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Abstract. An inverse ocean box modeling approach is used to address the question of what may have
caused decreased atmospheric CO 2 concentration during glacial periods. The inverse procedure seeks
solutions that are consistent, within prescribed uncertainties, with both available paleodata constraints
and box model conservation equations while relaxing traditional assumptions such as exact steady
state and precise prescription of uncertain model parameters. Decreased ventilation of Southern
Ocean deep water, decreased Southern Ocean air-sea gas exchange, and enhanced high latitude
biological pumping are all shown to be individually capable of explaining available paleodata
constraints provided that significant calcium carbonate compensation is allowed. None of the
scenarios require more than a very minor (order 1 C) glacial reduction in low to mid latitude sea
surface temperature although scenarios with larger changes are equally plausible. One explanation for
the fairly wide range of plausible solutions is that most paleo-data directly constrain the inventory of
paleo-tracers but only indirectly constrain their fluxes. Because the various scenarios that have been
proposed to explain PC0 2 levels during the last glacial maximum are distinguished primarily by
different fluxes, the data, including ocean 13C concentrations, do not allow one to confidently chose
between them. Oceanic 14C data for the last glacial maximum, which can constrain water mass fluxes,
present an excellent potential solution to this problem if their reliability is demonstrated in the future.
1. INTRODUCTION
During the last four glacial maxima, atmospheric carbon dioxide concentrations were
depressed roughly 80 ppm relative to interglacial values [1]. Furthermore, ice core data show
a remarkable correlation between rapidly increasing inferred temperature and atmospheric
CO 2 concentrations during deglaciations, suggesting some kind of causal link. Several
oceanographic mechanisms have been proposed, either individually or in concert, to explain
the decrease in atmospheric C 2 associated with glacial states. These include: increased
efficiency of the "biological pump," in which net carbon uptake, especially by the high
latitude marine biosphere, is increased relative to upwelling fluxes [2,3], changes in the rate of
ventilation of deep water in the Southern Ocean [4,5], decreased global thermohaline
circulation [2,6], enhanced air-sea exchange in the northern Atlantic [7], decreased air-sea
exchange in the Southern ocean due to enhanced sea ice cover [8,9), increased solubility of
CO 2 in colder seawater [10], and a mid-depth chemical divide separating water masses with
low and high CO 2 concentrations [5]. Some studies claim to elucidate simple mechanisms
which explain decreased CO 2 during glacial times [5,9], while others claim that all simple
mechanisms can be eliminated from consideration [ 11, 12].
A common set of tools used to study the marine carbon cycle and its role in controlling
atmospheric CO 2 concentrations are meridional box models of varying levels of complexity
[2,5,6,7,9]. These models generally consist of a series of conservation equations for tracers
such as total carbon, carbon isotopes, oxygen and nutrients. Parameters, such as the strength
of the global meridional overturning circulation, air-sea gas exchange coefficients for various

*Email

: alverson~dpages.unibe.ch.

113

surface boxes, the rate of particle sinking out of various surface boxes, and rates of
mechanical mixing between various boxes are set to specified values or sometimes varied
over a range of potential values to examine parameter sensitivities. Exact, or arbitrarily close
to exact, solutions are found, either algebraically, if the box model is simple enough, or by a
numerical iterative procedure. If a given set of parameter values allows the model equations to
be satisfied, while at the same time satisfying the paleodata constraints, the model is said to
explain the decrease in atmospheric CO 2 associated with glacial states.
In this paper we use the recently published 7-box model of Togweiler (1999) [5], referred to
hereafter as T99, and explain low glacial atmospheric C 2 concentrations with several
different mechanisms by invoking a new method of solution. The philosophy behind this
method of solution can be summarized as follows:
*
*

Paleo-data are not exact. Thus, the model parameters and solutions are required only to
lie within specified lower and upper bounds based on available data constraints.
Paleo-box models are not exact. Thus, the model equations are required to balance only
to within an allowed residual misfit. This criterion can be thought of either as an explicit
statement that the model is not believed to be perfect, a rejection of strictly steady state
dynamics in favor of a 'quasi-steady' state, or some combination of the two.

We argue that previous methods of solution have been struggling to satisfy very stringent
constraints, some of which are actually not justified in view of the simplifying assumptions
inherent to any box modeling approach. Principal among these are assumptions of model
perfection and/or exact steady state dynamics as well as prescription of poorly known model
parameters, notably the sea surface temperatures (SSTs) and coefficients Of CO 2 gas exchange
at the air-sea interface.
These assumptions are often required in order ensure that the number of equations match the
number of unknowns. The glacial C 2 problem is, however, a fundamentally
underdetermined problem in which the state of the climate system must be inferred from a
limited amount of data and imperfect models. One way to handle underdeterminacy without
making unjustified assumptions is to use inverse methods [13]. These methods combine
observational and modeling constraints to estimate "to the best of our knowledge" the state of
the climate system. They deal with imperfect data and imperfect models by explicitly
specifying the uncertainties.
The objective of the present work is to show that a wide (presumably infinite) range of
solutions to the LGM CO 2 problem can be found if the assumption of exact steady state is
relaxed and parameters, such as piston velocities, are treated as adjustable variables in the
model. Inverse methods yield a much wider range of solutions consistent with available
constraints than do simple methods based on the resolution of a set of equations with
matching number of unknowns because they do not require arbitrary assumptions about
missing data or model parameters. Moreover, these methods can be designed to automatically
search for optimal solutions consistent with available constraints within their range of
uncertainties instead of requiring the modeler to employ a painstaking "manual" search
through parameter space. The present study relies on an inverse method specifically designed
to solve the last glacial maximum (LGM) CO 2 problem in its box modeling form. An estimate
of the state of the climate system during the LGM is searched for, with the requirement that it
is consistent with the box model conservation equations and the set of observational
constraints presented in T99. Imbalances in the model equations are tolerated as long as they
do not exceed small values chosen to represent a reasonable degree of non-steadiness. When
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these imbalances are tolerated, various solutions are found spanning a wide range of
mechanisms that could have caused the low CO 2 levels during the LGM. In other words, the
available paleodata, including decreased atmospheric C0 2 , oxygenated deep water, and
carbon isotope distributions are consistent with various scenarios, including scenarios that
would probably be rejected if exact model constraints were imposed.
The paper is organized as follows. In section 2 we present the numerical machinery that we
have used to enable Toggweiler's nonlinear seven box model to incorporate uncertainties in
both the paleodata constraints and the box model dynamics. In section 3 we present several
model solutions to the reduced glacial CO 2 problem and, in section 4, our conclusions.
2. A NONLINEAR, INVERSE SEVEN BOX OCEAN BIOGEOCHIEMICAL MODEL
This study is based on the seven-box model developed by Toggweiler and shown in Figure 1.
This model is one of the most complete box models of the oceanic CO 2 system and has shown
significant skill in reproducing the paleogeochemnical observations available for the LGM. It
can be downloaded from the ftp site kosmos.agu.org and, because it is written in FORTRAN,
can be incorporated in an inverse procedure based on standard optimization freeware. Our
choice to use a published box model makes the impact of the inverse method more salient as
our results can be directly compared to those of T99. The basic equations of the seven box
model have not been changed, only the method of solution is new. Several model parameters
have been recast as additional variables, however, since the inverse approach can handle
underdetermined problems. These new variables include volume fluxes in the ocean boxes of
the model, particle fluxes sinking from the surface of the ocean, temperatures in the upper
ocean boxes, salinity, piston velocities and, the amount of total C 2 added to the carbon
system by calcium carbonate compensation. These variables were treated as fixed parameters
in T99, although the effects of convection in the polar box and particle flux sinking from the
low latitude box were explored in a systematic manner.
The objective of the present study, is to show that a wide range of solutions exists which is
consistent with the glacial paleo-data and the conservation constraints contained in the 7-box
model. We cannot claim to have included all the observational and model constraints
available for the LGM, but rather ivestigate the LGM CO 2 problem as posed in T99.
The procedure used to ensure that the inverse solution fits the data is to constrain every
variable of the box model to lie within predefined lower and upper bounds. These bounds are
chosen to represent uncertainties in the observations, PC0 2 for instance is required to lie
between 180 and 200 g~atm for all our LGM experiments. In the absence of direct
observations, the bounds can be chosen to represent prior knowledge of the tracer distribution.
Oxygen concentrations in the deep ocean, for instance, are constrained to be larger than 25
pimoles kg-'. Another characteristics of the inverse procedure is that it allows imbalances in the
tracer conservation equations while keeping these imbalances small compared to the
individual flux terms that comprise the equations. This result is achieved by using an
optimization procedure that minimizes the residuals of the conservation equations. The
procedure chosen here is an iterative one that belongs to the group of 'minimax' algorithms
[14]. At each step, the routine selects the maximum equation residual as the objective function
and then minimizes it, whence its name. In mathematical terms, the objective function, which
is a scalar, can be written at each iteration:

J = max ( f(x)I ), i=1,M

115

Atmosphere

a

FIG. 1. Schematic representationof the seven box non-linear carbon model adaptedfrom the forward
carbon model of Toggweiler (1999) [5].

where M is the number of equations that constitute the box model, f is the equation residual
number i, x is a vector that contains all the variables (the 'state' vector), and max is the
operator that finds the maximum number among a series of reals. With this notation, the
optimization problem can be written:
Find x that minimize J subject to lb • x • ub
where lb and ub are vectors containing the lower bounds and the upper bounds of the model
variables. Using the same mathematical formulation, the box model, as used in T99, would be
written:
Find x such that ti(x)

=

0, i 1I,M

In the latter case, the number of equations, M, must be equal to the number of variables in
order to have a well-posed mathematical problem. In the inverse formulation, the number of
equations is smaller than the number of variables, but this does not present a problem since
the state vector is constrained to lie within lower bounds and upper bounds, preventing
unreasonable solutions. The equations used in the inverse problem are basically those of T99,
namely temperature conservation in the deep ocean boxes, phosphate and alkalinity
conservation in all the ocean boxes, oxygen conservation in all the ocean boxes except the low
latitude box (where it is simply set to its saturation value), together with C0 2 , " 3C, and '"C
conservation equations in all the ocean boxes and in the atmosphere box. Conservation of the
inventory of phosphate, alkalinity, total C 2 , total 3 C and total 14 C is also imposed. Two
additional equations link the pH in the mid-depth box and the concentration of the carbonate
ion in the deep box to a function of Alkalinity and total CO 2 . These 54 equations, or more
precisely these 54 equation residuals, are expressed as functions of the 70 elements of the
state vector. These are volume fluxes between the ocean boxes, particles fluxes sinking from
the surface boxes, temperature, salinity, phosphate, alkalinity, oxygen and CO 2 concentrations
in the ocean boxes, partial pressure Of CO 2 in the atmosphere box, 6 13C and A14 C ratios in the
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ocean and atmosphere boxes, piston velocities controlling air-sea gas exchange in each ocean
surface box, and the amount f CO2 added to the ocean/atmosphere carbon system through
dissolution of calcium carbonate. The equations that link pH in the mid-depth ocean box and
carbonate concentration in the deep ocean box are different from the other equations in the
sense that they are not conservation equations, but they are nonetheless treated in the same
way as the other equations.
One important issue in the inverse formulation of the box model, and in most inverse methods
[13], is the normalization of the residuals f(x) of the tracer conservation equations. The
residuals must be weighted so that the minimization procedure does not minimize some of
them down to infinitesimal levels while leaving others at unrealistically large levels. This
problem can arise for instance because residuals are expressed in different units for different
tracers, as is the case when temperature residuals are compared with alkalinity or C 2
residuals. In the present calculation, all the equations were systematically normalized by
reference fluxes in order to ensure that the minimization procedure treats all the constraints
equally. Details regarding the normalization procedure can be found in [15].
These normalization factors can be thought of as representing non-steady state terms in the
tracer conservation equations. The amplitudes of these terms then correspond to the
conservative assumption that the non-stead, state terms would take 10,000 years to cause
changes of the order of those observed during the glacial-interglacial transitions. In reality, the
climate system is known to have been sutbject to much more rapid temporal fluctuations
during glacial periods, such as Dansgaard-Oeschger and Heinrich events [16]. An example of
how small the allowed residuals are is provided by the fact that the residual carbon fluxes
going into and out of box d are of the order of 0.02 GtC/year. However small they are, these
residuals are nonetheless fundamental to the results presented in this study. They provide the
model enough freedom to find a wide range of solutions that would otherwise be likely to be
rejected if exact tracer conservation were imposed. Viewed in this way, the residuals in our
model play the same role as the time-dependent terms in the open modeling approach of [17]
in which small imbalances between riverine input and sediment burial are sufficient to
radically change the solution to which their model converges. Interestingly, the order of
magnitude of the rate of change in the inventory Of P0 4 tolerated in our study (about 3x 1012
moles in 10,000 years) is of the same order of magnitude as the rate of change obtained by
[17] for a doubling of the thermohaline cell (about 1015 g in 50,000 years, or 2x1001 2 moles in
10,000 years).
An alternative interpretation of the equation residuals is that they constitute an explicit
allowance for the limitations of the box model. In this interpretation, much larger residuals
could be tolerated because the 7-box ocean model is a very crude representation of the real
global carbon system. In this case, the small amplitude of the tolerated residuals shows that
the assumptions made in the present study are rather conservative.
The minimization of the cost function is carried out using a simulated annealing algorithm.
For a reference in an oceanographic context, see [18]. The minimization package employed
here, is a freeware initially developed by researchers in economnetrics [19]. This particular
algorithm was chosen because it ensures that no individual residual is too large and because it
requires very few assumptions regarding the form of the function to be optimized. Further
information about the minimization procedure can be found in [15].
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3. SOLUTIONS
The modem, preindustrial (or interglacial) high atmospheric CO 2 solution, shown in Figure 2,
is within numerical precision the same as in T99. Note that this solution is also similar to the
modem, pre-industrial solution presented by [9], referred to hereafter as SKOO, using a 6-box
model. Starting with such an interglacial/modem preindustrial solution, several mechanisms
have been suggested for how the ocean model should be perturbed in order to produce the -8O
ppm decrease in atmospheric CO 2 associated with glacial conditions. Here we present four
different model experiments, three of which are consistent with both model dynamics and the
observational constraints associated with glacial periods plus one unsuccessful attempt. All
these experiments involve significant CaCO 3 dissolution, which is parameterized in the model
by the addition of a uniform amount Of CO 2 in all the ocean boxes and the addition of twice
this amount of alkalinity equivalents. These experiments are:
A. Reduced ventilation of Southemn Ocean deep water
B. Reduced air-sea gas exchange at high southern latitudes
C. Enhanced high latitude biological pumping
D. Decreased global SST
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FIG. 2. Modern, preindustrialreference solution (found

using the inverse model.

Each of these solutions is obtained with a significant, imposed change in the control variables
that characterize the individual scenario, small, automated changes to the other ocean model
parameters and minimal allowed equation residuals. Although changes in parameters other
than the control variables are individually small, they are often required in order to achieve
consistency with the principal change imposed in each scenario. In the reduced ventilation
scenario for instance, failing to allow small changes in transport variables other than southern
ocean ventilation would lead to an artificial reduction in the range of possible solutions. In
that case, one would not be searching for a general reduced ventilation solution for the LGM,
but a very specific LGM solution in which, T is exactly 20 Sv, fm is exactly 40 Sv, etc. If such
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FIG. 3. An LGM solution (A) with reduced ventilation of Southern Ocean deep water found using the
inverse model. The solution is similar to that of (Toggweiler 1999) [5], but does not require as large
a surface temperature decrease. The CO, and alkalinity, values shown do not take into account the
addition of 60,pmol kg' and 120 pmol kg-' respectively by CaCO 3 dissolution.

a solution could not be found to be consistent with the OW PCO 2 levels of the LGM, one
might wrongly conclude that the reduced ventilation scenario is not consistent with paleodata. Below, we briefly present each of the LGM solutions in turn.
A. Reduced ventilation of Southern Ocean deep water
In this solution, shown in Figure 3, reduced mixing between the surface and deep ocean in
high southern latitudes, combined with a dissolution of CaCO 3 that raises the mean total CO 2
of the ocean by 60 gmoles/kg and otherwise very limited changes, is able to explain low
glacial period atmospheric CO2 . This solution was found using the modern solution as an
initial state and, unless otherwise specified, allowing the inverse model to vary model
parameters within a 10% range. Ocean transports were allowed to vary between 0 and 60 Sv.
Deep ocean &13 C was initialized to resemble the reconstruction of [20], however the low middepth 613 C values in his reconstruction were found to be inconsistent with the total inventory
of 13 C in the reservoirs of the model. The value-of 613 C in box a was therefore allowed to
increase up to lM. An alternative, more rigorous, approach would have been to recompute the
modern ocean solution in order to make it consistent with the inventory implied by the Boyle
reconstruction [20], but the present approach was preferred because it allows direct
comparisons of our solutions to the solutions found by T99. This choice has no impact on our
conclusions. Surface 5 13C was constrained to be 2.7 ± O.3 %o in the low latitude box (1). Note
that all of our solutions are presented without the terrestrial biosphere effect', which is
expected to reduce 6' 3C values by approximately 0.35 %o[5]. Therefore, as in T99, no CO 2 Of
biospheric origin was added to the ocean/atmosphere inventory. Finally, in order to satisfy the
constraint of higher pH at mid depths during the LGM [21], the mid-depth (box a) pH is
constrained to be consistent with alkalinity and total C 2 with a value of 8.3±0.1. The
paleodata constraints applied to this, and all other, LGM solutions presented in this paper are
summarized in Table .
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Table . Paleodata constraints imposed on all LGM experiments
Atmospheric
Carbon
(Ppm)
Oceanic Oxy gen
(pgmol Kg-'

Atmospheric partial pressure Of CO 2
must be order 80 ppm lower than
preindustrial values. [1]
The deep water must remain oxygenated
(T99)

6 '3 C (%)

The mid latitude vertical 61 Cgradient
must be order 50% higher than for the
modem control. The enhanced gradient

813C

must be driven by a decrease in the deep
ocean. [20]
Mid-depth pH
(box a)
Salini
ty

Deep C0 3 ~
(box d)
Phosphate

180 • pCO2 • 200
0 Ž~25 in all ocean boxes

-~6.47 • 6 "3 Calm
• -6.87
3
-0.2 • 6 ' Cd • 0.0
-0. 1 • 6 31Ca • I
0.35 • 6'13 Cm•< 0.77
-1 0 <63 13 C__s~ < 40
2.9 • 13C1 • 3.2

Mid depth pH must be relatively high
[21]
The expected -1 %oglacial salinity
increase has not been included in order346
to keep our results consistent with T99.
This does not effect our conclusions.
This uncertainty range is extrapolated

8.2 • pHa • 8.4

from T99, Table 6. Values actually

8

remain between 87.2 and 90.1 in all83•C
LGM scenarios.
Low latitude surface concentrations
remain low (T99)

_____________must

S

48

0=<9
3

•9

0 • PI • 0.4

Must remain within 10% of their
All other
prescribed initial values. Exceptionally,
parameters
parameters with initial values at or near
(unlss
peciiedzero are given small absolute limits. For
(unes eifitedt example mixing between surface boxes
othrwie i tet)must remain between 0 and 2 Sv and
______________A'

4C

0. 9Xirnt • X

1 Xinit

within 50%o of its initial values.

Solution A is not markedly different from the reduced ventilation LGM solution presented in
T99, except that it does satisfy the paleo-constraints without requiring a large change in the
surface ocean temperatures. Whereas T99 required reduction of low to mid latitude SST's by
40 C at LGM, our solution has no significant change (Table II). Of course this does not mean
that we cannot find a solution with a larger drop in SST. Indeed, the inverse model does find a
solution with a strong reduction in temperature in the low-latitude surface box (not shown).
We conclude only that a large temperature decrease is not required. The concentration in total
CO 2 goes up by 75 [imol kgi' in the deep ocean box because of the reduced ventilation of this
box. This value does not include the rise of approximately 60 gmnol kg- associated with the
dissolution of CaCO 3. Because the inventories of tracers are not exactly conserved, the ratio
of the input of alkalinity over the input of total CO 2 turns out to be 2.13:1 instead of the
generally employed 2:1 ratio. This small deviation from the theoretical ratio is associated with
a decrease in C0 3 - of only 0.9 pimol kg' in the deep box and thus does not significantly affect
the depth of the lysocline.
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Table HI. Modem - LGM temperature changes (C) employed in previous studies and
scenarios A, B, C. The mid to low latitude values are shaded

Polar southern box (p)

SKOO

T99

A**

B**

C**

-3

2*

-0.4

1.0

0.9

2

0

1.0

0.9

-. 3

1.0

1.

0.7

1.0

Southemnbox (s)

5

Low latiud box

5

Northern box (n)

4*20.1

was not allowed to drop below the freezing point of surface sea water.
**Temperature was not constrained. Solutions were also consistent with larger temperature anomalies. Note that
attempts to find an LGM solution driven only by SST decreases were unsuccessful.
*Temperature

Solutions that would be consistent with the

OW PC0

2

values of the LGM atmosphere without

CaCO 3 dissolution were also searched for but with no success. This does not mean that such a
solution does not exist, but that the search algorithm failed to find one. However, in view of
the number of trials that we carried out, our intuition is that such a solution is unlikely to
exist. This suggests that CaCO 3 dissolution plays a key role in lowering atmospheric PC0 2 .
Note that the small departures from the modern reference solution required for variables other
than the transport variables, such as the 0.40'C temperature difference in box (p), would be
very difficult to detect using paleo-data. In fact, they would even be difficult to detect if the
modem ocean were to be represented by a crude inverse 7-box model. We conclude that a
reduction in ventilation of the deep ocean at high southern latitudes is one possible scenario
consistent with all of the paleo-constraints we employed. However, such a scenario is not
required by either the data or the model, as demonstrated by our other solutions.
B. Reduced air-sea gas exchange at high southern latitudes
Solution B, shown in Figure 4, is similar to the solution of SKOO in which extensive Antarctic
sea ice during the LGM is postulated to have drastically restricted air sea fluxes Of C0 2 in
high southern latitudes. In order to mimic this effect, rather than changing the actual area of
gas exchange, which would require that the topology of the model itself be changed, we have
instead allowed the model to adjust the local exchange coefficient (piston velocity). An
overview of piston velocities employed in our scenarios, alongside those from T99 and SKOO.

is shown in Table 1HI. Since the exchange coefficient is always multiplied by the surface area
in the model, this has exactly the same effect as reducing the surface area available for
exchange. The model was started from the modem solution M as an initial condition and the
gas exchange rates were allowed to vary within 0.5 to 10 m/day. Except for the dissolution of
CaCO3 , which increases average total CO 2 by 54 jimol.kg'1 and total alkalinity by 108 Rteq.kg'the most significant change found by the model with respect to the modemn solution is the
reduction of the piston velocity at the surface of the southern polar box from 3 n/day to 0.5
in/day. This gas exchange value of 0.5, the lowest we have allowed the model to adjust to, is a
decrease by a factor of 6 relative to our modem value. By comparison, the change in sea-ice
extent proposed by SKOO corresponds to a reduction in gas exchange at high southern
latitudes in their LGM solution by a factor of 100 relative to the modem value. In our
experiment, the flux Of CO 2 from the surface polar box to the atmosphere is reduced by only a
factor of 2 relative to the modern solution, the five-fold reduction in piston velocity being
partly compensated by an increase in the air-sea gradient of pCO 2 these regions.
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Table MI. Piston velocities (m day') in previous studies and scenarios A, B, C
SKOO**

M &T99*

A

B

C

Polar southern box (p)

6.6 (5.9)
066005)

3.00

2.72

0.50

2.72

Southern box (s)

7.8 (6.5)

3.00

3.16

3.15

2.71

Low latitude box (1)

4.1 (3.6)

3.00

3.19

2.58

2.92

Northern box (n)

6.9 (5.9)

3.00

3.29

4.31

2.70

employs a unifonn value of 3 nm/day in all boxes for both modem and LGM experiments.
**SKOO report their air sea flux parameterization as a CO,
invasion rate" of 0. 15 and 0.05 moles M2 yr1' Iatm'
at high and low latitudes respectively. In order to convert to mi day-', as expressed here, requires dividing by
*T99

the solubility of seawater, which is a function of temperature and salinity. The values presented here have
been calculated using solubility calculated from the surface water properties employed by SKOO for their
modemn control solution. The values in brackets include the temperature reductions they impose for LGM,
namely a uniform 5 C cooling not to exceed the freezing point of seawater. The value in bold, represents the
factor of 100 degrees in ice-free area which distinguishes the SKOO 'possible glacial' state.

It is interesting to note, that the coefficient of air sea exchange is a parameter to which the
model is quite sensitive, yet it is at the same time extremely poorly known, both for the
modern ocean and especially for the LGM. T99 employs a uniform value of 3 m/day while
SKOO use quite different values (Table WI). The difference between these two published high
latitude gas exchange flux coefficients is more than a factor of two. It is known that the
coefficient has a strong dependence on wind speed, and a rather weaker dependence on SST.
Calibrations against these physical parameters are summarized by Wanninkhof [22], who
suggests a first order wind speed dependence, for long term, climatological winds, of k =
0.3 9U2 with an uncertainty in the coefficient 0.39 of about 25%. The temperature dependence
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is smaller than that for wind, partly due to counteracting temperature effects on gas diffusion
coefficients (the Schmidt number dependence) and the chemical enhancement factor [22].
Nonetheless, the temperature dependence represents roughly an additional 10% uncertainty in
piston velocity. Thus, for the modern ocean, the piston velocity can only reasonably be
prescribed to within about 35% uncertainty. The generally accepted uncertainty in modemn airsea C 2 fluxes, which includes uncertainties in both piston velocity and the air-sea C2~
partial pressure difference, is of order 100% 123].
For the LGM. when wind speeds were likely to have been significantly higher the situation is
even more undetermined. For example, if, for a given region, modern average wind speed is 5
m S, and the LGM average was 7 m
the piston velocity at LGM in this region, as a result
of the necessity of squaring these values, would be approximately double its modern value,
based on wind speed change alone. Of course! regional wind speeds may have been less during
the LGM, meaning that for any one surface box at LGM, piston velocity probably cannot be
prescribed with an uncertainty of less than 100%. This range of uncertainty, combined with
the possibility of large temporal and regional variations, suggest that the range of piston
velocities tolerated in this study is plausible. and that studies which prescribe piston velocity
values exactly possibly miss a large range of irelevant parameter space.
Allowing for the uncertainty in piston velocities at LM, together with some CaCO 3
dissolution, is thus sufficient to enable the inverse model to find a LGM solution consistent
with the paleodata and model which we have employed. In contrast to the SKOO solution,
which incorporates a 5C decrease in low to mid latitude SSTs, our solution contains only a
P C decrease (Table HI), although solutions consistent with larger SST certainly cannot be
ruled out.
C. Enhanced high latitude biological pumping
The possibility of an enhanced LGM biological pump in which net carbon uptake by the
marine biosphere is increased relative to upwelling fluxes and subsequently sequestered in the
deep ocean via particle fluxes is well knowvn [2,3,24,25]. Our Enhanced biological pump
solution, C, is shown in Figure 5. The experiment was initialized with the modern solution M
with the exception of the 13C values, which were constrained, as in previous runs, to match
the LGM values. In addition, the biological particle fluxes out of the surface ocean boxes
(p,s,n and 1) were provided allowable ranges of 0.5 to 10 molesCM yr 1 . The principal
difference between this solution and the modem solution, apart from higher values of total
CO 2 and alkalinity of respectively 53 ptmolktg1 and 106 pteqkg-1 due to CaCO 3 dissolution, is
an enhanced particle flux in the high northern and southern latitude boxes. The particle flux
found by the inverse model in polar ocean box, p is 6.7 molesCm-2 yr-1 compared to the
modern value of 1 moleCm-2 yr-1 and in the northern ocean box, n, 5.7 molesCm-2 yr-1 instead
of 3 molesCm- yf , about double that in the modern value. Relative to modern conditions
temperature in all the surface ocean boxes decreases by 10 C or less (Table HI), although
solutions with larger temperature drops are equally acceptable. Note that this enhanced
biological pumping solution does not cause anoxia in the deep ocean and does satisfy the
imposed LGM 6 13C constraints, including increased 6' 3 C vertical gradients driven by lighter
values in the deep ocean. Thus, when one allows for reasonable uncertainty in model
parameters and small imbalances in model equations, an increase in biological activity in the
Southern Ocean, combined with reasonable CaCO 3 dissolution, is sufficient to produce an
LGM solution consistent with the prescribed paleodata constraints.
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FIG. 5. A n L GM solution (C) with enhanced biological carbon pumping at high latitudesfound using
the inverse model. This solution satisfies observational constraints on the distribution of 8d3C and
allows for oxygenated deep water. The CO, and alkalinity values shown do not take into account the
addition of 53pmol kg' and 106,umol kg' respectively by CaCO3 dissolution.

D. Reduced SST
It is well known based on the temperature dependence of the equilibrium partial pressure of
CO 2 in surface seawater that cooling the ocean surface alone can account for a significant
fraction of the decrease in atmospheric C 2 during glacial times. We therefore sought a
solution consistent with the paleo-constraints, including the low PC02 in the atmosphere,
which would not differ much from the modemn solution, except that much lower temperatures
would be tolerated in the ocean boxes, together with reasonable amounts of CaCO 3
dissolution. No such solution was found by the model. Although this does not constitute proof
that such a solution does not exist, it does suggest that other mechanisms are probably
required to satisfy all the constraints. The problem with this scenario seems to be not so much
a difficulty lowering PC0 2 in the atmosphere, which can easily be done by combined lower
ocean temperatures and CaCO 3 dissolution, but the difficulty in doing so while keeping
carbonate close to modem levels. Apparently, lower temperatures do not allow a sufficient
increase in CO 2 in the deep ocean to compensate for the large rise in alkalinity produced by
CaCO3 dissolution. Because of this, the difference between alkalinity and total CO 2 is too
high in the deep ocean and results in unreasonably high COY~levels. One conclusion to be
drawn from this attempt is that, even within the context of the wide range of solutions
available to the inverse model, it seems unlikely that a solution forced by ocean temperature
changes alone exists. It is interesting to note that we have also sought a solution with minimal
change from modem parameters, i.e. with CaCO 3 dissolution providing the only mechanism
for C 2 drawdown. No such solution was found to be consistent with all the paleoconstraints, apparently for similar reasons as in the low temperature experiment.
4. CONCLUSIONS
We present our conclusions in two parts. First with respect to the use of inverse modeling
techniques and, second with respect to the cause of glacial-interglacial changes in atmospheric
PC0 2 .
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The T99 box model is not the only, model amenable to solution with inverse techniques. The
model was chosen because it is one of the most complete box models of the oceanic CO 2
system, because it has shown significant skill in reproducing the paleogeochemical
observations available for the LGM, and because the author has generously made it publicly
available by ftp. There are some aspects of the model which, from the point of view of inverse
modeling, could be improved. In theory, solutions would be found with greater ease if mixing
terms between every box were retained, whereas the T99 model sets several inter-box mixing
terms (between boxes m and a, n and a, ad m and d) identically to zero. Allowing small
amounts of mixing to occur is both more reasonable physically, and would also allow the
inverse procedure to more easily find solutions.
The curious reader may wish to insert one of our solutions into the T99 model as an initial
condition and check if the model converges. The model does converge, but to a solution
different from the one we produce (usually the main differences are in the 13C values). At first
this may seem to invalidate our solutions. We argue that this is not the case. In fact, it
highlights the importance of the inverse method. A researcher employing a trial and error or
parameter space mapping approach with the forward model would not find these solutions
because the model cannot deviate from exact steady state. In the forward modeling approach,
relaxing the steady state assumption requires that the time-dependant terms are modeled
explicitly as in the open ocean approach of [1.7]. Note that the inverse modeling methodology
can also be applied to time-dependent problems using data assimilation techniques developed
in meteorology and physical oceanography. The difficulty involved in such a task is merely a
technical one and is the subject of ongoing research. One obvious advantage of using a time
dependent model would be that non-steady state terms would be explicitly modeled rather
than incorporated in the equation residuals. i this case the equation residuals would likely be
decreased relative to those that we have tolerated, though they should not be expected to
vanish completely since no model is perfect. Even the most sophisticated time-dependent
general circulation models have errors.
One obvious question to ask is whether our solutions are dependent on having used a simple
box model. We believe that more sophisticated models, such as 3 dimensional box models, or
even general circulation models, will produce similar results, and possibly even widen the
range of potential solutions. This is because for each box added, the model will be provided
additional degrees of freedom. That is, the system will contain more unknowns, while the
number of data constraints may remain unchanged or be only slightly increased. For instance,
if one were to add a box to represent the terrestrial biosphere, rough estimates of the terrestrial
carbon input to the ocean during LGM that have been published in the literature would
provide one additional weak constraint. IHIowever, the very stringent constraint that the
oceanic inventories of total C 2 and alkalinity can vary only through CaCO 3 dissolution
would then be released. The system would thus become more underdetermined despite the
increase in complexity of the model, making solutions easier to find, not more difficult.
Finally, there are probably data constraints for the LGM that we have not taken into account in
the current study. As the field of paleoceanography grows, the appearance of new, and tighter
constraints is inevitable. New data constraints which may conflict with the solutions presented
in this paper, will only require that the model be rerun incorporating the additional constraints.
Only if the model proves incapable of finding a new solution satisfying such hypothetical new
constraint, would any of the three scenarios we have explored need to be rejected.
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In conclusion, the paleo CO 2 problem is not fully determined by available paleo-data or paleobox models. Several plausible solutions exist, including increased ventilation, increased
biological pumping or decreased gas exchange in the Southern Ocean. Our model scenarios
satisfy all the paleo-constraints considered in T99, including carbon isotope distributions,
oxygenated deep water, and mid-depth pH reconstructions. The model reconciles the reduced
polar air-sea flux scenario proposed by SKOO with atmospheric levels of 6 13C during the LGM
and the biological pump scenario proposed by many researchers with the distribution of 6'13 C
in the glacial ocean. It also finds solutions similar to those proposed by T99 and SKOO without
requiring the large low to mid latitude SST changes (4 and 5 C respectively) employed in
those studies. All the parameters modified by the inverse procedure, other than the parameters
central to each experiment, are so slightly changed that they are unlikely to be detectable in
the glacial ocean or, arguably, in the present day ocean. The available paleo-constraints does
not discriminate between these three scenarios, all are equally acceptable.
One explanation for the fairly wide range of plausible solutions is that most paleo-data
constrain the inventory of paleo-tracers rather than their fluxes. ' 3C data, for instance, tell us
what the inventory of this isotope was during the LGM in the various basins of the ocean, but
they do not directly tell us the rate at which this tracer was exchanged between the reservoirs.
This point is particularly obvious if one releases the constraints on conservation of total
inventories of phosphate, alkalinity, and CO 2 isotopes, and the constraint on carbonate ion
concentration in the deep ocean box (in some sense, the constraint on C0 3~ in the deep ocean
is also a constraint on the inventories because it constrains the depth of the lysocline). We
began the present study without these constraints and found that almost any scenario,
including the modem solution, was consistent with the paleo-data provided that very minor
changes in the circulation were tolerated. This is because all that is required to lower PC0 2 in
the atmosphere is either a decrease in total oceanic CO 2 levels, or an increase in alkalinity. In
such solutions, the glacial 613C profiles can easily be reproduced by small adjustments to the
ocean circulation [26]. Of course, constraints on global inventories cannot be released, but this
example does show that the fluxes of volume and tracers are, for the most part, not directly
constrained by the paleo-data. The data constraints that we have employed, primarily
constrain inventories, yet the model solutions are best distinguished from one another by
differences in fluxes.
The only robust feature in all the inverse calculations presented here is the dissolution of
CaCO 3 , which is presumably caused by the transfer Of CO 2 form the atmosphere box to the
deep ocean box. Adjustments in carbon fluxes between the various reservoirs are then
required to keep glacial C0 3 ~ levels close to their interglacial values. The details of these
adjustments cannot be determined from the constraints used in the model. Thus,
discriminating between the various plausible scenarios may require new observations that
directly constrain oceanic fluxes. Oceanic '4C data, which can constrain water mass fluxes, or
Barium data, which may constrain particle fluxes, could be the answer if their reliability is
demonstrated in the future. These data have the potential to determine which scenario, or
which combination of the scenarios, can maintain constant carbonate levels in the deep ocean
despite calcium carbonate dissolution. Whether such a scenario would also provide a
definitive explanation as to how the transfer f CO 2 from the atmosphere to the deep ocean
occurred in the first place is still unclear.
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