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Abstract. An occean carbon pump is defined as &
process that depletes the ocean surface of LCO,
relative to the deep-water ICO,. Three pumps are
recognized: a carbonate pump, & soft-tissue pump,
and a solubility pump. The first two result from
the the biological fiux of organic and. CaC0, det—
ritus from the ocean's surface. The third results
from the increased CO, solubility in downwelling
coid water and is demonstrated by 2 one-dimen-
sional upwelling~diffusion model of an abiotic
pcean. In the soft-tissue and solubility pumps,
working strengths are defined in terms of the
AICO, each creates between surface and deep-water.
Efficiencies of each pump are quantified as a ratio
of working strength to potential maximum strength.
Using alkalinity, nitrate, and ICO, to remove the
carbonate pump signal from ofean or model data,
the individual working strengths of the soft-tissue
and solublility pumps can be calculated by scaling
the soft~tissus's AICC, to the surface-to-deep
AP0, This technique is applied to a three-box
ocean model known to demonsirate high-latitude
control of atmospheric €O, through a variety of
circulation and biological changes. Considering
each pump separately reveals that the various
changes which lower pCO.atm in the model are
caused primarily by an increased goiublility pump.
Analysis of global ocean data indicates a positive
solubility pump signal, subject to unecertainties in
the C:P Redfield ratio and in the preindustrial
pCOsatm. IFf CiP = 105 and plOgapp = 270 yatm, the
efficiency of the solubility pump is about 0.5. We
suggest that this type of analysis of relative
carbon pump strengths will be an effective method
for inter-model and intra-model comparison and
diagnosis of underlying cceanic mechanisms for
pCOzgty Changes.

Introduction

Models that simulate the steady-state distribu-
tion of total carbon dioxide (IC0,) and various
other tracers, such as carbon 1k, temperature (T},
phosphate (PD,), nitrate (N0,), oxygen (0p), salinity
(s), in the ocean can potentially be utilized for
studying the variation of atmospheric C0,(pCO2atp)
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with occean changes., A hierarchy of such models
exists, consisting of simple box models
[Keeling and Bolin, 196813, multi-box models
[Bolin et al., 19837, one-dimensional models
[Hoffert et al. 1981], two-dimensional models
[Baes and Killough, 19857, and three-dimensional
models [Maeir-Reimer, 19847,

Employing primarily the simpler models in quan-
tifying the relationship between ocean changes and
pCOoatm i85 a relabtively recent interest fueled by
the discovery of lowered plO.ppy during the last
glacial period [Neftel et al., 1982; Oeschger and
stauffer,~ 19857.~In general; pll.yry 15 -a function:
of the state of the ocean's surface properties,
specifically, ZCO,, alkalinity (T4), T, 8, PO,, and
gilicate (SI) (see the appendix). Changes in
natural pC0.ztp in time scales in which it is in
equilibrium with the ocgean must correlate with
changes in what is a rather complex distribution of
these properties.

There are two general types of changes that the
ocean's surface properties can underge. One is a
change in the total ocean-atmosphere inventory of
a property. An example is the higher salt/water
ratio during glaciazl times in which the assunipfion
might be that the change in the average equals the
change in the surface. The second type of change
is where the total inventory remains constant, but
the distribution of & propert{y changes. An example
here would be a change in the C:P Redfield ratio of
organic detritus, Hybrids are also possible, such
as a change in the PC, inventory that alters the
vertical distribution of ICO,. Broecker [1981)
explored these possibilities in developing the
phosphate-extraction hypothesis for the glacial-in-
terglacial pll.apy levels.

Recent work in the direction of the second type
ig of jnterest because if examines changes in the
processes within the ocean. For example, Broecker
and Takahashi [19847 discussed changes in ocean
cirgulation upon pCl,atp. explored with a two-box
occean model put inte two end-states, that of Red-
field-ocean and a thermodynamic ocean. There is
also the important group of three-box models which
look a¢{ the role of various circulation magnitudes
and high-latitude blology, temperature, and other
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properties on plO,5¢ [Siegenthaler and Wenk, 1984
Knox and McElroy, 198#; Sarmiento and Toggweiler,
108k; Wenk and Siegenthaler this velume; Toggweller
and Sarmiento, this volume; Ennever and McElroy,
this volume].

A probliem with these models that c¢hange the
distribution of CO, within a constant ocean-atmo-
sphere inventory is that although they represent
the global ocean in an exceedingly simple manner,
they are fairly complex systems, Combining a
simple marine bicosphere with a simple circulaticon
scheme and carbonate chemistry results in a model
requiring a computer for experimentation. Under-
standing reasons for different states of a model
is difficult enough, and comparing effects across
various models is more 30; we can reasonably
expect " this difficulty to magnify as models
further up the hierarchy are employed for such
studies. :

The goal of this paper is to develep a quantita-
tive vocabulary enabling us to compare different
models. A key questions is: can the numerous and
potentlally infinite model propertiy variations that
cause pll.gep changesd be reduced to a smaller and
finite set of more fundamental causes? One answer
lies in the definition of what will be termed
carbon pumps. Our approach will be to describe
the pumps and formalize expressions for their rel-
ative working strengths and efficiencies. Applying
these strengths and efficiencies will be shown to
be valuable in analyzing both outputs of models
and ocean data.

Carbon Pump Types, Efficiencies
and Strengths

Although the term "pump" is most commonly asso-
ciated with wmechanical devices that create a pres-
sure gradient, it also applies to processes that
create or maintaln a concentration gradient, such
as the sodium ion pump in the membrane of a cell.
The second sense is appropriate for the ocean
carbon system. One of the distinctive features of
ICC, in the world ccean is that the deep-water
ICG, {ZC0,4 as global mean) is higher than the sur-
face mixed layer ICO, (ICO.; as global mean).
This is true of all ocean regions, with the global
means of ICO,y, = 2012 umol/kg compared to ICO,4
(below 1200 m) = 2284 yumol/kg
[Takehashi et al., 198%ta], What maintains this
vertical carbon gradient? Since diffusive occean
mixing is always actively destroying differences in
concentration, there must be a continuously coun-~
teracting process that is maintaining the vertical
carbon gradient, The active process might be
termed a giobal ocean carbon pump; its action is

- important because of the sensitivity of pCO.a¢y to -

20, _

The global ocean carbon pump is actually a
system of components, each of which is a pump
itself. Three such components may be distingu-
ished.

Two of the pumps are biclogical, and will be
termed the soft~tissue pump and the carbonate

_ for the model description.

pump. They are due to the action of organisms at
the ocean's surface removing ICO, and incerporating
it into organic and caleium carbonate particles,
respectively. These particles are transported into
the depths through gravitational settling and
active bioctransport [Redfield et al., 1963] where
the carbon and other components are returned to
their dissolved, inorganic forms,

The important effect of the soft-tissue pump on
the vertical distribution of £C0,, PO,, NO,, and 0.,
1s well recognized [Broecker, 1983]. PC, and NG,
affect TA; the surface depletion of PO, and NO, by
the soft-tissue pump raises TA relative to what it
would be otherwise. The reduction of ICO, and
elevation of' TA by the soft~tissue pump both serve
to lower pllgapy in equilibrium with the surface
at a constant temperature and salinity.

The carbonate pump has competing effects on
pCO,: the lowering of TA due Lo the removal of
caleium ions raises pCO,, while the lowering of
ICG, through the carbonate ion removal lowers
pCO,;. The TA effect is dominant in the vieinity of
present surface conditions, and so a stronger car-
bonate pump raises pCO0,. A full treatment of the
carbondte pump in the terminoclogy of strength and
efficiency, as will be done for the soft-tissue
pump, must be deferred to z later work. The pri-
mary concern here will be to remove the carbohate
pump signal from the ICO, data.

The third pump refers to a process which we
term the solubility pump and is driven by the CO,
solubility differences of warm and cold water,
i.e., the surface and deep-water. The sclubility
pump can be examined through a modeling experi-

nt,

We use the one-dimensional upwelling diffusion
ogean model of Hoffert et al. [1981] to produce a
vertical EICO, distribution in the absence of a
marine bicsphere. See Figure la and the appendix
In the absence of the
soft~tissue and carbonate pumps, the solubility
pump alione determines the ICO, profile, unlike the
real ocean, which is an as yet undetermined mix-
ture of the three., Without bilology, the model's
solution reduces to z particularly simple form,
with the profile determined by ICO,, (the warm
mixed layer concentration), ECO,, {(the concentra-
tion of the upwelling water at the base of the
one-dimensional column), and & depth parameter, z*
= K/w, where K is the average vertical eddy diffu-
sivity and w the upwelling veiocity. Setting z%=
500 m, calibrated from the giobally-averaged vert~
ical temperature profile [Hoffert et al., 1980},
and requiring the inventory of {0, in the ocean-
atmosphere system to be the same as measured by
the Geochemical Ocean Sections Study {(GEOSECS) of
3.16 x 10'® moles of CO, for the ocean
fTakahashi et al,, 1981a] reduces the problem $0
specifying a relationship between 2C0,, and ICO,,.
Their relation can develop a measure of the effici-
ency of the solubility pump.

As the overturning water moves from the warm
surface box to the cold surface box, its pCO, will
grop due to cocling, putting it below pCO,aiy and,
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Fig. 1. (a) Schematic of the upwelling-diffusion
model of Hoffert et al. [1980; 1981]. {b) Schematioc
of the Siegenthaler and Wenk [1984] model. Also
see Wenk and Siegenthaler [this volume].
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depending upon its residence time, will gain co?
from the atmosphere through the cold air-sea in-
terface, determining its concentration, IC0z =
ICOz;. Two end-cases are pogsible,

Case 1. Cold water sinks from the surface in
equilibrium with the atmosphere, L.e., pCO.q = pCO,
atm- '

Case 2. Cold water sinks from the surface at the
TG0, concentration of the warm surface, i.e., 00,4
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= £CO,y. In this case of isochemical cooling, no
CO, is picked up from the atmosphere.

Since case 1 i8 the maximum possible difference
between IC0., and ICOy,, it will create the larg-
est possible gradient in an abliotic ocean's verti-
cal CO, profile and can be considered the case in
which the solubility pump is the strongest., In
case 2 the solubility pump is the weakest. We
therefore define a solubllity pump efficiency,

Nsoiur 88

Ngolu = (4Cso1u)’ (4Csoiu,max) m

where Algo1y &nd ACsolu,max &re the actual and
maximum surface-to-deep ICO, differences, respec~
tively, due tc the solubility pump. Mjsolu,max is
caloulated as the amount of ZC0, added to I00,y if
the IC0,, water is cooled to the cold region's
temperature and equilibrated with pCOga¢y. In
case 1 above, nggly = 1.0 and in case 2; ngpyy = 0.
In one-dimensional ablotic medel, if ICO.q oq
represents the IC0,, for case 1, ngelu #=(E2C0 0™
TCO,y ) /(8C0zg, oq ~ 2002y« For any given nsoly,
there is a unique steady-state I€0, distribution
that satisfies the constraint of constant CO, in
the atmosphere-ocean system and with gas exchange
simplified so that pLO,y = pllaaty (see appendix).
Figure 2a shows the abiotic ICO, profile when
Ngoly = 1 and ngeiy = 0 against the GEOSECS glo-
bally averaged data, Two points are apparent.

‘First, with the solubility pump at its maximum

efficiency, the surface~to-deep ICO, difference i3
less %than that of the actual ocean. This demon-
strates that the solubility pump alone could not
produce the present ocean's ICD, profile, Second,
the solubility pump can maintain a ICO, profile
that is simitar to the ocean's in respect to its
causing a definite deplebion of the surface ICO,
relative to its deep value, i.e., ICO,y < ICOpg,
thus demonstrating the pumping effect.

Figure 2b shows pll.atp as & function of nspln
for 0 < mgoly < 1. The resulting plO.atp varies
from 720 patm to HEO patm, respectively, again
demonstrating the pumping power of the solubility
pump from its absence, ngoly = O, to its maximum
strength, ngeiy = 1. With the soft-tissue and car-
bonate pumps on, the model produces a pCOzapy of
260 uatm [Volk, 1984], therefore, assuming that
Ngoly = ! in the abiotic state, this model calcu~
lates the presence of the marine biosphere main-
tains pCO,atp 200 watm lower than it would be oth-
erwise. Although one could define the ApCO.g¢p,
from pump minimum to pump maximum as a measure of
strength, it will the more fruitful to define the
pump's streagth in terms of the surface-to-deep
ICC, difference it creates, as discussed below, and
which is different than the efficiency.

Note that the concept is unchanged if the ocean
model has deep water upwelling into the polar sea,
instead of being transported from the warm surface
box, Typically, models such as Siegenthaler and
Wenk's (1984) consider the polar surface as a mix-
ture of transport between warm surface and cold
surface and between deep and cold surface regions.
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Fig. 2. {a) ICO, model profile of an ablotic ocean
~using the upwelling-diffusion model for a full and
absent solubility pump, ngpiy = 1 and ngery = 0,
respectiveiy, The CC, in the model ocean~atmo-
sphere system iz a constant; the salinity-normal-
ized GEOSECS data is from Takahashi et al. [1981b].
(b} Plot of pCOszatp as a function of the solubility
pump's effieiency, ngsi1y, in an ablotic model. The
feoly For the preindustrial state is taken from
Table 2.

The upwelling into the cold region from deep in an
abiotic ocean could still be considered as befween
two extremes, reaching equilibrium with the atmo-
sphere {nggyy = 1), or alternatively, upwelling
under sea ice and having no gas exchange with the
atmosphere {nggiy = 0.

Understanding the solublility pump by itself is
relatively straightforward, but the real ocean and
often models are a mixture of the three pumps, In

" order to begin a comparison, we Ffirst develop an
efficiency for the soft tissue pump, similarly as
was done for the sclubiiity pump.

A soft-tissue efficiency, ngert, 1S obtained by
assuming that it is tied to the ocean's nutrient
(PG, or NO,} content. Then

- three pumps combined in the IC0; signal.

nsof‘t = 1 - PO"HI/PO"G (2&)
or Ngoft = 1 = NOupu/NOsg (2b)

with m representing the globally-averaged surface
{mixed layer) concentration and d the globally-
averaged deep concentration, with the depth inter~
val defining ¢ being the cholice of the analyst.
This formalizes two extremes in pump sirength. If
all nutrient available to the world ocean's sur~
face is utilized for organic Incorporation, PO,y or
NOsp = O mgpey = 1. 1If there is no biclogical
utilization of avallable nutrient, PO.; = PO,q or
Noam = ND sd and Ngoft = 0.

With ngg1y and ngerg, We have a means to com-
pare each pump to its own potential maximum. The
efficiencies are not useful, however, in comparing
the soft-tissue and solubility pump Lo each other.
To assess the relative strengths of these two
pumps in an otean-atmosphere C0, system, we
require a different type of measure, termed the
pumping strength, This is accomplished by consid-
ering the surface-to-deep difference in ICO, each
pump can create, independently of the other. Call
these pumping strengths ACgniy and ACgeset.

The -soft-tissue strength, ACgore can be
straightforwardly measured in any model or ocean
if the [C:Plgope Redfield ratio for organic matter
is known and constant. Then,

ACgort = [C:Plgory (POug — POup) (3}

In any system that has only the solubility pumyp
and the soft~-tissue pump, Algojy can then be cal-
culated ‘as

ACgppy =(ECOzg — ECO.p) - ACgort ()

However, the problem is further compiicated in
that the real ocean and many models possess all
A means
to disaggregate the carbonate pump signal from the
ECO, data is a procedure fairly standard in chemi-
cal oceanography (Chen, 1978; Brewer, 1978) but for
present purposes is most conveniently expressed by
Fiadeiro (1980) who coined a tracer, Cyy, as the
residual left from subtracting away the Cal0, con-
tribution to the ICO, profile. Our modification of
Fiadeiro's definition is

Cox = ECO, ~ {1/2)(TA ~ TAy * NOy - KO,y
+ PO, - POug) (5)

We have modified Fiadero's original formulation by
adding the constants TAp, NOgy, and PO,y so that
Cox m = LC0ay, for interpretive convenience., Equa-
tion (5) assumes that 1 equivalent of TA is lest
for evez"y mole of NO, or PO, created, Although
the oceants PO, variation is within the range of
uncertainty of the NO, measurements and essen-
tially can be ignored in analyzing ocean data (Fia-~
deiro, 1980), in 2 model the TA change due to PO,
as well as NO, can be exactly specified.

Eguation (%) eliminates the carbonate pump



signal from LCO, data and therefore leaves only
the solubility and soft-tissue pumps in the gener-
ated tracer of Cgy. Then we define a ACox, such
that

8Cox = Cox,d = Cox,m (6)

Moy must contain both remaining pump signals, &0
ACoy = ACgort * ACsolu

or Bcsolu = ACOX —ACSth (7)

Thus in any system consisting of all three
pumps, the working strengths of the solubility and
soft—tissue pump can be found knowing ZICO,, TA,
NO,, PO., and [C:Plgort (or [C:iNlsort)-

With the resulting ngelus Nsoft: 8Csofts and
ACgo1y We have Information about the solubility
and soft-tissue pumps' efficlencies {n's) and
strengths (AC's). The efficiencies are useful for
comparing each pump to its own maximum and the
strengths for comparing the pumps to each other.

. The next step is to use these formulations in ana-
lysis.

Analysis of Médels

With the technique of pump strength analysis we
make the following suggestions. Since the com-
bined pump strengths were def'ined in terms of the
surface-to-deep ICO, difference, any changes in a
eclosed atmosphere-~ocean carbon system that in-
volves change in this difference should be a change
in one or more of the pumps. The magnitude of
¢ghange for each pump should be caleulable.
Second, since this kind of analysis has not been
performed on models before, its use should give
insight Intc the operation of models, both between
different experiments with a particular model and
between different models. The possibility for in-
termodel comparison is potentially most important,
since up to this peoint the community has only had
the rise or fall of pCO,ayy 83 @ common effect to
use in model comparison. The pumps should allow
distinctions of similarities and differences
regarding the causal connection between pCl.atnp
and the processes within the models.

The first model to examine is that of Broecker
and Takahashi (1984). There is a warm surface boOx
and a cold deep box which outerops in a polar sea.
Thus both warm and deep boxes have contact with
the atmosphere. A soft tissue pump is present
only in the warm box; the aikalinity is constant,
there is neither a carbonate pump nor TA changes
associated with theé soft~tissue pump.

Two ends states are calculated. In the first,
the so-calied Redfield-ocean, the warm-to-deep
ICO, difference is fully determined by the particu-
iate flux associated with the phosphate difference.
Since ACgo1y = O bY equation (1) ngely = 0. This

. {s an ocean with a soft-tissue pump only.

The other end state is the thermodynamic-ocean,
Here an infinitely fast gas exchange brings poth
deep and warm boxes into equilibrium: pCO.y =
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pC0zq = PCOaatm. Now ACox 43 less than ACgoft-
The ACgopy has remained identical to that of the
Redfield-ocean because the PO, distribution 1s
unchanged, From eguation (7), this means ACgqly 18
less than 0. The solubility pump is oniy positive
when the cold region is a sink for the atmospheric
€O, flow. In this thermodynamic ocean, the cold
region is a source, The rapid gas exchange reduces
the ACyy from the Redfield-ocean to that of
ACsolu,max. The soft-tissue pump remained con-
stant in the two cases, while the solubllity pump
changed from 0 to a negative value between the
Redfield- and thermodynamic-oceans. Accordingly,
PCO,aep increased in this change. A decrease In
the sum of the strengths of the soft-tissue and
solubility pumps increases pCO.ggp-

This shows we can understand the operation of
the Broecker and Takahashi model through the
carbon -pumps. Furthermore, the absence of a posi-
tive solubility pump in their model suggesis that
the Redfield-ocean is not a true end state in the
creation of the largest ACqoy possible. The maxi-
mum ACoy in this model occurs when the ECOpgq -
IC0,, is obtained solely from the soft-tissue
pump., Can a positive solubility pump exist in add-
ition to a soft tissue pump? A simple thought-
experiment shows this to indeed be possible.

Consider an ocean with a warm surface box that
shutties water to a cold polar box. There it
picks up CO, from the atmosphere; it then descends
intc a deep box and there receives the oxidation
products from the soft-tissue pump. Therefore,
its ACqy 18 greater than ACgopp. This addition of
a cold polar box with some exchange from a warm
surface box is ‘exactly the structure of the so-
called high-latitude models of Siegenthaler and
Wenk (198Y4), Knox and McElroy {1984}, and Sarmiento
and Toggweiler (1984},

These high-latitude models consist of three
ocean boxes, a warm surface, a cold surface, and a
deep box. . Soft-tissue and carbonate pumps exist in
both surface boxes, and various vertical and hori-
zontal advective and exchange fluxes exist between
the boxes. The Wenk and Siegenthaler (1985, this
volume) model finds that decreased vertical
exchange between the cold and deep boxes, incre-

‘ased horizontal exchange between the warm and coid

boxes, and an increased biolegical flux from the
cold box all individually reduce pCO.ggp. The
causes for these pCO.sty changes are not immedi-
ately comprehensible, and if the carbon pumps ana-
lysis is useful, then it should be able to eluci-
date new information from the high-latitude
models,

We have constructed the 3ieégenthaler and Wenk
model and run thelr standard-case and two cireula-
tion-change cases. See Figure 1b and the appendix
for the model deseription. The soft-tissue pump's
contribution to TA changes was treated more expli-
eitly than in the Siegenthaler and Wenk dogumenta-
tion of the model so that eguationa (1), (2), (3),
and {7) could be used to construct the efficiencies
and strengths for the golubility and soft-tissue
pumps for each model run.
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TABLE 1. Three Box Model Analysis

Boxd®

Property Standard 1/23Fsq st 2%F oy, st Notes
Case (st)

PCOomim? 2 283 230 756

W 0.30 0.30 0.30
POYC ¢ 1.43 1.06 1.23

m 0.4%2 0.38 0.40

g 2.24 2.24 2.24
TAC W 2324 2324 2324

e 2364 2351 2357

m 2329 2327 2328

d 2392 2392 2392

W 1958 1913 1937
€058 o 2158 2101 2127

m 1980 1934 1958

g 2281 2286 2285

m 1980 1934 1958 Egquation {5)
Cox® g 2236 2238 - 2237
ACqy® 256 304 279 Cox,d~Cox,m
ACgo1y, max® 170 178 173 Note d
ACgare® 236 242 239 Equation {3)
Nsoft 0.81 0.83 0.82 Equation (2}
ACgo1ye _ 20 62 40 Equation (7)
Meoly 0.12 0.35 0.23 Equation (1)

Output of the Siegenthaler and Wenk [198%4] model of Figure 1b, analyzed in terms

of carbon pumps for each case.

a a,w,c and d refer to the atmesphere, warm surface, ¢old surface, and deep

reservoirs of Figure 1b.

m is the area-weighted average surface concentration;

tor this model { Jy = 0.89 { Yy + 0.11 ( )¢

b patm
¢ Umol/KE

d Cgplyu,max is the amount of {0y that would be gained by Cox,m if its
pCOp equaled pCOpuep at the polar temperature (39C in this model), keeping

‘Thy and POy econstant,

Results are displayed in Table 1. It reveals
that both the case of halving the cold-deep verti-
cal exchange and that of doubling the warm-cold
horizontal exchange reduce pClzpy primarily by
in¢reasing the solubility pump over the standard-
case. Take the first case., The ACgypy does incre-
ase slightly, from 236 umol/kg to 242 ymolskeg,
representing a change in rngepy from 0.81 to 0.83.
However, the ACgqyy, increase is more substantial,
from 20 umol/kg to 62 umol/kg, with the ocorres-—
ponding increase in ngeyy from ©.12 to 0.35. The
change in ACgnyy, i3 7 times the change in ACgert,
showing that the pulling of additional €O, into the
ocean in the lowering of pCO.,ty case is due to an

inerease in strength of solubility pump. The case
of doubling the warm-cold flux reveals the same
underlying cause for the PCO2aeym change, an inore-
ase in solubility pump.

Knox and McElroy. focused on changes in the
marine blosphere in the cold box. By allowing the
simuiated glacial state's cold box PO, and NG, to
go to zero from an interglacial state where PO, =
1.1 umol/kg and NG, = 17 wmol/kg in the cold box,
the model reduced pCl.zey from 288 patm to 161
watm. It might superficially appear that this
change was due to an increased soft~tissue pump.
However, our carbon pump analysia of the model
caleulated that the ACgopg only slightly increased




from an interglacial 225 ymol/kg to & glacial 23%
umol/kg while ACgoyy went from 22 umol/kg to 149
wmol/kg. It is actually the solubility pump,
vrought into full action in their glacial case,
that caused the dramatic pCl.atpm reduction. Alth-
ough the soft~tissue pump in the cold box became
stronger in the glacial state, it could do no more
than contribute to reducing the entire model's sur-
face nutrients to zero, For example, with a NG,y
= 33 umol/kg and & [C:Nlgopt = 7, their soft-tissue
pump acting at full strength, i.e., ftgopy = %)
could contribute oniy 231 umol/kg t0 a AC,,, The
aetual ACyy in this case was 380 umol/kg, a sur-
face-to-deep Coy (Orif0,} difference impossible to
achieve with the soft-tissue pump changes alone.

The resuit is that two circulation changes and
one biological change of the high-latitude models
are acting in a similar manner in that they each
cause an inerease in the solubility pump. This
means that the carbon pumps analysis allows a
1evel of understanding to be brought to bear on a
model's specific causes and the pllzayp results,
Without a comparison of the sirengths of the
pumps, it is difficult to relate pCO.aty changes to
their underiying causes. With such a comparlson,
numerous specific experiments may be related
directly to changes they create Iin the carbon
pumps.

Before moving on to an analysis of the GEOSECS
ogean data, we note that in both interglacial cases
of Siegenthaler and Wenk and Knox and McElroy, the
ACox 18 greater than ACgqort, demonstrating the
presence of a positive solubility pump that added
to the ICO, difference made by the soff-tissue
pump (and carbonate pump), Thus the Redfield-
ocean of Broecker and Takahashl is an end state
only in that particular model, not an end state
for other models or for the ocean itself. One
last point is that our doubling the CalUuCgert
ratic in the particulate flux from 0.2 (the stan-
dard case} to 0.4, a 100% increase in the carbo-
nate pump, raised plO,ayy from 283 watm to 309
patm, This is relatively small compared to a typi-
cal reduction of 70 uatm in pElaury with an
approximately 50% increase in the soft-tissue pump
{Broecker, 1981).

Analysis of the Pressnt Ocean State

What is the state of the carbon pumps in the
ocean today; and can we deduce the former steady-
state of &the pre-industrial atmosphere-ccean
aystem?

The GEOSECS data from Takahashi et al {1981b)
for P0O,, NO,, TA, and ECO, for ten oeean regions
were area~weighted with data from Levitus (1982)
to construet global surface (< 75 m) and deep (>
2000 m} water values, These are listed in Table 2
for four cases, the global values, the global
values exciuding the Antarctic Circumpolar area
south of 50°3, the global values normalized to § =

" 35%00, and the global values excluding the
Antarctic Circumpolar and normalized to 8 =
35%/00. These four will show the differences that

“state, pCO,y = pPCOLgim-
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arise in the analysis between including or execlud-

ing the Antarectic Circumpolar with its unusual sur-
face properties and between the actual and salin-

ity-normalized cases.

From the PO,, NOs, TA, and ICO, data, C,hy wWas |
gonstructed using equation (8). The problem that
now arises is that the Cpy p (ECOay) measured
during the GEOSECS was already scmewhat increased
over the preindustrial value by abscorption of CO.
from the pCD.a¢p transient driven by foassil fuel
burning., The pCl,atm during GEOSECS was approxi-
mately 320 yatm, about 8 p atm above the globally-
averaged pCOzyym of 312 uatm (Takahashi, personal
communication, 198%). In a preindustrial steady-
The preindustrial pCO,a¢m
is not known to perhaps less than 20 watm. Moor
and Stauffer (1984) indicate at preindustrial range
of 270-280 uatm, while previous estimates gave a
value closer to 260 uatm (Qeschger and Stauffer,
1984). We used the values of PO,p,TAp, ICO,p
along with S = 35%00 and SI = 5 umol/kg and
adjusted the Ty for each of the four cases until a
PO,y = 312 patm was returned from the equilibrium
carbonate chemistry (see appendix)., The pCO,, was
then changed to 270 + 10 uatm for the four cases.
The ICO,p, differences between the pCO.y = 312 yatm
and pCO,apy = 270 patm varied by less than 3% in
the four cases. The correction to Cox,p for a
preindustrial pCl.gty = 270 = 10 patm was deter-
mined to be ~31 x 9 umol/kg. This correction is
applied to ocbtain a preindustrial Cay y in Table 2.

Another assumption in this analysis is that of
[CiPlgort = 105, as in Redfield et al (1963).
Recent work by Takahashi et al {1985) using isopye-
nal surfaces indicates [C:Plgeopr = 103 If Coy and
PO, are examined directly, but fC:Plgory = 140 if
0, and NC, are used to deconvolve the C,y varia-
tion. Table 2 shows the ACgnpy using equation (3)
and [CiPlggrt = 105.

Using the preindustrial Cox p and the GEQSECS
C{,x'é, ACoy is obtained and ig significantly larger
than ACgopt. This indicates the presence of a pos-
itive solubility pump signal in the globally-aver-
ag;ed ocean, The ACge1y 18 obtained using equation
. '

Equation (2} calculates ngert, which iz higher
in the cases that excluded the Antarctic circumpo—
lar area {ngpry = 0.85) than in the giobzl value
{ngoft = 0.TT), because the high nutrient values in
the circumpolar represent an inefficiency in the
soft-tissue pump.

To obtain an ocean value of ACgp1y,max. Water
with properties of PO,n, TAp, SA = 350/00, 81 = 5
umol/kg, and T = 1.5° 'C was equilibrated with
PCO2atm = 312 yatm using the carbonate chemistry
routines to calculate a maximum Cgy That could be
greated by the solubility pump alone, The differ-
ence between this value and Coy,p (GEOSECS) gives a
ACgoly,max and finally ngo1y from equation (1).
The range of nggiy for the four cases for the
pPCO0sgem Pre-industrial value of 270 x 10 patm is
0.43 - 0.6, Efficiency values for the S-normal-
ized cases were about 0.06 higher than the non-
normalized cases and the  cases omitting the
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TABLE 2. GEOSECS Data Analysis?
Propertyb Depth (m} Glcbal Global Global Global Notes_
: without  8=3% /oo without
Antarctic Antartic
Circumpolar Circumpolar
Area Area, S = 35%/00
POy - <75 0.50 0.33 0.51 0.33
>2000 2.20 2.20 2.21 2.22
NO3 <75 5.48 2.60 5.62 2.59
»>2000 32.60 32.66 32.87 32.93
TA <75 2324 2327 2322 2314
>2000 2395 2400 21k 2419
TCO» <75 2016 1997 2016 1985
>2000 2288 2292 2306 2310
Cox <75 2016 1597 2016 1985 Equation (5)
>2000 2238 2240 2246 2242
Cox <75 1985 £9 1966 £t 1985+ 9 1954 % O  Preindustrial
>2000 2238 2240 2246 aphz (zee Lexs)
ACqy 253 =9 o o2Th 260 % 9 288+ 9  Preindustrial
(Cox,d Cox,m?
ACgolu,max 136 159 135 159 See text
ACgpey 178 196 178 198 Equation (3)
Nsoft G.77 0.85 0.77 0.85 Equation (2)
BCao1u THEg 7819 8249 90 £9 Equation (7)
Preindustrial
Nsolu 0.5% £0.07 0.49 £,06 0.67% .07  0.56% .06 Equation (1)

a Global data from GEOSECS {Takahashi et al. 1981b] used to calculate the global
properties of the soft-tissue and solubility pumps, using area-weighting from Levitus

[19821.

b Hmol/kg, except for the non-dimensional g3y and Ngeps.

Antarcetic circumpolar about were 0.0% lower than
the global cases,

hecording to this analysis, there is a solubil~
ity pump operating in the ocean's IC0, signal at
about 50% efficiency. It creates a gichal LCO,
surface-to-deep difference (ACgsyy) of 7Y umol/kg
for the global, non-S~normalized case, compared to
the difference created by the soft-tiasue pump
(ACgort) of 178 umols/kg. The solubility pump's
strength appears therefore to. be about 40% that
of the soft tissue pump.

This analysis is subject to uncertainty in the
preindustrial pCO.zty and in the [CiPlgery ratio.
For example, the solubility pump signal disappears

from the analysis if [C:Plgopy = 140 and if pCl.atp
was somewhat above 280 uyatm, More certain ana-
lysis of the oc¢ean data with the technique of pump
strengths would have to wait for more accouracy in
these values,

Finally, the i-D upwelling-diffusion model is
used with an internal source term to simulate a
global PO, profile in Figure 3a. See the appendix
for details, Using the PO, model as a calibration,
fluxes associated with the inbternal source term
and the change of warm surface water into bottom
upwelling water are scaled by N:P = 16:1, and a
NO, model is produced in Figure 3b. This scaling
of fiuxes then is put at 10%:1 to create a Cuy
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profile with Cox,m {(preindustrial) = 1966 umol/kg.
This Cox model profile does not match the actual
Cox profile, generated from the GEOSECS data. The
difference between the data and the model is the
visual representation of the presence of the solu-
bility pump as guantified in Table 2.

Discussion

A technique for analyzing a three-component
carbon pump system has been developed. Treatment
of the carbonate pump was primarily to subbtract it
from the data to show a combined signal of the
solubility and soft-tissue pumps. These can be
isolated through nutrient-carbon coupling.

The technique has proven useful i{n a variety of
instances. The Broecker and Takahashi [1984] ocean
eirculation change study apparently centers around
the variation of the solubility pump between zero
and a negative value, That the solubility pump can

"be negative has to do with what will now be shown

te be a relationship between the soft-tissue and
solubility pumps.

With the present ocean PO, average content of
apout 2 pmoi/kg, if ngpey = 1 2 maximum ACgqopy can
be maintained that is 105 x 2 = 210 umol/kg. For
today's values of LCO.p, TAp, and 3, the difference
in-equilibrium ICC, between 20°C and 2°C at a con-
stant and approximately current pCO,atm is a
ACqolu,max Of about 140-170 umol/kg. That the
present ACgopy,max 18 larger than ACgoiy,max 18
important because it means that 1f deep water such
that (J€0,q = ICC.p} > ACgoiy,max wpWells in the
polar regions, its pCO, will be greater than
pCOsatym, and the reglon will outgas CO, to the
atmogphere and be a source. In this case the
ocean wWould not be able to take advantage of the
solubility pump. On the other hand, if the average
PO, content was only 1 umol/kg, then the poliar
regionsg could only be sinka, .

Our analysis indicates that the three-box high-
latitude models exhibit variations primarily in
their solubility pump. How does this work? One
example is the case of decreased exchange between

Fig. 3. (a) Model-generated PO, profile using the
upwelling-diffusion model with a calibrated inter-
nal source term {J(z) and a parameterization {Fy,)
of preformed PO, and entrained PC,. (b) Model-gen~
erated NO, scaling the J(z) and Fyy from the PO,
model by N:P = 16:1, {c) Model-generated Cyy pro-
file scaling J(z) and Fyy to PO, by [CiPlgert =
10%, This profile, like that of PO, and N0, con-
tains only a soft-tissue pump, while the C,y data
will have both solubllity and soft-tissue pumps
{the carbonate pump was eliminated in forming Cgy,
see equation (5)). The possible presence of a pos-
itive solubility pump in the data is shown by the
gap between model and data. Cpuy,y Was taken as
1966 umol/kg, for a preindustrial pCOga¢y of 270
patm {(see Table 2}, The GEOSECS data is for in
situ salinity from Takahashi et al, [1981bl.
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the deep and cold surface boxes., The deep box &an
be thought of as contaminating the cold box's pos-
gibiiity to use the solubility pump, since exchange
with the deep box brings water into the cold box
such that (Coy g4 ~ Cox,m? > ACsolu,max and its
presence will therefore reduce the effectiveness
of the solubility pump. It appears that a slight
inefficiency in the global biological pump, if it
occurs in the polar regions, c¢an clog the solubil-
ity pump. This is a linkage between the two. This
clogging of the solubility pump is due to its cep~
endence on a small region of the world's ocean
surface for operation, while the soft-tissue pump
acts vertically everywhere. The solubility pump's
downward vertical action of water potentially
enriched in ACggyy occurs only in the polar regions
in these models. In the ocean, intermediate waters
also may agt as parts of the solubility pump,
This should be examined,

These demcnstrations of the pump analysis have
been with the simplest models. Further tests of
the technigue should apply the analysis to more
detailed models, such as the twelve~box global
model of Bolin et al. [1983] and the two-dimen-
sional model of Baes and Killough [1985]. Do solu-
biiity pump signals exist in the steady-states of
these models? Can the analysis, which depends
here upcon a global aggregation of concentrations,
be useful in more complex models?

Hopefully, yes, for the technique appears to be
of use in looking at the aggregated GEOSECS data.
If any model's ACyy is greater than ACgopr then
the solubility pump is present. If should not
matter how many horizental boxes have to be aver-
aged to obtain the aggregated data for the pump
analysis. In some ways, the models are more
attractive domains for the application of the tech—
nique than the actual ocean, because the Redfield
ratios in models are specified exactly, unlike the
situation in the ocean.

The main accomplishment has been to add a jevel
in the causal hierarchy. Specific ocean changes
can cause changes in the pumps which affect
pCO.5tm. This should faeilitate a classification
of model types. Perhaps all ocean-driven (O,
changes can be put into the pump scheme. For
example, the phosphate extraction model ’

[Broecker, 1981] is elearly a variation of the soft

tissue pump. Furthermore, new questions can be
asked. For instance, does an increased soft-tissue
pump due to elevated PO, levels ald in clogging
the polar regions and therefore decrease the soiu-
bility pump? Distinguishing the strengths and eff-
iciencies of the pumps may help formulate ques-
tions about models and possible ocean changes in
the future.

Appendix: Model Calculations

Routines to e¢alculate pCO, from ICO, or ICO,
from pC0,, knowing TA, T, 8, PO,, and SI were pro-
vided %o us by T. Takahashi. The calculations
essentially follow those presented by Takahashi et
al, [1982].

The three-box ocean model in Figure ib and res-
ults in Table 1 are from Siegenthaler and Wenk
[i1984]. In our caleculations, each mole of NO, and
PO, created is taken to decrease TA by 1 equiva-
lent. The CaC03:Cgepi ratio 1s 0.2, making the
PC,:NO,:TA: ZCO, ratic in the particulate fluxes
1:16:35:156. The standard case values of average
levels of PO,, TA, and ICO, and the fluxes and con-
ditions for solution are given in Siegenthaler and
Wenk £1984] and Wenk and Siegenthaler
[this volume].

For the one-dimensional upwelllng-diffusion
model of Figure ta, the physical parameters are a
vertical eddy diffusivity (K} in square meters per
year, and an upwelling velocity (w) in meters per
year. A soft-tissue biological source term {J) in
moles per cubic meter year is assumed to decrease
exponentially with depth according to

J{z) = Jgexpl-z/zoy)

where J, is the soft-tissue pump source at z = 0
and zgy is a depth parameter for the soft-tissue
pump. Designating Fp as the total flux of soft-
tissue leaving the mixed layer to be oxidized in
the water column during

a year's time,

by
Fg = Jo {) exp(~2/ Zey ) dz (8a)

Then J, can be expressed in terms of Fy specifi-
cally for oxidation

Jo = Fg{[zox{1 - exp (~hg/zox)] (8b} -

The general one-dimensional fracer equation for
any property C is then written as

dC/dt = Kd®C/dz® « wdC/dz + Jgo expl~2/z4y) (9)

The steady state solution is
Clz) = B, + B, exp(-zw/K) + B, exr.:(-—w--—’,az )y (o
OX

where B, = Fg/[{i-exp(~hg/2zox) (W-K/2oyx)] and B,
and B, are to be solved for from two boundary gon-
ditions, ’

We can specify a mixed layer conecentration as
an upper boundary condition and a bottom flux bal-~
ance as a lower boundary condition, as in the work
by Hoffert et al, [1980]: {1) Cy = Cy (specified
from data) and (2) wCy = WChgq +K(dCphgq/dz) estimat-
ing from data the upwelling concentration, (Cy), of
water entering the diffusive field. Then, B, = Cy
- Bs(1-2%24y) expl~hg /zox) and B, = Cy -~ B, = B,
where z% = K/w. ‘

For the abiotic ocean {Figure 2), Fg = By = 0,
and the solution simplifies to

£(z) = Cy + {Cy - Cy) expi-z/z%) (i1




For the ablotic soclution, the following proper~
ties were assumed to be well mixed, equal to their
GEOSECS global averages normalized to 5 = 35%/00
[Tekahashi et al. 1981a, 1981b] and therefore the
values for the warm and coid surface boxes:
TA=2387 peq/kg, S = 35%/00, PO, = 2.1 ymol/kg, Sl =
100 umol/kg., Also, Ty = 20°C and Tg = 1.5% £, The
area of the world ocean was 3.3% x 10'*m® and
total ocean-atmosphere inventory of 3.22 x 10%°
moles of CO.. The caleulation at a specified ngoly
begins by guessing ICO,y, obtalning pCO 4y by Taka-
hashi et al. [1982] routinés, setting pClzarm =
pCgy, and obtaining ECOze ~ 2C0zy; from eguation

(1):
ICOay = IC02y *+ Nsolu(ZCOze,eq - ICO2y)

Using X = 2000 m2/yr, w = 4 m/yr and z¥ = 500 m
[Hoffert et al., 19803, equation (1%1) produces the
200,(z) profile., The amount of CO. in the atmo-
sphere-ocean model is compared to the desired in-
ventory, An iterative procedure follows by guess-
ing & new ICO,, until convergence to the inven—
tory.

This calculation does not require specification
of a cold surface area or gas exchange coefficlent,
although this could be done. The interest is on
the solubility pump efficiency, so area and gas
exchange rate could be adjusted fo obtain any par-
ticular ECO,q. Since Ay < Ag, generally in models
and in the ocean, pl0gay = PCO2atp. With the cold
surface as a sink, plO., would be several microat-
mospheres above pClgep for & steady state in the
atmosphere. This error in obtaining Figure 2b is
much less than the uncertainty in the other param-
eters.

For the one-dimensional upwelling-diffusion
model with soft-tissue pump (Figure 3), we use
equation (10). A fit to PO, GEOSECS data (Figure
3a) was obtained with Fg = 4500 umol/2yr and Loy =
770 m. PO,y and PO,y were set at 2,18 ymol/kg and
0.33 umol/kg, respectively, This mathematically
implies a PO, fiux (Fyy) between warm surface
layer and bottom upwelling water of Fyy = pW PO,y
- POy,y) = 7600 ymol/mZyr, where p is the density
of seawater. The Fyy flux may physically repre-
sent preformed properties that upwell through the
one-dimensional column directly into the cold sur-—
face and/or entrainment of properties by the
downwelling plume of bottom water formation [see
southam and Peterscn, this voiume]. The point is
that the PO, model is a calibration, The NO,; and
Cox models are produced from the PO, model cali-
bration by scaling the Fyp and Fyy fluxes with Red-
field ratios: Fg, PO, Fgy NOg: Fgy Cox = Fyus PO,
Fyuur NOat Fyy, Cox = 1:10:105,

Note that this Cgyx model contained the soft~
tissue pump only. The NO, model scales quite well
from PG,, but the Cupy with soft-tissue pump only
does not make the surface-to-deep difference shown
by the GEOSECS data of Figure 3¢, implying the
existence of a solubility pump if the Redfield
ratios are correct.
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