S 8%he theory here. For a more comprehensive derivation please
solved for 13 random combinations of the five circulation y P P

i X o refer to the original reference.
and five nutrient utilization input parameters (see Table 1 for Dissolved | . bon in th b bdivided
range). Note that the six surface boxes give only five nutrient Issolved inorganic carbon in the ocean can be subdivide

utilization parameters because we assume that the conditior8%©° preformed ‘.fjmd regsnerqted carbohn. The prfe formed con;—
for biological production in the northern and southern low centration can In turn be written as the sum of a saturate

latitude regions are similar and therefore@éd be the same componentCsay and a preindustrial air-sea disequilibrium
in these boxes (i.eq s = ain) componentAC and the regenerated carbon concentration

can be split into a soft tissu€org, and calcite component,

Clim. Past, 6, 827841, 2010 www.clim-past.net/6/827/2010/



A. M. de Boer et al.: A multi-variable box model approach to the soft tissue carbon pump 831

Cealcite ASSUMINg a constant reservoir of carbon in the ocean
and atmosphere, a small change in 80, of the atmo- 1001
sphere can be written in terms of the changes in the oceanic
carbon components, i.e.,

Mé pcoezum—i-v{(gaat-i-(sA C+5Trg+5ccalcite} =0(2)

501
0

whereM is the total moles of gas in the atmosphere &nd

is the volume of the ocean. For simplicity it is assumed that
changes in the soft tissue pump are independent of change < -100|
in the carbonate pump or saturation so &€ = §Ccalcite=

-50

pCOZ™ (ppmv)

Biological pump efficiency (%)

0). Using the Buffer factorB (Bolin and Erikson, 1959), one -1sor
can approximate variations Csatby 2001 |
8In pCOS™ = B §In Cat (2) 0 05 i 15 2 25 1%

L [ i i Preformed nutrient concentration ( wmol kg™')
Eliminating Csat from Egs. (1) and (2) gives an expression

for the sensitivity ofpCO5"™ to Corg Fig. 2. Changes in the atmospheric €@ the model as a func-
(SpCOatm v tion of the preformed nutrients for all {Golutions (left axis) as
-2 3) calculated according to the theory of Ito and Follows (2005). A
8 Corg My zeroApCOy is assumed at the average preformed nutrient concen-
where tration of our 300 best interglacial solutions (see Sect. 3.2 for an
o explanation of how these are derived). TheCO, and preformed
V Csat nutrients are also linearly related to the efficiency of the biological
y=1+ WCOS““ (4) pump (right axis).
We now define the efficiency of the biological pump,
= _ @ - 3 Results
Py

3.1 The interglacial states
where Preg is the mean regenerated phosphate concentration

and P is the global mean phosphate concentration. For at js common in carbon cycle box models to set the circu-
100% efficient pumpP* will be 1. A perturbation in the |ation as close as possible to observations or model output
organic carbon concentration can be written in terms of anor to tune it to give realistic solutions (Keir, 1988; Tog-
equivalent change in the biological pump using a fixed Red-gweiler, 1999; Watson and Garabato, 2006). While these
field ratio, approaches have merit, it is not clear to which extent the
5Corg = Re.p 8Prag = Re.p Po 8P, (6) conclusions pf the studies depend on the choseni circulation
states. In this study the whole parameter range is explored
Combining Egs. (3), (4) and (6), a linear relation betweento ensure that our conclusions are not dependant on a cho-
pCO™ and the efficiency of the biological pump as defined sen parameter. Initially forandom solutions are calculated

by Eg. (5) is found, to cover all parameter combinations within the limitations of
tm our model setup. From these we select the modern states
§pCO; V Rc.p Po : . . : )
ST = My ~ 312 ppmv (7 according to the circulation and nutrient and organic matter
*

export distributions. In the first step, solutions are required to
In our model, the preformed nutrient concentration is definednave higher export in the Sub-Antarctic than in the Antarc-
as the fraction of nutrients that reach the deep ocean througtic box, and higher export in the equatorial box, northern
the circulation multiplied by the deep ocean nutrient concen-and sub-Antarctic boxes than in the low latitude boxes. The
tration. The biological pump efficiency is the fraction of nu- circulation of the modern state is required to have at least
trients that is exported to the deep ocean through biologicapP0 Sv (1 Sv=106m?3s-1) of northward Ekman transport and
productivity and ranges from near 0 to 100% for ouf $6-  AABW formation between 5 and 25Sv (Table 2). Of the
lutions (Fig. 2). The preformed nutrient concentration rangessolutions that fulfil these criteria we consider the 300 solu-
from 0 - 2.5umol Kg~* and can be related by Eq. (7) to a tions that best fit the modern phosphate distribution as de-
ApCO, of approximately 300. Given that the theory that rived from the World Ocean Atlas 2005 (Garcia et al., 2006).
relatesApCO‘gItm to a change in preformed nutrients concen- The maximum deviation from P{bbservations for any box
tration is not designed for large perturbations the results thabf any of the 300 solutions is 0.3 pmolk}.

pertain to large glacial-interglacial changes should be inter- Figure 3 (top right) shows that these constraints can be
preted with caution. satisfied using any among a wide range of input parameter
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Amospheric ApCO2 Table 2. Constraints used to derive the 300 interglacial and glacial.

-200 -150 -100 -50 0
' casyl ] ' ! ! Ez denotes the export flux from box Z and is equalRawoy. V7.
_ TyiAA The operator ()indicates an average of the 300 interglacial states.
@ TT : Ekman
g Tyye? Eddies Period Essential constraint  Final constraint
§ TE 1 EQ upw
. T, : North upw Interglacial 77 >20Sv The 300 states, fulfilling the
‘ RS 5Sv<Ta <25Sv  essential constraints, whose
1 15 2 Eg>E/N, ELs POy concentration most
Es>Ep, E s closely resemble the
10 100 E\N < EN observations as listed in
o | Table 1.
e 8 o AR —
% 6 0: Sub-AA Glacial Eg>1.2(Ep); The 300 states, fI:J|fI||Ing' the
s o : Lowlat Es>1.2 (Es); essential constraints, with
é ol aL: £ Ep <0.8 (Ep); the lowest preformed
S 2r E nutrient concentration.
E o+ North
0

1
Preformed Nutrients (u mol kg'')

Fig. 3. The circulation (top) and nutrient utilization rate (bottom) average efficiency of the biological pump of the 300 inter-
parameters of the interglacial states (right) and the glacial stategjlacial solutions is 35 4% which corresponds well with the
(left) are shown here against the preformed nutrient concentratiorestimate of 36% from Ito and Follows (2005).
in the deep ocean. The top axis relates the difference in preformed
nutrient between the glacial and interglacial states to changesinat3.2  The glacial states
mospherigpCO, (as discussed in Sect. 2.2). Best fit lines are drawn
through the solutions for visual aid. They do notimply an indepen- opservations of the glacial ocean circulation are ambiguous
Qent linear cqrrelation between the preformed nutrient concentrabut itis clear that the deep oceans were filled with a southern
tions and the input parameters. source water to a more shallow depth than today, and pore
fluid measurements suggest this southern source water was
much saltier than that from the North Atlantic (Ninnemann
sets. In this sense we effectively allow for model structuraland Charles, 2002; Adkins et al., 2002b). Proxies for export
error using the plausibility approach of Holden et al. (2009) production indicate increased export in the Sub-Antarctic
or Edwards et al. (2010). The Ekman transport and AABW and Equatorial regions and reduced export in the Antarctic
cover the whole range of permitted values in the 300 soluregion (Kohfeld et al., 2005). It is uncertain by how much
tions. To satisfy the observations of high surface nutrientsthe export has changed in each region — to select our most
the northern and equatorial upwelling fluxes are towards thdikely glacial states, we limited the solutions to those that
higher range of their permitted values. The eddy mass flux ishave at least a 20% increase in export in the Sub-Antarctic
somewhat on the low side so that the average residual circuand Equatorial boxes and a 20% decrease in the Antarctic
lation of the interglacial parameter sets is about 16 Sv, withbox (Table 2). The resulting states are only weakly depen-
a minimum of 4 Sv. The interglacial nutrient utilization rates dent on this number (i.e., the percentage rate). From these we
have more confined patterns than the circulation parameterselect the 300 that have the lowest preformed nutrients, i.e.,
Low utilization rates in the AA box, the low latitudes, and the states that are associated with the greatest draw down of
the equatorial box are necessary to simulate modern phosz0; (Fig. 3, left). The average preformed nutrient concentra-
phate distributions (Fig. 3, bottom right). The wide range tion, biological pump efficiency, andCO, change for these
of parameters that fulfil the basic interglacial criteria suggeststates are 1.6 pmol kg, 84%, and—165 ppmv respectively.
that the traditional approach of picking one best guess stat&/e choose the 300 states with the most severe drawdown of
on which to do a sensitivity analysis may be unwise. TheCO; as it illuminates clearly the parameters that are impor-
conclusions drawn in this study are instead based on all thesent for CQ uptake through the soft tissue pump, but our
states. conclusions are qualitative and hold also for smaller changes
The purpose of isolating the best modern states is not tan pCOg, say or the order o100 ppmv (confirmed, but not
determine the real modern circulation or nutrient utilization. shown).
Rather, the modern states are obtained to (1) confirm that the The circulation parameter which undergoes the greatest
model can reproduce a realistic interglacial state, (2) indicatehange in the glacial is the Antarctic bottom water (13 Sv
the sensitivity of pCO, and nutrient concentrations to the average decrease), followed closely by upwelling (i.e., mix-
input parameters, given a modern state, and (3) provide refing) in the Northern high latitude box (12 Sv average de-
erence states with which to compare the glacial states. Therease). The northward Ekman transport is at least 13 Sv and
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Table 3. The mean and standard deviation of the changegd@, due to a change in the input parameters for the 300 glacial and interglacial
states, and for 300 randomly chosen states. For the circulation parameter the differe@» idue to a change in the circulation from 5 to
20 Sv is shown and for the nutrient utilization the difference @0, due to a change ia from 2 to 8e—1051.

Transport fluxes Glacial Interglacial Random

(ppm/15 Sv) (ppm/15 Sv) (ppm/15 Sv)
AABW (Tp) 7316 26+5 44420
Ekman () 5+12 0+5 —7+16
Eddies (E) —10+8 11+ 4 0+12
Eqg-upwell (Tg) 30+8 16+ 6 4+20
North-upwell (T\) 67+7 25+4 52+18

Model Boxes Glacial Interglacial Random
(ppm/6x 1019s~1)  (ppm/6x 1019s71)  (ppm/6x 101057 1)
Antarctic (A) —5+2 —20+3 —20£10
Sub-Antarctic (S) —6+£3 —-16+3 —7+£5
Low lats (LS, LN)) —27+7 —34+6 —19+12
Equatorial (E) -17+4 —28+4 —-14+10
Northern (N) —14+4 —33+4 —31+13

on average 24 Sv. Interestingly, the southward eddy flux is 3

never more than 20 Sv and always at least 9 Sv less than the i ngz: g‘i’;‘;"‘"

Ekman transport (see Sect. 4.3 for discussion). Equatorial 3 2 -+ World Ocean Atlas|]

upwelling can take on any value in the glacial. The nutri- ; -

ent utilization rates in the low latitudes and northern boxes 3| |

are not tightly constrained in the glacial states. However, * L ‘ ‘ ‘

the Antarctic nutrient utilization rate is always low and the -80 55 -40 -10 10 40 80

Equatorial and Sub-Antarctic utilization rates are high. The . Latitude

implications of the results are discussed in Sect. 4. Note that — 2 10 .

the average change can be viewed as the most likely changmg> sl imgjz: mchl

and the range gives the possible solutions that are consister 2

with the observations. o 1
The glacial and interglacial states have so far been pre- £ g5 1

sented in terms of the input parameters and the preformed nu x o [ ‘ ‘ |

trients. The actual variables that are solved for are the phos- -0 55 -40 -10 10 40 80

phate concentrations. The average nutrient distribution for Latitude

the 300 glacial states has a similar pattern to the interglacia{zi . .

. g. 4. The average surface nutrient concentrations (top) for
although surface nutrients are reduceq eV_ery"_Vhere north %e 300 interglacial states (solid red lines and diamonds) and the
4Q° S (Fig. 4, top). _The export produc_tlon is higher by de_- 300 glacial states (solid blue lines and stars). Also shown for refer-
sign in the Equatorial and Sub-Antarctic boxes and lower ingnce s the observed modern nutrient distribution (dashed red lines
the Antarctic box of our modelled glacial states (Fig. 4, bot- and crosses). Export production (bottom) from each surface box for
tom). In the low latitude boxes we also find increased exportthe interglacial and glacial states. The modern nutrient distribution
which is consistent with the observations but this may well bewere obtained from the World Ocean Atlas (Garcia et al., 2006).
fortuitous because the observations are in upwelling regions
which we do not resolve in the model. The glacial states
have a lower export production in the Northern box which is 3.3  Sensitivity of preformed nutrients to circulation and
again consistent with the few data points north ¢l the nutrient utilization
Kohfeld et al. (2005) reconstruction.

In the previous section we determined which solutions are
consistent with the proxies of glacial export production and
also give significantly decreased preformed nutrient concen-
trations in the deep ocean. This approach identifies what the
possible combinations of circulation and nutrient utilization
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Fig. 5. The response of atmospherigpyCO, (solid black), Antarctic export production (from box A, solid dark blue), Sub-Antarctic export
production (from box S, dashed magneta), and Equatorial export production (from box E, dashed light blue) to the five circulation input
parametersTa, T1, Tve, Teu, andTny. The export fluxes (left axis) andpCO» (right axis) are expressed as the difference from that of

the best fit interglacial change.

rates are that we need to look for in mechanisms to explairso that a change in one circulation parameter has a bigger
the glacial carbon cycle. It does not illustrate which of theseoverall effect on the ventilation rate of the deep ocean. Simi-
parameters are responsible for the&lbawdown and which larly, the nutrient utilization rates are very high in the glacial
are only necessary to explain the proxy data of export pro-states so that a change in nutrient utilization in one box has
duction. For instance, it is likely that the reduced nutrienta smaller effect on preformed nutrients than the equivalent
utilization rate in the glacial in the Antarctic box (Fig. 3) change in the interglacial states where average utilization
is necessary to reduce export there (as forced by the obserates are much lower.
vational constraint) and not to reduce preformed nutrients. From Sect. 3.2 it is clear that the AABW formation, the
Here we look at the sensitivity of theCO, and the export  northern upwelling, and the equatorial upwelling are all less
production to the input parameters of the best fit interglacialin the glacial states than in the interglacial states. Figure 5
state (Figs. 5 and 6). The export flux ap@0O, are expressed shows thapCO, is highly sensitive to the former two but in-
as the difference from the export ap@0, of the interglacial  dicates no great sensitivity giCO, to equatorial upwelling.
state. However, if one considers all of the 300 interglacial and
The sensitivities to input parameters are dependent on thglacial states, the picture that emerges is different. The
chosen reference state so we have determined the sensitivitfean change ipCO;, due to a 15Sv change in the equa-
of pCO, to input parameters for all 300 interglacial states, torial upwelling is 16 ppmv in the interglacial and 30 ppmv
for the 300 glacial states, and for 300 randomly chosen state) the glacial, almost half that of the AABW and northern
from the complete set of solutions (Table 3). In general theupwelling (Table 3). The example indicates how misleading
glacial states are more sensitive to changes in the circulalt can be to consider the importance of a carbon uptake mech-
tion parameters (especially those relating to surface-to-deepnism only in a best guess fixed state (and this may very well
fluxes) and less sensitive to changes in nutrient utilizationde true for a control state in a numerical model too). The
rates than the interglacial states. This is likely because the#CO2 has a weak negative relation to the eddy flux and is
circulation is weaker in the glacial than the interglacial stateslargely independent of the Ekman transport (Fig. 5, Table 3).
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Fig. 6. Same as Fig. 5 but here the sensitivity of the export productiomar@@iO, to the nutrient utilization rate parameters are explored.

The atmospheripCO, is reduced when uptake of nutri- Including an equatorial upwelling flux is necessary to pro-
ents is more efficientin any of the surface boxes in our modelduce the high nutrient concentrations that are observed here.
but the sensitivity is highest north of 48 (Fig. 6, Table 3).  We have assumed, perhaps more for simplicity that any other
The most severe glacial states (i.e., those glacial states witheason, that the upwelled water all sinks to the deep ocean in
lowestpCOy) have high nutrient utilization rates in all boxes the northern box. In the reality the dynamics in the equatorial
except the Antarctic box (Fig. 3). Here an increased utiliza-region are complex and some of this upwelled water sinks out
tion rate implies a higher export production (Fig. 6, top left) of the surface ocean in the sub-tropical gyres. Upwelling in
and that is not consistent with the observations. The surfacéhe Equatorial regions is also sometimes modelled as a mix-
transport is always from the south to the north so that bio-ing (two-way) flux but in reality is it unlikely that there is a
logical productivity in the northern box does not influence downwards transport of mass. The location of the ultimate
the nutrient distributions or export in the other surface boxessinking of the upwelling water does not affect the nutrients
While it is clear that increased nutrient utilization in the low in the equatorial region, but it does affect the dynamics in the
latitudes and northern boxes helps to draw dowrn, CGa- boxes to its north. To ensure that the conclusions drawn from
ble 3), the utilization parameters for these regions are nobur results are not dependent on sensitive equatorial dynam-
tightly grouped in the glacial states (Fig. 3). The lack of ob- ics, we have repeated the analysis in a model in which the
servations of export production here means that not enouglkquatorial box has been removed (Fig. 1b). The low lati-
information is available to indicate whether an increase in thetude boxes are combined into one box. The concentration to
nutrient utilization rate occurred. which the low latitude phosphate is restored is the observed
average phosphate concentration betweenS48nd 40N,
excluding the equatorial regions betweer? $0and 10 N.
Naturally the glacial constraint of higher equatorial export
We have chosen to describe the equatorial region separatefyroduction is also not applied.
in our control model because (a) this region behaves dif- The circulation and biological parameters that produce the
ferently from the sub-tropics, (b) there are a high numberbest glacial and interglacial states (Fig. 7) are remarkably
of export production observations here, and (c) various hy-similar to those of the standard model that includes an equa-
potheses for glacial CfOuptake revolve around this region. torial box (Fig. 3). The only clearly noticeable difference

3.4 The representation of the equatorial region

www.clim-past.net/6/827/2010/ Clim. Past, 6, 8844 2010



836 A. M. de Boer et al.: A multi-variable box model approach to the soft tissue carbon pump

Atmospheric ApCO2 North Atlantic and Southern Source deep water was shal-
-100 lower than today. Observations 8¥3C, anoxic conditions
~ — in the deep SO, and reducéN ratios in the glacial SO
8 T B suggest that the ventilation was weaker there and the surface
g L Eddies ocean more stratified (Francois et al., 1997; Hodell et al.,
ks . North upw 2003; Toggweiler et al., 2006). Sigman et al. (2004) pro-
posed that the increased glacial stratification in the SO and

North Pacific is a result of a drop in the mean ocean tempera-
ture. At very low temperatures the seawater density becomes
-100 -50 0 almost insensitive to temperature changes and is mostly af-
fected by salinity. In cold climates, heat loss becomes unable

S 8 : . . . .

© “A:AA to destabilize polar haloclines, leading to a reduction in deep
s & O Su-AA water formation. De Boer et al. (2007) tested the effect of

= L o, : LowLat . . . . .

54 t cold water induced stratification in an ocean general circula-
= o, : North . . . . . .

3 eor N tion model and found that it was especially efficient in reduc-

)

ing convection in strong halocline regions such as the North
Pacific and the SO. Such an effect could thus have been re-
sponsible for reducing AABW and northern mixing-driven
Fig. 7. Same as Fig. 3 but for the model without an equatorial re- Upwelling of deep water in the glacial ocean, as suggested by
gion. our model.
Another proposed mechanism for reducing AABW is re-
duced and northward shifted winds (Toggweiler et al., 2006).
is that the interglacial solutions are more tightly groupedNote that the winds would not affect preformed nutrients
and that the nutrient utilization rates in the sub-Antarctic through a reduced northward Ekman transport and associ-
and northern boxes are lower when no equatorial box existsated upwelling but rather through the AA stratification that
These are the boxes where the highest biological export proresults from less wind-enhanced winter mixing and a conse-
duction occurs. To compensate for the lack of upwelling of quent reduction in AABW formation. However, numerical
deep nutrients to the surface (without an equatorial box), themodelling study has so far found no or a very small atmo-
biological export from these two boxes are reduced. spheric CQ reduction from reduced or equatorward shifted
winds (Tschumi et al., 2008; Menviel et al., 2008). More-
over, Sime et al. (2010) made an extensive observations and
4 Discussion numerical model comparison which suggested that the SO
winds were neither stronger nor shifted northward during the
The main input parameters that are directly responsible fotast glacial.
reduced atmospherCO; in the glacial states of the model  An alternative explanation for reduced AABW formation
are AABW formation, northern upwelling, and the nutri- during the last glacial that may have been active in conjunc-
ent utilization rates in the equatorial and low latitude boxestion with mean ocean temperature stratification is that desta-
(Figs. 3, 5 and 6, Table 3). Perhaps surprisingly, the SO eddyilization of the water column was rare because of the ex-
fluxes and SO nutrient utilization rates are of secondary or naremely salty deep water (Adkins et al., 2002a). It is possible
importance. We discuss the implication of each of our mainthat the salty deep water formed through brine rejection in
glacial input parameter changes as well as those that are nthe Southern Ocean at a small rate. The high vertical strat-

Preformed Nutrients ( umol kg'')

as important as expected. ification could have reduced the vertical mixing that might
otherwise have caused the deep ocean water to decrease in
4.1 Reduction in AABW and northern upwelling density and rise to the surface (Watson and Garabato, 2006).

The combination of very cold temperatures, salty deep wa-
Our model results suggest a glacial decrease in both AABWer formed by brine rejection, and reduced deep mixing can
formation and mixing-driven upwelling of deep water in explain a deep ocean filled with southern sourced water that
northern high latitudes. The importance of SO deep venti-nevertheless has very low rates of ventilation.
lation for atmospheric C®has also been found by previous
box model studies where the ventilation is usually viewed as4.2 Increase in low latitude and equatorial export
a surface-to-deep mixing flux rather than a deep water forma- production
tion transport (Khler et al., 2005). Numerical model simu-
lations of the ocean circulation during the Last Glacial Max- As noted in our model description, box models are not ideal
imum give ambiguous results (Otto-Bliesner et al., 2007) butto simulate the complex dynamics of the equatorial regions.
in general support the observation that the boundary betweehlowever, a consistent result on all our model setups is that
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the biological pump is sensitive to the nutrient utilization rate Atmospheric ApCO2

in our low latitude and equatorial boxes and itis therefore ap- /P —— 0
propriate to put the result in context of previous work. One T, AA = Pl
proposed explanation for glacial oceanic uptake op @&n & ool T, : Ekman |
increased dust supply to the Eastern Equatorial Pacific thaifg Tyg: Eddies

invigorated the soft tissue pump (McGee et al., 2007; Winck- & 1 — Te*5a%" J
ler et al., 2008). This mechanism has been criticized due to Ty North upw

observations of reduced opal accumulation rates in the regior o, o .
(Bradtmiller et al., 2006) but Pichevin et al. (2009) recently

argued that the lower opal export can be explained by a de- -150 -100 250 0 50

crease in the silicon to carbon uptake ratio in an iron rich ol o AR
environment. Our model results supports the concept of a's | ___ o subaa
global soft tissue pump being enhanced by a higher utiliza- g °| af: LowLat |
tion of equatorial nutrients. However, it is not obvious that 5 4/ o:EQ 1
enhanced equatorial export would significantly decrease at- & 2| —ay:North 1
mospheric CQ in the real ocean. The key to a global re- > 0 ‘

0 0.5 2

duction in atmospheric COthrough the soft tissue pump
lies in the concentration of preformed nutrients in the deep
ocean. Uptake of nutrients at the equator will only reducerig g same as Fig. 3 but for the division between the upper and
deep ocean preformed nutrients if those nutrients would othyeep ocean at 300 m instead of the standard 500 m.
erwise escape to a deep water formation region and be ad-
vected to the deep ocean in the physical circulation. In the
real ocean this is unlikely to happen as “escaped” nutrientshe standard model. The preformed nutrient concentrations
have to pass through the low latitudes where the utilizationare lower in the interglacial and it is more difficult for the
is so high that surface nutrients are almost completely deocean to take up CO As expected, the difference between
pleted. In our model the low latitude nutrients are not de-the nutrient utilization in the glacial and interglacial states
pleted because the nutrient concentration is averaged overig much less pronounced than in the standard model (Fig. 8,
500 m deep upper layer. Hence nutrients leaving the equabottom).
torial region in our model interglacial states can reach the e have argued that our model implied importance of the
northern region unscathed and sink through advection thereyutrient utilization rates in the Equatorial region is likely to
This is indeed what happens as we find the nutrient concenpe exaggerated because in the real ocean a decrease in nutri-
tration in boxes north of the equator much reduced for theents that are taken up in biological production at the Equator
glacial states (Fig. 4). would lead to an increase in the export production of the low
Itis likely that the importance of the low latitude nutrient |atitude regions to which the nutrients escaped. However, the
utilization in our glacial states is similarly exaggerated dueeffect of equatorial production could still be non-negligible
to the fact that our surface ocean is 500 m deep. In the reahecause, although nutrients in the surface low latitudes are al-
ocean, the nutrients in the interglacial surface ocean are almost completely depleted, nutrients can travel from the equa-
most completely depleted. A large increase of the drawdownor to the north in the sub-surface below the euphotic zone.
of low latitude nutrients, as suggested by our model for the
glacial, is therefore unlikely. In spite of the fact that biologi- 4.3 The Southern Ocean residual circulation
cal production is limited to the near surface of the ocean, say
the top 100 m, we have chosen a deeper level of 500 m be©ne of the leading hypotheses for glacial oceanic uptake of
cause the transport of Ekman and eddy flow and the resultingarbon is that of a reduced residual circulation in the South-
northward residual flow does not occur in the euphotic zoneern Ocean (Keeling and Visbeck, 2001; Watson and Gara-
only. Indeed, it is not possible to drive a realistic northward bato, 2006; Fischer et al., 2010). The residual circulation is
transport through surface boxes of 100 m and maintain higtthe sum of the northward Ekman transport and the southward
gradients in surface nutrient concentrations. eddy fluxes and is controlled by the surface buoyancy forc-
To confirm that the high sensitivity gfCO, to equato-  ing (Marshall and Radko, 2006). Reduced surface buoyancy
rial and low latitude nutrient utilization rates in our model is input would lead to a reduced residual circulation and there-
exaggerated because of the assumption that the top 500 m fere reduced upwelling of nutrients and DIC to the surface.
biologically active, we reproduced our study in a model with The residence time of the nutrients in the surface is also ex-
an upper layer of 300 m (Fig. 8). The meridional gradientspected to increase, enhancing the chances that they will be
in nutrient concentrations are very high at the ocean surfaceonsumed in production rather than sink as preformed nu-
so that the solutions for the interglacial state in the shallowtrients. The theory is reasonable but the processes involved
model are, as expected, not as close to the observations asiim linking the residual circulation with the carbon cycle are

Preformed Nutrients ( i mol kg")
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complex and so far only one general circulation study thatis that a strongly reduced residual circulation (strong south-
we know of has attempted to model it (Parekh et al., 2006).ward eddy fluxes countering the Ekman flow) is not neces-
While a weaker upwelling of DIC rich water would limit the sary to explain the glacial state (Fig. 3). In fact, the residual
outgassing of CQin the SO, itis possible that the decreased circulation is 18+ 4 Sv in the glacial states as compared to
supply of nutrients to the surface will reduce the biological 164 6 Sv in the interglacial states. The range of the residual
uptake of DIC by a similar amount so that the net effect on at-circulation is 9 to 29 Sv for the glacial and 4 to 29 Sv for the
mospheric CQis zero. Another complication is the effect of interglacial indicating that in none of the 300 glacial states
the reduced nutrients on the productivity in the SO. If the wa-is the residual circulation less than 9 Sv. The result is inter-
ter masses in the upper and lower branch of the overturning iresting because theCO, shows a weak but clear negative
the ACC are mostly separated and the upper branch is assoaiorrelation with the eddy flux (Table 3) so that one would
ated with the residual circulation, then one would expect thatexpect higher eddy transport in the glacial. The curiosity
the reduced surface nutrients would affect the Sub-Antarctids explained when one drops the requirement for higher ex-
region north of the polar front more than the Antarctic region port production in the sub-Antarctic box during the glacial.
to the south. The distinction is important because a reductionn this case the southward eddy flux still does not increase
in nutrients to the south would reduce the deep ocean premuch during the glacial (remains 9 Sv on average), but the
formed nutrient transported by AABW while at the north it northward Ekman transport drops from 25Sv to 9 Sv (and
would only affect the export in the Sub-Antarctic region and the soft tissue pump efficiency shoots to 95%). The observa-
probably not the C@ The residence time of the nutrients tion of enhanced sub-AA production in the glacial suggests
in the SO may affect their chance of being biologically con- that there was a strong northward Ekman transport to supply
sumed rather than becoming preformed nutrients but agaimutrients for the export production.
one would expect this to be important in the Antarctic region
where observations show no indication of increased export4.4 The Southern Ocean nutrient utilization and the
To complicate things further, the strength of deep mixing in biochemical divide
the Antarctic regions and AABW formation is not necessar-
ily related to the residual circulation but would modulate its It has been proposed that the polar front divides the Southern
influence. Ocean into a Sub-Antarctic region where increased biolog-
Parekh et al. (2006) tested the affect of the residual cir-ical productivity results in increased export but not oceanic
culation on atmospheric CQOn a general circulation model uptake of CQ and an Antarctic region where it does take
coupled to a carbon cycle model. They found a drop in at-up CQ (Marinov et al., 2006). We also find in our model
mosphericpCO, of about 3 ppmv per Sverdrup reduction in that increased nutrient utilization is slightly more effective at
the residual circulation. However, they changed the residuateducing atmospheric GQn the Antarctic box than in the
circulation by adjusting the winds in the SO from 50% to Sub-Antarctic box in our interglacial states (Fig. 6, Table 3).
150% of modern winds. An increase in the SO winds would However, increased Antarctic nutrient uptake in our model
indeed increase the residual circulation if the buoyancy fluxleads to a large increase in export production there and a de-
is not fixed, but it would probably also decrease the stratifi-crease in export from the Sub-Antarctic while the observa-
cation further south and increase AABW formation (De Boer tions point clearly to the opposite effect. On the other hand,
et al., 2008). Our results suggest that their reduction in atmothe observations are not violated by an increased export from
spheric CQ for weaker winds was a consequence of reducedhe Sub-Antarctic region but the effect on our model is small.
AABW formation in their model rather than a weaker resid- The average nutrient utilization rates in the Sub-AA he,
ual circulation. Also, a reduction in the residual circulation for the glacial and interglacial states are about B010s1
due to weakened winds will have a different effect than theand 5x 1019s~1 respectively. According to our sensitivity
more likely case in which the winds are the same but theanalysis for the interglacial states (which have a larger sen-
SO eddies increased. In the former case there will be littlesitivity to «s changes than the glacial states) a 301%s™1
mixing of nutrients across the ACC while in the latter caseincrease in the nutrient utilization rate would lead to about
the strong winds and eddies will result in more cross frontalan 8 ppmv decrease in atmosphesicO, (Table 3). That is
mixing of nutrients. at the lower end of the estimate of the effect of Fe fertiliza-
In our model we explore the effect of the residual circula- tion on atmospherippCO, given in the review of Kohfeld
tion beyond that of conceptual deductions and furthermoreand Ridgwell (2009). Note that this quantitative compari-
unlike what is possible in GCMs, we isolate the various pro-son is made for interest sake only and should be interpreted
cesses that play a role in the region. Thus, we change thaith extreme care because of the simplicity of the model.
residual circulation by changing the eddy fluxes or the Ek-Whilst the model results imply that the effect of changes in
man transport without changing the AABW formation and export in the Sub-Antarctic region on atmospheric d®
we increase or decrease the nutrient utilization rate in botrsmall it may have been responsible for some of the smaller
the Antarctic and Sub-Antarctic boxes in conjunction with variations in the glacial C@record. In the glacial states the
the residual circulation changes and separately. What we findutrient utilization is much decreased in both boxes and of a
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similar magnitude. Overall our model suggests that one mustirculation conceptualization of Toggweiler et al. (2003b,
look for changes in the circulation rather than the biology 2006). The productive circulation represents the North At-
to explain the strong link between the SO temperature andantic overturning cell and the unproductive circulation the

atmospheric C@in the ice core record. AABW cell. Nutrients that upwell in the SO and are trans-
ported northward in the Atlantic or Pacific will be consumed
5 Conclusions before they reach the North Atlantic deep water formation

region and thus all the associated DIC that was outgassed at

We have formulated a simple box model that represents theheir surfacing is subsequently taken up again. The circula-
major circulation variables of the real ocean and explorestion therefore has no net effect on atmospheriC the
the effect of nutrient utilization in each of the major biolog- unproductive southern circulation, upwelled nutrients are not
ical production regimes. Due to the simplicity of the model depleted by the time they reach the AABW formation region
we could explore the full parameters space which includesand this branch is thus less productive in terms of the biolog-
five circulation and five nutrient utilization rate parameters toical pump. A reduction in the residual circulation will indeed
produce 16 solutions. Of these solutions, we determined thereduce upwelling, but it will reduce only the productive cir-
subsets which best fit the current observations and those thaulation to which atmospheric GQs less sensitive. It may
fulfil the glacial observations. In addition, we explored the affect the nutrient supply and utilization in the SO though.
sensitivity of deep ocean preformed nutrients (and by deduc- The biology of the SO does not emerge as a directly im-
tion the atmospherigCOy) and export production to each portant player in the biological pump. The deep ocean pre-
input parameter separately. formed nutrient concentration is more sensitive to changes in

The strong link between temperature and,G®the Vos-  the nutrient utilization north of 408. We do find a weak bio-
tok and Epica Dome C ice core records (Petit et al., 1999,chemical divide (similar to Marinov et al., 2006) in the sense
Siegenthaler et al., 2005iihi et al., 2008) suggest that the that nutrient uptake in the sub-AA box draws down a bit less
SO must be a player in the glacial carbon cycle. Our modelCO, than in the AA box. It appears irrelevant though because
suggests the SO-CQink is through a change in AABW for-  anincrease in the nutrient utilization rate in the AA box leads
mation or SO deep mixing and not through changes in theto higher export production there and that is counter to the
residual circulation or nutrient utilization rates directly. Such observations. The strong link between atmospherig &l
areduction in AABW can be brought on by increased surfacetemperature in Antarctic ice core records has been put for-
stratification that inhibits convection and deep mixing or in- ward as indicating that the SO must have played an important
creased deep stratification that reduces vertical mixing andole in the glacial carbon cycle. Our study suggests that this
upwelling of AABW. The surface stratification would have link is through changes in deep mixing and AABW forma-
been enhanced due to the near freezing water temperature tibn in the Antarctic region and not through changes in biol-
which the density is not very sensitive to temperature andogy of the SO or the residual circulation. Sub-Antarctic pro-
thus haloclines are not easily overturned in winter. This typeductivity enhanced by a supply of iron may have accounted
of stratification was probably also active in the North Pacific for smaller variations in the glacial GQecord.
and to a lesser extent the North Atlantic and may have con- The equatorial region emerges from our model results as
tributed to further uptake of Cfthrough reduced mixing- an important region for glacial GQuptake. While there may
driven upwelling as suggested by our model. A decrease irbe some real sensitivity here, one should keep in mind that
SO winds would also lead to increased stratification althoughthe dynamics are not well resolved and the sensitivity of the
numerical modelling studies by Tschumi et al. (2008) andequatorial and low latitude regions are exaggerated due to
Menviel et al. (2008) have not found only a small or no atmo- the fact that the biologically active upper layer in the model
spheric CQ decrease from reduced or equatorward-shiftedis 500m deep. The low latitude nutrients are therefore not
SO winds. depleted and nutrients can easily escape from the equatorial

A reduced residual circulation through increased south-region to the northern region where it can sink as preformed
ward eddy fluxes is one of the leading hypotheses for glaciahutrients. We confirmed that deep ocean preformed nutrients
CO, uptake. In our model the atmospheric £8 only are less sensitive to increased production in the equatorial
weakly sensitive to the SO residual circulation. All the and low latitude regions in a shallower upper layer version of
glacial solutions have a residual circulation of at least 9 Svthe model.
and it can be as high as 30Sv. Further analysis indicated The model is simple by construction and has by design a
that this is because of the observational constraint of highefew limitations. Changes in preformed nutrients are directly
export production in the sub-AA region. The implication is related to changes in atmosphep€0O,, using the theoret-
that the glacial sub-AA export production is not only con- ical arguments of Ito and Follows (2005). The theory is in
trolled by the nutrient utilization rate, but is limited by the essence derived from small changes to the system and not full
supply of macro nutrients. The reason why the residual circu-glacial-interglacial changes. Also, the theory (as most box
lation in itself affects the atmospheric GOnly weakly can  and numerical models) assumes a@P ratio. Decoupling
be understood in terms of the productive and unproductiveof the C:P andC:N ratio in organic matter could lead to an
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enhanced drawdown of atmospheric £(agliabue et al., from the last glacial period to the present: A test of the sili-
2009). With regard to the geometry, a potentially important cic acid leakage hypothesis, Paleoceanography, 21, PA4201,
simplification in the models is the 500 m depth upper layer in ~ d0i:10.1029/2006PA001282, 2006.

which nutrient utilization occurs. In the real ocean biological Brovkin, V., Ganopolski, A., Archer, D., and Rahmstorf, S.: Lower-
podction doesnot occur bakw sbout 100, Exporfrom 91850 S 260 e o e o,
(hat eacapes the top 500 rather dhan export ffom eupnot, PA4202 40110.1020120067A001350, 2007,

. . e - e Boer, A. M., Sigman, D. M., Toggweiler, J. R., and
zone. Anothgr geometncal S|m.pI|f|.cat|0n is the combination Russel, J. L. Effect of global ocean temperature change
of Indo-Pacific and Atlantic basins into one. In a future setup 4, deep ocean ventilation, Paleoceanography, 22, PA2210,
the explicit representation of these basins are planned as well (oi:10.1029/2005PA001242, 2007.
as the division of the deep ocean in a mid-depth and bottonbe Boer, A. M., Toggweiler, J. R., and Sigman, D. M.: Atlantic
cell that are fed from the North Atlantic and SO respectively. dominance of the meridional overturning circulation, J. Phys.
These additions would aid with the interpretation of the re- Oceanogr., 38, 435-450, 2008.
sults as it relates to the northern high latitude regions. InDe Pol-Holz, R., Keigwin, L., Southon, J., Hebbeln, D., and Mo-
reality the northern North Pacific is richer in nutrients than htadi, M.: No signature of abyssal carbon in intermediate waters

the North Atlantic and water does not sink there to the same_ ©ff chile during deglaciation, Nat. Geosci., 3, 192-195, 2010.
depths. Edwards, N. R., Cameron, D., and Rougier, J.: Precalibrating an in-

. .. . termediate complexity climate model, accepted in Clim. Dynam.,
The simplicity of the model means that the conclusions doi:10.1007/s00382-010-0921-0, 2010.

drawn from it ar_e qualitative '_n nat_ure_apd, _as with all mod- EPICA Community Members: Eight glacial cycles from an antarc-

els, should be interpreted within its limitations. However, ¢ ice core, Nature, 429, 623-628, 2004.

unlike General Circulation Models and previous box models,Fischer, M., Schmitt, J., Luthi, D., Stocker, T. F., Tschumi, T.,

our approach to cover the whole of parameter space means Parekh, P., Joos, F.dler, P., and ¥lker, C.: The role of south-

that there are no tuned parameters in the model. Rather, all ern ocean processes on orbital and millenniab®@@riations — a

input parameters are deduced from observations or are vari- synthesis, Quaternary Sci. Rev., 29, 193-205, 2010.

ables that are explored as part of the solution. Glge@D,  Francois, R., Altabet, M. A, Yu, E. F,, Sigman, D. M., Bacon, M.

hypothesis are tested in all the likely glacial and interglacial P~ Frank, M., Bohrmann, G., Bareille, G., and Labeyrie, L. D.:

states rather than one best guess and the results indicate thatContrlbutlo_n of southern ocean surfa_ce-water stratlflc_atlon tg low

the glacial ocean was probably more sensitive to circulation atmospheric C@ concentrations during the last glacial period,
. e . Nature, 389, 929-935, 1997.

Changes and less to nutrlent_utlllzatlon rate_s than the_ Ir.]terGarcia, H. E., Locarnini, R. A., Boyer, T. P., and Antonov, J. I.:

glacial ocean. The use of this type of multistate statistical

] ) < World ocean atlas 2005, volume 4: Nutrients (phosphate, nitrate,
approach can add a valuable dimension to future box studies gjjicate), NOAA atlas nesdis 64, edited by: Levitus, S., US Gov-

of the carbon cycle. ernment Printing Office, Washington, DC, 396 pp., 2006.
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