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Abstract

A record of carbon dioxide for the last 400,000 years revealed that atmospheric CO, decreased
from a pre-industrial concentration of 280 ppmV to approximately 200 ppmV during the last glacial
maximum (Petit et al., 1999). Several hypotheses as to why this happened have been suggested yet no
one explanation has been able to fully account for this decrease. Deep water is the main sink for carbon
in the ocean through the biological pump, where the organic matter and CaCO; shells of dead surface
biota sink. The stored carbon in the deep ocean is ‘aired’ in the southern polar ocean, where large
amounts of deep water are upwelled to the surface. Stephens and Keeling (2000) have proposed that if
the southern polar ocean was covered with ice during the last glacial maximum, this would have
prevented carbon stored in the deep ocean to be released into the atmosphere, thereby reducing the
concentration of atmospheric CO,. Stephens and Keeling (2000) created a six-box ocean to test this
hypothesis and were able to produce a 67 ppmV decrease of atmospheric CO, from the pre-industrial
concentration when only the gas exchange between the southern polar ocean and the atmosphere was
limited. Based on the Toggweiler and Sarmiento (1985) three-box ocean model, a four-box ocean model
that splits the Toggiweiler and Sarmiento polar ocean box in to a northern and southern component was
created. The four-box ocean model examined the sensitivity of atmospheric CO, to limitations in the air-
sea gas exchange for the southern polar ocean. The four-box ocean was able to produce seventy percent of
Stephens and Keeling’s decrease in atmospheric CO, when the air-sea gas exchange was limited in the
southern polar ocean. In addition, the four-box ocean model calculated carbon-14 concentrations in the
ocean, which provide a useful constraint on model results that was not presented in the Stephens and
Keeling model. The atmospheric carbon dioxide in the four box model was found to be more sensitive to
increasing biological productivity in the southern polar ocean than to the growth of the Antarctic ice
sheet.

Thesis Supervisor: Edward A. Boyle

Title: Professor of Marine Geochemistry



Table of Contents

L IDTOQUCHION ....eeveeie ettt ettt st et ete st s s st e be e e e se s e asenassaesassrannes 5
II. Background: Ocean Circulation, Antarctic Sea Ice and Atmospheric CO; ......... 6
III. Statement of the Problem.........cccceoviiviiriiniiniiiircccccecetree e 7
IV. MethodOlOy.....ccceeoieieiirirceiiiiicnirtscri ettt et et s s s saeseaeenes 7
V. Construction of the Four-Box Ocean Model ..........cccoceririrrirenneereernnrenineennens 8
1. Salinity and Temperature.........cccccocceveerueeierersiecnireececereesceeseeseeeenas 9
2. PhOSPhOTUS .....covuiiiiiiiiiietcectctcttec ettt se e 10
3. ALKANNIY.c..eeeieeieereerccieenen sttt eens s es e ssae e e e sse e st ssse e e anesnenaesnns 10
4. Total Carbon and Carbon DioXide .......c.ccocvereereerereeencnncennneniennns 11
5. Carbon-13 ...ttt st sn et 13
6. Carbon-14.......c.oomiiieerrte et 14
T OXYZONeiiiiieeireereecrtretee e sree e et ee st s sressessseassnaaessaassnaensasseansens 16
VI. Stephens and Keeling's Model and Results..........ccoccoeeenireiivnninnnnnenncienene 17
VII. Designation of Values for the Four-Box Ocean Model ..........ccccccoeevirnennnnnenn. 18
VIII. Results and DISCUSSION.........cccceerrmrrerrcernirnerieeeiieressreresresesenssresssaessaessanenne 21
Sensitivities: Atmospheric Carbon Dioxide..........cccceoveeienuenircncncrcnncnse. 22
Sensitivities: Deep Ocean Oxygen and 8"*C Concentrations..................... 23
Sensitivities: Carbon-14........c..ccooiiviriininiinrcierteree e 24
Other Methods to Reduce Atmospheric Carbon Dioxide......................... 26
IX. CONCIUSIONS....ccuereeeetinrirneieientre ettt ee ettt e s ta st e ressaeesseaesranseenaan 28
APPENAIX A ...ttt ceeeee et eee e eresrees et s see s sae s e st e sesnae s e e s st e s e s aeeneaenaneens 30
APPENAIX B ..ottt ne et s e e saa s aneene 31
APPENAIX C ..ottt ettt s st a s a e sas 32
WOTKS CIEA ....c.veeeereeeeiieetecetecertesestrsee et esn s st e sae s aesne st a s s asasessasnnsenesnaessesasesas 33



List of Figures and Tables

Figure 1: Record of temperature and carbon dioxide for the last 400,000 years....... 5

Figure 2: Toggweiler and Sarmiento three-box ocean model...........cccccceeercnccecnnen. 7

Figure 3: Four-box ocean model..........cocceeeieerneinoiiiiiiniiniineniceecneiceeecrenenene 8

Figure 4: Stephens and Keeling six-box model..........ccccceververnencinncniiinincreeccncene 17
Figure 5: Stephens and Keeling model sensitivities.........c.coceveeverrvrscecreneneneniennene. 18
Figure 6: Toggweiler and Sarmiento initial conditions...........cccoveeereerccererreereruenene 19
Figure 7: Four-box ocean model initial conditions.........c.cccceveevcrceerninceccnneeceenne 20
Figure 8: Sensitivity of four-box model to ocean overturning...........ccccveeeevveennnne. 20
Figure 9: Sensitivity of atmospheric CO; to piston Velocity .......c.coccevvvieviviccenreenne 22
Figure 10: Sensitivity of deep oxygen to piston veloCity.......ccoeeveveereeviercerrennnene 23
Figure 11: Sensitivity of Antarctic surface 3 °C to piston velocity.........co..cveeeee.... 23

Figure 12:

Figure 13:

Figure 14:

Figure 15:

Figure 15:

Sensitivity of absolute atmospheric and deep ocean A™C to piston

VEIOCILY «.eveeneieeceeecteeresee s steeeac e s e e et e sean e s s e e sateseesens e snesssesnsaasnanen 24
Sensitivity of deep water A*C and southern polar ocean A'C to piston

VEIOCILY ..eeeeeieeeeieceteereeietrectteee e es s e e e er e s e saessnesesaesaseesesanessneasenneeasnnaeen 25
Sensitivity of A'C age of the deep and warm surface ocean.................. 26

Four-box model sensitivity to increased biological productivity in the
SOUthErn POIAr OCLAN ........ceveveriiiirerinereeeertee s see e s re e e eaesaeeanans 27

Three-box model sensitivity to increased biological productivity in the polar
OCEAMN ..eeeeirrrirrieriierinrnesesassretereeseesassnerenesasessnansanasssnssmeeesassssssseessessans 28

Table 1: Comparison of observational data to four-box ocean model solution for the

modern pre-industrial 0Ccean .......occvvviiciiviinieniininin e 21



L. Introduction
One hundred years ago, the pre-industrial concentration of carbon dioxide in the

atmosphere was approximately 280 parts per million by volume (ppmV) (Petit et al,,
1999). About 18,000 years ago, at the last glacial maximum, the concentration of
atmospheric CO, was between 180 and 200 ppmV (Petit et al., 1999). The cause of this
80 ppmV decrease in atmospheric CO; has yet to be explained. Several hypotheses have
been suggested, yet no one explanation has been able to fully account for this decrease.
Sigman and Boyle (2000) have presented these different hypotheses in a review article.

Despite the differing hypotheses about the mechanism that caused atmospheric
CO; to decrease during the last glacial maximum, almost all hypotheses point to changes
in the behavior of the ocean as the cause. The ocean utilizes a 'biological pump' where
carbon is sequestered in the deep ocean through a particulate flux of carbon created by
the sinking of organic matter and CaCOjs shells from dead surface organisms (Sigman
and Boyle, 2000). The deepest layers of the ocean are responsible for large-scale CO,
regulation through these particulate fluxes of organic and carbonate particles from the
warm surface ocean to the deep (Siegenthaler and Wenk, 1984). Since the deep waters of
the ocean are exposed every 1000 years, the ocean serves as the largest of carbon
reservoirs and controls atmospheric CO, on time scales of less than 10° years

(Siegenthaler and Wenk, 1984).
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Figure 1: Record of temperature anomalies and carbon dioxide for the last
400,000 years. (Petit et al., 1999).



The measurements from Petit et al. have shown that there is a relationship
between changes in temperature and changes in atmospheric carbon dioxide for the last
400,000 years (Petit et al, 1999). Figure 1 shows this relationship between temperature
and CO,.

In addition figure 1 shows that CO, and temperature follow a cyclic pattern with a
period of 100,000 years. Temperature decreases every 100,000 years can be explained by
the Milankovich cycles and feedbacks associated with those cycles. However, since CO,
and temperature are closely related and COs is currently increasing due to biomass
burning and the burning of fossil fuels, it is important that we gain an understanding of

the factors controlling long-term atmospheric CO, concentrations.

II. Background: Ocean Circulation, Antarctic Sea Ice and Atmospheric CO;

Large-scale ocean circulation has been described as a 'conveyor-belt' pattern
(Broecker, 1991). In the north polar ocean, surface water becomes dense enough to sink
due to decreased temperature and increased salinity. As the denser water sinks, it is
replaced by pole-ward moving water rising from immediate depths (Broecker, 1991). The
dense North Atlantic Deep Water (NADW) moves southward along the ocean bottom,
where it upwells in the South Polar Ocean (Broecker, 1991). This upwelling in the
southern polar ocean is responsible for the airing of the deep waters of the ocean by
exposing large quantities of this water to the atmosphere (Broecker, 1991).

Stephens and Keeling (2000) suggest that if the southern polar ocean were
covered with sea ice during the last glacial maximum, it would have limited the amount
of CO; released from the deep ocean into the atmosphere thereby reducing the amount of
atmospheric CO, 'leaking' out of the biological pump. This investigation will focus on
testing this hypothesis via the construction of a four-box ocean model and will analyze
the effects of limiting air-sea gas exchange in the southern polar ocean. The results will
then be compared to Stephens and Keeling's result from their six-box ocean model. The
four-box ocean model will also extend Stephens and Keeling's calculations to look at the
sensitivity of carbon-14 to limiting gas exchange in the southern polar ocean. Carbon-14
can provide a useful constraint on model results due to its ability to provide relative ages

for different areas of the ocean.



III. Statement of the Problem

Develop a four-box model of the ocean and atmosphere to explore the sensitivities
of the following parameters to the growth of the Antarctic ice sheet as a mechanism to
explain the decrease of atmospheric CO, during the last glacial maximum:

1. Atmospheric carbon dioxide

2. High-latitude southern ocean surface water 8 *C concentration

3. Deep water O, concentration

4. A'™C concentration of the atmosphere, deep ocean and southern polar ocean

5. A™C age of the deep ocean and the warm surface ocean

IV. Methodology

A four-box ocean model was developed based on the Toggweiler and Sarmiento
three-box ocean model to test the hypothesis of Stephens and Keeling. The Toggweiler
and Sarmiento three-box ocean model combined the southern and northern polar oceans
into one box. However, when the piston velocity was reduced in the polar box to simulate
growth of the ice sheets, atmospheric CO, was not sensitive to these changes. Figure 2
shows the structure of the Toggweiler and Sarmiento three-box model. Open arrows
indicate water fluxes between each box, solid arrows indicate particulate fluxes from the
surface boxes to the deep ocean and dashed lines indicate gas fluxes when the ocean is

coupled with the atmosphere.

Box AT: Atmosphere

.
4

Box 1: Warm Surface Ocean Box 2: Polar Ocean

Box 3: Deep Ocean

Figure 2: Toggweiler and Sarmiento (1985) three-box ocean .Model



To circumvent the problem with the three-box model, a four-box ocean model
was created to separate the polar ocean into two boxes: a high-latitude northern ocean and
a high-latitude southern ocean. Figure 3 shows the divisions of the ocean into four boxes.
As in figure 2, open arrows indicate water fluxes between each box, solid arrows indicate
particulate fluxes from the surface boxes to the deep ocean and dashed lines indicate gas

fluxes when ocean is coupled with the atmosphere.

Box AT: Atmosphere

A R A
! . )
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Figure 3: Four-box ocean model

To simulate the growth of the Antarctic ice sheet, the air-sea gas exchange was
limited in the high-latitude southern ocean by decreasing the piston velocity. The
sensitivities of atmospheric carbon dioxide to varying amounts of gas exchange
limitations were explored. In addition, model sensitivity to air-sea gas exchange was also

tested for deep O, high latitude southern ocean & *C concentration and A™C.

V. Construction of the Four-Box Ocean Model

Through the equations and approach used in the Toggweiler and Sarmiento
(1985), Siegenthaler and Wenk (1984), and Knox and McElroy (1984) models, the four-
box ocean model calculates, in order, the following constituents listed below. The model

is designed such that each of the constituents is dependent on the constituents previously



solved for in the model. For example, carbon dioxide is dependent on salinity,
temperature, phosphorus and alkalinity. However, the solutions for carbon dioxide are
not dependent on the values for carbon-13, carbon-14, and oxygen. For each of these
constituents, an explanation of the methodology is described in further detail.

1. Salinity and Temperature
Phosphorus
Alkalinity
Total Carbon and Carbon Dioxide
Carbon-13
Carbon-14

Oxygen

A

1. Salinity and Temperature
The water fluxes between each box are defined and a flux of water is also

included that accounts for moisture flux from low latitudes which results in
precipitation at higher latitudes (Broecker, 1991). This additional flux allows for a
more realistic salinity distribution, where the high latitude ocean boxes are less salty
than the low latitude box. Using the water fluxes and mass balance, the salinity is
solved for using simultaneous equations that have been presented in matrix format, as
shown in equation (1). Since salinity is conservative, note that row three of the matrix

is a mass balance equation.

- (Qm + Q13 + Q12) Q21 Q31 Q41 N 1 0

Q12 - (Q21 + Q23 ) Q32 0 Sz _ 0 (l)
Vl VZ V3 V4 S3 S total
QH 0 Q34 - (Qu + Q43) S 4 0

A X b

where: O = flux of water from box a to box b
S. = concentration of salinity in box a
Stota1 = total amount of salt in the ocean
V. = volume of water in box a



A = water flux exchanges between the four boxes
x = concentration of salinity in each of the four boxes
b = fluxes not accounted for in the 4 matrix

x=A"p

Since water fluxes in and out of each box are defined, temperature is merely assigned

in this portion of the model and is not a parameter that is solved for. These temperature

values will be used later in the model when the ocean is coupled with an atmosphere and

gas solubility is calculated.

2. Phosphorus

Since the observational values are better known for phosphorus than for

particulate fluxes, the concentrations of phosphorus in the surface boxes are assigned

and the particulate flux of phosphorus from the surface boxes to the deep ocean is

solved for using mass conservation and simultaneous equations. The 4 matrix

contains the same fluxes used to solve for salinity. However, since there are now

particulate fluxes in addition to the water fluxes, the b matrix no longer contains

zeroes and these particulate fluxes have been placed there. Equation (2) illustrates

these equations. Since phosphorus is also conserved, row three of the matrices is a

mass balance equation.

- (Q14 + le + le ) Q21 Q31

O, Oy +0n) O

v v,

O 0 o
A

Qu
0

Vy

Pl PFPU
| PP | o
Bl | P

total

w

—(@n +9s) | P, PFpy

X b

where: P, = concentration of phosphorus in box a
Piora1= total amount of phosphorus in the ocean
PFp,3 = particulate flux of phosphorus from box a to box 3

b= Ax

3. Alkalinity

The total alkalinity and normalized alkalinity is calculated as well as the
particulate flux of alkalinity to the deep ocean using the Redfield ratio of alkalinity to

10



phosphorus suggested in the Toggweiler and Sarmiento model. The concentration of
alkalinity is solved for using the same technique as salinity. Equation (3) presents

these equations.

- (Q14 + Q13 + le) Q21 Q31 Q41 AL1 PFAL13

Qn —(QZI + st) Q32 0 ALz - PFALB (3)
Vl VZ V3 V4 AL3 ALlotaI
Q14 0 Q34 - (Q41 +Q43) AL4 PF, AL43

A X b

where: AL, = concentration of phosphorus in box a
AL = total amount of phosphorus in the ocean
PF 41,3 = particulate flux of phosphorus from box a to box 3
= (PFpa3)(RedfieldRatio 41,)
x=4"b

The normalized alkalinity was calculated using equation (4):

g o 35X AL,

4

Since variations in alkalinity are mainly due to changes in salinity, calculating the
normalized alkalinity provides a way to confirm that the model calculations for alkalinity
are consistent with the solutions for salinity in each box (Chester, 1990).

4. Total Carbon and Carbon Dioxide
Carbon dioxide is transported through the atmosphere, so the four-box ocean
model is now coupled with an atmosphere. Furthermore, since carbon dioxide is not
related to alkalinity by a linear relationship, iteration must be used to solve for the
concentration of total inorganic carbon in the ocean based on the solubility of carbon
dioxide and the gas fluxes between the surface boxes and the atmosphere (Toggweiler
and Sarmiento, 1985). The iteration process guesses the concentration of carbon

dioxide in the atmosphere based on the gas fluxes in and out of each surface box and
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continues until a solution converges. Since the gas fluxes are dependent on the
concentration of carbon dioxide in the atmosphere and the solubility of carbon dioxide
in the surface ocean boxes (which is, in turn, dependent on temperature), the following
calculations are performed in each iteration until a solution converges:
1. Initial gas fluxes for each surface box are chosen. Total inorganic carbon in
each of the surface boxes is solved for through equation (5). Carbon is

conservative, so a mass balance equation is used in row three of the matrices.

- (Q14 + Q|3 + sz) Q?_l Q31 Q4l ZCOZI PFCU + GP;
Q12 - (sz + Qz3) Q32 0 2C022 - PFC23 + GFz (5)
4 Vs 2 v, ZCO,, Croa —(PCO, R VAT,m,)
Q14 0 Q34 - (Q41 + Q43) 2C024 PF, cast GF;
A x b

where: 2CO,, = concentration of inorganic carbon in box a

Ciota1 = total amount of carbon in the ocean
PFpy3 = particulate flux of carbon from box a to box 3
GF, = gas flux between box a and the atmosphere
pCO; a1 = concentration of CO, in the atmosphere
Vatwom = total volume of the atmosphere
x=A"b

NOTE: The carbon particulate flux was calculated using the Redfield Ratio for

organic carbon to phosphorus as suggested in the Toggweiler and Sarmiento
(1985) model. The Redfield ratio of total inorganic carbon was then calculated

from equation (6):

AL
RR;co, = RR poncc +[ 2”) (6)

2. The program guesses a value for atmospheric carbon dioxide.

3. Gas fluxes for each surface box are calculated using the formula (Pilson, 1998):

GF, = Area,x PV, x(CO, —(pCO,_xa,)) (7)

12



where: PV, = piston velocity for box a
CO; = concentration of dissolved CO2 in box a
 , = equilibrium constant of solubility for box a

4. The midpoint of the initial gas flux and the calculated gas flux for each box is

calculated.
5. The midpoint of each surface flux is used to determine the new gas flux that

will be input back into Step 1. Since the difference between the initial gas
fluxes and the calculated fluxes can be very large, the new gas flux values
inserted into Step 1 for the next iteration are changed by only 10% of the
midpoint to insure a smooth convergence. Equation (8) illustrates this

calculation:
NewGasFlux, = (0.1 X Midpta)+ (0.9 X VaIuefromStepla) ¢)

6. The iteration process continues until the calculated midpoint between each of

the gas fluxes is less than 0.0001.

5. Carbon-13
Since the gas flux of carbon dioxide is calculated through the iteration process, it

is possible to derive the fraction of total inorganic carbon and carbon dioxide that is

carbon-13. The gas fluxes in and out of the atmosphere for each box are than
calculated using equations (9) and (10):

Flux out of the atmosphere into box a (Broecker and Peng, 1982):

GF,q, = Area, x (KineticEﬁctBC xPVa)x a, (9

Flux into atmosphere from box a (Broecker and Peng, 1982):

GF,,; = Area, x (KineticEﬁ%'ct]3C X PVa)x frac,_ (@ (10)

where: KineticEffect)sc = effect due to isotopic substitution
fracizcg = fraction of dissolved CO, which is *CO,
a , = equilibrium constant of solubility for box a

13



Then, T CO, is solved for using equation (11), with the atmosphere now being treated

as an additional box.
A X
r P 13 T
(G4 + O3 + Oy + Ghyr) On O On Gy | 2 3CO21
1
On =(Oy + Oy +GFyyur) O On GFyr, | 2°COy,
13
O O (G5 + Q5 +O3) Oss 0 2°C0,,
13
O 0 Oy ~(Qn +Qy +GFyur) GFypy | 27C0y
L h ) £ Vs Var ~prCOzA“
i PFnC ]
PFBC::
=17 PFnC“ PFUCZJ PFISC" (1 l)
FUC-ﬂ
| Cto:al ]
b

where: £”CO, , = concentration of inorganic carbon in box a
53 C\o1= total amount of carbon-13 in the ocean
PF 3¢ 3 = particulate flux of carbon-13 from box a to box 3
GFy, = gas flux between box a and box b
p">CO; At = concentration of ’CO, in the atmosphere
A = water fluxes and gas fluxes between boxes
x = concentration of =" CO, , in each box
b = additional fluxes not included in A
x=4"

8 1*C was also calculated using equation (12) (Broecker and Peng, 1982):

(13c11zc)S ample
(13¢ mC)Standard

sC =[ —1}x1000 (12)

6. Carbon-14
Carbon-14 is solved for in much of the same way as the carbon-13 portion of

the model. However, carbon-14 is not conservative. Cosmic rays produce carbon-14
and then the carbon-14 is transported through the atmosphere and into the ocean. In
addition to production, carbon-14 is also decaying as it is circulated through the ocean

and is therefore able to provide an age constraint to the model. Decay and production

14



of carbon-14 are treated as an additional flux out of the atmosphere and ocean and are
included in the 4 matrix in equation (14). This additional flux, which is the amount of
carbon-14 that is not transported and decays in each box is given by equation (13):

D, = A, xV, (13)

a

where: Aisc = decay constant for carbon-14

Gas fluxes are calculated from equations (9) and (10) using the kinetic effect (KE4)

and the solubility constants (a 14) for carbon-14.

A
~(Qi4 +O13 +Gi2 + GRar + D) O 0s) On GFan
o ~(Qq1+ Q23 +GFaar + D7) On ) GFa12
o on —(O52 + Q31 +O34 + D3) O1 0
Qi 0 O —(O41 + Q43 +GFaar +Dg) GFar4
GRar Glyur 0 GFyar —(GF 1y +GFar2 +GF T4 + DAT)
14
F,
Z7C0y, P, e,
scoy, PFuc,
14 ~ _ -
ZCOy; |= PF o PF, e, PF, ue, | (14
El4c024 PFMC‘}
pMCOz i 14Cprvz)duction
b

X

where: £"CO,, = concentration of inorganic carbon in box a

4 o = total amount of carbon-14 in the ocean
PFuc 23 = particulate flux of carbon-14 from box a to box 3

D, = amount of **C that has decayed in box a
p"CO; At = concentration of '*CO; in the atmosphere

x=47b
§4C and A™C are also calculated using equation (15) and (16) (Broecker and Peng,

1982):

(vcrc) _(#crc)
§C = S‘(‘“‘Plj Standard \ ;000 (15)
¢/¢)Standard

A*C = 4C -2{s7C +25)x(1+8MC)  (16)
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7. Oxygen

To explore the effects of limiting air-sea gas exchange on deep ocean O,
concentrations, this portion of the model is also coupled with an atmosphere by
calculating the solubility of oxygen in seawater and the piston velocity for oxygen and
then solving for the concentration of oxygen in each box. Oxygen is also conserved.
However, since the reservoir of oxygen in the atmosphere so large, the concentration of
oxygen in the atmosphere can be considered constant. Oxygen is solved for in equation
(17). The Redfield ratio of oxygen to phosphorus used in equation (17) to calculate the
particulate flux of oxygen is the value suggested by Broecker (1985). Gas fluxes are
calculated from equations (9) and (10) but using the piston velocity and solubilities for

oxygen:
A X
—(Ou + O3 + 01y +GF 1) 01 05 On 0y,
O, = (O +Ox +GFyyr) On 0 0,,
O O = (s + O +0x) On 0,4
O 0 Oy = Qa1 + Qa3 + GFyy7) || Ory
= PFy;3 — GFypy

~ (PFo13 + PFpy + PFpy3)
= PFyy3 + GFyp4

)

b

where: O,, = concentration of oxygen in box a
! C 1= total amount of carbon-14 in the ocean
PF, a3 = particulate flux of oxygen from box a to box 3
x=A"b

16



VL Stephens and Keeling's Model and Results

Stephens and Keeling suggest that almost of all of the 80 ppmV decrease of
atmospheric CO, during that last glacial period was due to the growth of sea ice in the
high-latitude southern ocean which limited air-sea gas exchange and thus prevented the
deep ocean "airing’ of CO; (Stephens and Keeling, 2000). Furthermore, Stephens and
Keeling (2000) hypothesize that decreasing air-sea gas exchange also produces values for
deep oxygen and Antarctic surface 5 C which correspond to observational data during
the last glacial period. They constructed a six-box ocean model coupled with an
atmosphere to illustrate this hypothesis using the assumptions that there were no changes
in nutrient concentrations and utilization during the last glacial period and that deep
waters only return to the surface in the high-latitude southern ocean (Stephens and
Keeling, 2000). Stephens and Keeling's (2000) model construction is presented in figure

4 with their solution for pre-industrial conditions in the ocean and atmosphere.

Atm | COp= 282 519C= -6.5
0.41 A 0.49 A 0.34 Y/ 0.70 A 125V
om — VWA 325 WWWAA - 307 275 286 257
._B_] ;.ﬁ_l T=1.0 N ﬁ\_l .§J T=20 TA= 2296
T=09 Sa34.5 g | =55 S=1353 0,= 226
- PO,=2.0 S=34.9 . 2=
S=u8 ICO,= 2199 PO=0.7 PO,=0 §13C=09
PO=22 || 7a=2380 £CO,= 2118 ZCO,= 1962 ¢
200m — IC0,= 2205 | | 0,= 339 TA= 2343 Y sowAso <
TA= 2376 5'3C= 0.6 0p= 305
250 m — Og= 337 y % g | 5%C=15 T=2.0 ICO,=2096 0O,=329
500m — 813C=04 | 25 Fa= o5 —T S=350  TA=2303 313C=0.8 151
1000 — § PO4= 0.7 3
Fy 7 g > 25 § §
15
8
o] L v v v
025 050 1218 1COm=2274 gtec--03 038 067
S=348  TA=2376 COy2=82.5
15 PO,=22 O,= 191 17
4000 m —
| | | | I
90°S Antarctic Antarctic Subtropical ~50°N 80°N

Divergence Polar Front Front, ~45°S

Figure 4: Six-box ocean model developed by Stephens and Keeling and their solutions for a pre-
industrial ocean and atmosphere. Box S represents the warm surface ocean, box T is the main
thermocline box, box SA represent the southern sub-Antarctic surface ocean, and box D represents the
deep ocean. F, is the fraction of northward-flowing water that is exposed to the surface or carried to the
deep ocean. Carbon fluxes are in Gt C/yr, concentrations are in ymol’kg except 813C, which is
measured in per mil, temperature is measured in °C, and salinity in psu. Note that box S does not
communicate directly with box S4, 4, or B. In addition, there is no upwelling of deep water except to

boxes B and A4 (from Stephens and Keeling, 2000).
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Using their six-box ocean model, Stephens and Keeling (2000) were able to
produce a decrease of 67 ppmV of atmospheric CO,. They attribute 92% of this decrease
to the reduction of gas exchange in the high-latitude southern ocean and 1.8% of the
decrease to an increase in the deep ocean inorganic carbon concentration (Stephens and
Keeling, 2000). Stephens and Keeling also found that deep O; is not sensitive to these
air-sea limitations except when sea ice coverage is very large (2000). Their sensitivities
of Antarctic surface 8 >C, deep O, and atmospheric CO; to limitations in the gas
exchange are shown in figure 5.
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Figure 5: Sensitivities of Stephens and Keeling's six-box ocean model to sea ice
coverage in the high-latitude polar ocean. The dotted line on the left represents
Stephens and Keeling's estimate for southern ocean ice coverage at the last glacial
maximum. The dotted line on the right denotes their pre-industrial values before
sea ice coverage was increased (from Stephens and Keeling, 2000).

VII. Designation of Values for Four-Box Ocean Model

As a first effort to test Stephens and Keeling's hypothesis, the values used in their
model were translated to the four-box ocean model. However, their model had been
designed in such a way that the high-latitude northern ocean box communicates with the
high-latitude southern ocean box independent of the low-latitude surface box. The four-
box ocean model cannot account for this behavior and thus yielded unreasonable results.
Furthermore, Stephens and Keeling's (2000) model was also designed to test the

sensitivity of their model to northward flowing Antarctic surface waters as it forms deep
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water or continues along the surface. Therefore, the values used in their model design
were not easily transferable to the four-box ocean model.

Values were then assigned to the four-box ocean model based on the Toggweiler
and Sarmiento three-box model but in the ‘spirit’ of Stephens and Keeling, where low-
latitude upwelling from deep water is minimized. Appendix A lists the values for the
constants used in the model. The Toggweiler and Sarmiento (1985) three-box model
defines a water flux, 7, which describes the 'conveyor belt' flux, and water fluxes which
exchange between each box. Figure 6 shows Toggweiler and Sarmiento’s water flux

values for a pre-industrial ocean with 7= 19 Sv.
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Figure 6: Water flux values used by Toggweiler and Sarmiento in their three-
box model of the ocean. Wavy arrows indicate particulate fluxes to the deep
ocean. Solid straight arrows represent 7, the 'conveyor' flux, and curved arrows
indicate the net water flux exchange between the two boxes, excluding T. All
water fluxes are in Sv. (Toggweiler and Sarmiento, 1985)

For the three-box model's pre-industrial solution shown in figure 6, a 'conveyor
belt’ flux of 19 Sv was used. For the four-box ocean model, a slightly lower conveyor
flux was used to produce a solution for the modern pre-industrial ocean. The exchange
fluxes from Toggweiler and Sarmiento's polar box were split into the northern and
southern polar ocean for the four-box model under the assumption that the net water
fluxes between the deep ocean and each of the polar boxes would each equal 14 Sv. In
addition, Stephens and Keeling's assumption that the amount of upwelling from the deep
ocean to the warm surface ocean is minimal was utilized by allowing no net flux of water

between those two boxes in the four-box ocean model. Figure 7 shows the fluxes and
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initial conditions used to calculate the four-box model solution for the modern pre-

industrial ocean.
5 N
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s Phosphorus = (0.2 c Phosphorus = 0.69
§ 1 7
% " t 1 f 1
53 Sv 1 n 3
v v v
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Figure 7: Water fluxes used to calculate the solution for the modern pre-industrial ocean.
A conveyor flux of 14 Sv was used. The larger numbers in the right corner of each box
denotes the box number. Box 1 is the warm surface ocean, Box 2 is the northern polar
ocean, Box 3 is the deep ocean and Box 4 is the southern polar ocean. Solid arrows
indicate the particulate flux of carbon. Note that the net flux between Box 4 and Box 3 as
well as between Box 2 and Box 3 equals 14 Sv. The atmospheric CO, concentration for

these conditions is 275 ppmV

As a check to make sure the four-box ocean behaved correctly in response to
changes in the rate of ocean overturning, the sensitivity of atmospheric CO, and the

carbon-14 age of the deep ocean to the speed of the 'conveyor belt' were tested. The

results are shown in figure 8.
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Figure 8: Sensitivity of atmospheric CO, and A'*C age of the deep ocean to changes in the
overturning rate. As expected, when the overturning increases, the residence time of deep
water decreases. As overturning increases, the ocean also becomes a more efficient sink

for CO, and decreases its concentration in the atmosphere.
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Appendix B shows the steady-state solutions of the four-box ocean model for the
modern pre-industrial ocean; these solutions agree well with observational data. Table 1
is a comparison of observational data to the four-box model prediction of a pre-industrial
ocean. Table 1 was constructed as another verification that the model was behaving
correctly. Although the purpose of this study was to observe the qualitative behavior of
atmospheric CO,, model output was compared with observational data to ensure the

sensitivity tests would produce reasonable values.

Table 1: Comparison of observation data to the four-box ocean model for the modern pre-industrial ocean.

Parameter Observational | Four-Box Ocean Reference
Value Model Output
Southern Polar Ocean A”’C -158 %o -160 %o Broecker, Virgilio, and Peng (1991)
Northern Polar Ocean A™*C -68 %o -54 %o Broecker, Virgilio, and Peng (1991)
Atmospheric A*C 0 %o 30.55 %o Broecker and Peng (1982)
Deep Ocean A*C -141 %o -141 %o Toggweiler and Sarmiento (1985)
Atmospheric CO, 280 ppmV 275 ppmV Petit et al. (1999)
Deep O, 195 ymol/’kg 191 ymol/kg GEOSECS
Atmospheric § °C -6.5 %o -6.07 %o Toggweiler and Sarmiento (1985)
Southern Polar Ocean §°C 0.6 %o 0.6 %o Toggweiler and Sarmiento (1985)

VIII. Results and Discussion

Just as in the Stephens and Keeling study, the sensitivities of atmospheric carbon
dioxide deep water O, concentration and high-latitude southern ocean surface water & °C
concentration to the effect of increasing Antarctic sea ice coverage were tested. In
addition to Stephens and Keeling’s results, the sensitivities of A'*C concentrations for the
atmosphere, deep ocean and southern polar ocean were examined as well as the A'C
ages of the deep ocean and warm surface ocean.

The growth of the Antarctic ice sheet was simulated by reducing the piston
velocity to see if Stephens and Keeling's results were reproducible using the four-box
ocean model. For each of the four-box model runs, the carbonate ion was kept constant
at 77 pmol/kg by dissolving or precipitating CaCOjs to insure that the oceanic CaCO;
budget is kept in balance. Figures 9 through 14 show the sensitivities of these parameters

to the growth of Antarctic sea in the southern polar ocean.

21




Sensitivities: Atmospheric Carbon Dioxide

As shown in figure 9, reducing the piston velocity to zero in the southern polar
ocean (which is equivalent to total ice coverage over this area), was not able to produce
the large decrease in atmospheric CO, that was shown by Stephens and Keeling's model.
The sensitivity of atmospheric CO2 to the piston velocity was significant only in the
extreme case, when the ice sheet would have completely covered the southern polar
ocean. Stephens and Keeling's sensitivities also show this type of behavior, however,
their sensitivities are plotted on a log scale which exaggerates the actual sensitivity of
atmospheric CO2 to increases in ice sheet growth. Furthermore, the surface area of
southern polar ocean in the four-box ocean model is much greater than the surface area
used by Stephens and Keeling, so the expected decrease of atmospheric CO, for the four-
box model should be greater than the decrease produced by the Stephens and Keeling
model. The observed glacial values and Stephens and Keeling’s glacial values, with the
exception of CO,, best agree with the four-box model when the piston velocity is reduced

to zero. Appendix C contains the steady-state solution for this glacial ocean scenario.
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Figure 9: Sensitivity of Atmospheric CO,
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Sensitivities: Deep Ocean Oxygen and & BC Concentration

The sensitivity of deep oxygen for the four-box ocean model behaved similarly to
Stephens and Keeling's model. Deep oxygen was not sensitive to limitations in air-sea
gas exchange in the southern polar ocean until there was approximately 90% ice
coverage. However, the quantitative amount of deep oxygen was lower for the four-box
ocean model than for the Stephens and Keeling model. The southern polar surface & °C
values for the four-box ocean model did not agree with the Stephens and Keeling values.
In the four-box ocean model, 8 *C increased with the decrease of gas exchange. This
difference is due to the fact that Stephens and Keeling included an input of 500 gigatons
of terrestrial carbon (Stephens and Keeling, 2000). Figures 10 and 11 show the

sensitivities of deep O, and & °C.
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Figure 11: Sensitivity of Antarctic Surface 8 °C

23



Sensitivities: Carbon-14

The atmospheric A'*C values were also comparable to observational data. The
absolute atmospheric A'C concentration was approximately 100 per mil during the last
glacial period (Broecker, 1995). From figure 12, when the air-sea gas exchange was
decreased to zero in the southern ocean surface box, the A**C value of the four-box
model was 115.29 per mille. Also from figure 12, the difference between the A'*C
concentration of the deep and the atmosphere is increasing as the ice sheet grows. As the

deep ocean continues to be cut off from the atmosphere, the difference would become

larger.
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Figure 12: Sensitivity of absolute atmospheric and deep ocean A'C concentration

Of particular interest is the behavior of A'*C in the southern polar ocean with
respect to the A'*C concentration of the deep ocean. For the pre-industrial solution, the
A™C in the southern and deep ocean is significantly less than (approximately one-half)
that of the A'*C found in the warm surface ocean and the northern polar ocean. Because
input of carbon-14 into the ocean only occurs through interaction with the atmosphere,
sequestered deep ocean water contains the Jowest A'*C concentration (Broecker et al.,
1990). As this water upwells into the southern ocean, the amount of A™C slightly
increases in the southern polar ocean due to the airing of the deep water with the
atmosphere (Broecker et al., 1990).

In the best-guess glacial solution, when the southern polar ocean has been entirely

cut off from interaction with the atmosphere, the A'*C concentration of the southern polar

24



ocean decreases further. The difference between the A'*C concentration of the deep
ocean and the southern polar ocean decreases as upwelled deep water in the southern
polar ocean sinks again to become Antarctic Bottom Water (AABW) with no interaction
with the atmosphere. This already carbon-14 deficient AABW water is then mixed with
the deep ocean.

Figure 13 shows this decrease in the concentration of A'*C value for the southern
polar ocean as the piston velocity is reduced. Note that the concentrations of A™*C in the
southern polar ocean and the deep ocean appear to be converging. When there is less gas
exchange allowed in the southern polar ocean, it should behave as the deep ocean does.
With no additional input of carbon-14 from the atmosphere and continued upwelling of
lower A'*C from the deep ocean, the A'*C concentration of the two boxes should appear

to agree as the gas exchange becomes more limited in the southern polar ocean.
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Figure 13: Sensitivity of southern polar and deep ocean AMC
concentration. Note that the A'*C of deep water is not sensitive to
changes in the piston velocity. In addition, the A'*C concentrations
appear to be converging.

By limiting the input of carbon-14 from the atmosphere into the southern polar
ocean, the A'*C age of the deep water would also ‘appear’ older than for the pre-
industrial solution. Figure 14 shows the increase in age of the deep water as the piston
velocity is decreased. Figure 14 also shows the difference between the age of warm
surface water and the age of the deep water as air-sea gas exchange is limited. As the

deep ocean is prevented from interacting with the atmosphere, there is no additional input
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of carbon-14 and A'*C further decreases. However, the warm surface ocean is still able
to interact with the atmosphere and the difference between the age of the deep ocean and

the age of the warm surface ocean becomes greater.
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Figure 14: Sensitivity of A'C age of the deep and warm surface ocean.

Other Methods to Reduce Atmospheric Carbon Dioxide

Since reducing the piston velocity in the four-box ocean model was not sensitive
enough to produce large decreases in atmospheric CO,, another hypothesis for the
decrease of atmospheric CO, was tested using the four-box ocean model. As the gas
exchange in the southern ocean was limited, dissolved CO; would have increased
(Broecker and Peng, 1982). Increased CO; in the southern polar ocean would have
increased biological productivity in the southern ocean and the phosphorus concentration
in the southern ocean surface box would have decreased.

This hypothesis was tested using the four-box and three-box ocean models to see if
they produced the same results as limiting the gas exchange in the southern polar ocean.
Increased biological productivity was simulated by reducing the phosphorus
concentration in the southern ocean polar box and polar box. To compare the three-box
and four-box model results, the average preformed phosphate of the northern and

southern polar oceans was calculated for the four-box ocean model using equation (18).
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360-[0, |

Average Preformed Phosphate = ([2,]+[P,]) - (18)

02

where, P, = phosphorus concentration in box a
0,3 = concentration of oxygen in the deep ocean
RRo; = Redfield ratio of P:0O,

For the four-box ocean model, when the phosphorus concentration was decreased
in the southern ocean without limiting the air-sea gas exchange, atmospheric CO; also
decreased. For a decrease of about one-third of the pre-industrial concentration of
phosphorus in the southern polar ocean, the four-box ocean model produced an
atmospheric CO; concentration of 210 ppmV. Figure 15 presents the sensitivities of
atmospheric CO; to biological productivity in the southern ocean. Figure 16 presents the
sensitivity of atmospheric CO; to changes in the polar phosphorus concentration using
the Toggweiler and Sarmiento model. For both the three- and four-box models,
increasing biological productivity in the polar ocean is a more effective means to reduce

atmospheric CO, than limiting the air-sea gas exchange.
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Figure 15: Sensitivity of atmospheric CO2 to increasing biological
productivity in the southern polar ocean using the four-box ocean model.
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Figure 16: Sensitivity of atmospheric CO, to increasing biological
productivity in the southern polar ocean using the three-box ocean model.

IX. Conclusions

The four-box ocean model was not sensitive enough to the growth of ice to produce
the large decrease in atmospheric CO; that was shown in Stephens and Keeling's model.
Both the six- and four-box models only showed a high-degree of sensitivity to the growth
of the ice sheet when the coverage is very large. Carbon-14 was also calculated for the
four-box ocean model, which was not examined in the six-box ocean model. The best-
guess glacial condition for four-box ocean model, when only the piston velocity was
changed, would be the case where the air-sea gas exchange was zero, or where there was
total ice coverage, in the southern polar box. This steady-state solution is shown in
Appendix C. In this case, the behavior is consistent with observational data, particularly
for carbon-14, which was not calculated in the six-box ocean model. However, it may be
unrealistic to assume that air-sea gas exchange in the southern ocean was zero during the
last glacial period and, if that were the case, the sensitivity of atmospheric CO,
concentration is still not as large when compared to the behavior of observed
concentrations of atmospheric CO;, during the last glacial period.

These results indicate that solely limiting gas exchange in the southern polar ocean
due to ice coverage may not fully explain the reason that atmospheric CO, decreased

during the last glacial period. Other mechanisms need to be explored in conjunction with
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the growth of sea ice such as the lowering of phosphorus in the southern polar ocean,
whose behavior indicates that atmospheric CO, concentrations in the four-box and three-
box ocean models are more sensitive to changes in biological productivity than ice sheet

growth.
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Appendix A. Table of Constants Used in Four-Box Model f

Constant Value Units
Total Mass of the Ocean 1.29 x 107 kg
Total Area of the Ocean 3.45x 10" m”
Mole Volume of the 1.80 x 107 mol
Atmosphere
Total Salinity in the Ocean 4.48 x 107 psu
Total Phosphorus in the Ocean 2.70 x 10" jmol
Total Alkalinity in the Ocean 3.06 x 10° 1eq
Total Carbon in the Ocean 2.96 x 10% ymol
Total Carbon-13 in the Ocean 3.0x 107 jmol
Kinetic Effect of Carbon-13 09988 | = -
Kinetic Effect of Carbon-14 09976 | @ -
Production of Carbon-14 by 374.5 mol y”'
Cosmic Rays
BC/PC Ratio 1.42x 107 ————-
“C/™C Ratio 1.18 x 1077 -
Piston Velocity for Carbon 1080 myr’
Piston Velocity for Oxygen * 1108 myr!
Redfield Ratio of Alk:P 50 jmol mmol”
Redfield Ratio of Organic C:P 137.5 ymol ymol”
Redfield Ratio of O,:P' -175 ymol ymol™

*Values of constants are from the Toggwieler and Sarmiento (1985) model, unless otherwise noted.

*Broecker and Peng, 1982
" Broecker et al., 1985
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Appendix B. Four-Box Ocean Model Solution for a Modern Pre-industrial Ocean

Box 1: Warm Surface Ocean | Box 2 Horth Polar Ocean | Box 3: Deep Ocean | Box 4 South Polar Ocean | Atmosphere|  Units
Waler flux from Box 1 o — 18 1 4 Sy
Waler fiux from Box 2to B — A — — Sv
Water flux from Box 310 1 T e 67 _ Sy
Water fiux from Box 4 to 19 —_ 53 — —_ Sy
Tropical Flux from Box 1 o — 1 — 1 —_ Sy
Temperature 2 25 2 25 — C
Salnty 3744 35.33 k) W3R —
Phosphorus 02 059 21 17 —_ umobg
Phosph. Part. Fiux to Box 3 0.004 0000 | e 0026 —_ molin‘Ar
Akainy 6T 2349 2%7 1% — vegky
Normaized Akaindy 2308 37 2391 2385 — | moln’Ar
Ak, Part. i to Box 3 0182 0.001 e 0406 — | mo'Ar
Carbon 2081 AB 258 2161 — umolkg
Normalzed Carbon 1945 N4 281 204 — umolkg
Carbon Part. Fluxto Box 3 0581 000 | - 347 — | molinhr
’0, m 26 — 03 275 ppmy
Piston Yelocly 1080 1080 - 1080 — miyr
% Chng in Piston Velocly 0 0 — 0 — -
Carbonte lon CO3° B4 164 n 134 —_ molikg
00, 284 LK B8 473 — umolkg
ic 224 187 058 152 508 | permile
p 0, 315 2 e 343 313 ppmY
(O, Part, Fhxto Box 3 0.007 0.000 e 0.036 — molm*Ar
0, 258 25 2% 23 — fmolkg
R %13 419 44034 11348 10 | permie
p'‘c0, 034 028 o 03 036 fmolimol
A'C 073 S48 48544 46052 035 | permie
i age 508 il 1855 1704 986 years
'O, Part. Fxto Box 3 16881 080 | 7982 —_ molkg
0, m K?7) 181 K?7] —_ umotkg
0,Part. Flux to Box 3 -054 1 N (e 452 —_— mobin’Ar
0,Piston Velocy 1104 Ho | e 1104 — miyy
SNOTE Ths s NOT the age of mosphere, s is e resdence e of deep wter i he ocean. Fo pre st condibions, the vebe shoud be approx. 1000 years.
Constarts Vahe ] RedfeldRatiofor Box { Box? | Boxd
% Chng in fotai Phosphorus| 0 B Akaindy 50 4 4
Total Phosphorus of Ocesn| 27642 umol Organic CO; 1375 12 121
Ca003 Adustment 0 %0, 1625 123 13
Total Akalnky of Ocean 306E+24 umol 0, 183 13 13
Organic Carbon Adiustmert 0 , 0. 018 012 042
Total Carbon in Ocean 2B1E+2 umol 0. 75 475 475
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Appendix C. Four-Box Ocean Model Best-Guess Solutions for a Glacial Ocean by
Limiting the Air-Sea Gas Exchange for the Southern Polar Ocean.

Box 1: Warm Surface Ocean | Box 2 Horth Poar Ocean | Box ; Deep Ocean | Box 4 South Polas Ocean |Atmosphere | Units
Water fiux from Box 1 10 - 19 1 4 Sy
Wiater fux from Box 210 8 [ 2 — — Sy
Waler fux from Box 310 1 7 — &7 — Sy
Wiater fiux from Box 4 o 18 — 53 — — Sy
Tropical Flux from Box 1 to — 1 B 1 — Sy
Temperdure 20 25 2 25 — ke
Sainky 744 3353 B4 W3R —
Phosphorus 02 088 2 17 — umolikg
Phasph, Part, Fux to Box 3 0.004 0.000 — 00% — molin’hyr
Akaliny U75 2357 75 7346 — uegky
Normaized Aksiniy 214 235 2% yi:s) — molim Ayt
Ak Part. Fhoxto Box 3 0182 0.001 — 0106 — | moli'yr
Carbon 2045 2081 268 2185 — ymolig
Normalized Carbon 1912 272 28 yor.] — moliky
Carbon Part. Fuxto Box 3 0591 0020 — 3247 — molin’hyr
00, m 192 — 7 27 pomy
Piston Velocky 1080 1080 — 0 — myr
% Chng in Piston Yelocty 0 0 —_ 4 — .
Carbonate lon CO3° N2 190 n 124 — mobky
00, 549 2400 %% 2505 — umoki
R 502 440 231 29 285 | permie
pC0, 265 248 — 38 258 pomy
"C0, Part. Flux to Box 3 0.007 0.000 — 00% — | molmhr
0, 265 282 235 28 — fmolkg
§'c 5t B54 A42% 43088 166.37 | permile
pco, 030 024 —_ 035 032 fmolimol
A'c 128 282 A87 17942 11438 | permie
“Cae 95 188 22 2601 1613¢ years
“C0,Part. Fuxto Box 3 168.31 050 — 7968 — molkg
0, m k7)) 7 9 —_— umolg
0, Part. Fux o Box 3 054 003 — 462 — molin’iyr
0;Piston Velocty 1104 104 — 0 — miyr
HNOTE: This is NOT the age of atmosphere; this is the residence time of deep weter in the ocean. For pre-industrial condtions, the value should be approx. 1000 years.
Congtaris Yake Redfieid Ratio for Box 1 Box2 Box 4
% Chng in fotel Phosphorus 0 , Akainly 5 4 4
Totsl Phasphorus of Ocean 27E+2 umal Qrganic CO, 1375 121 12
CaCO3 Adustment 4 %0, 1625 13 13
Totel Akalinky of Ocesn 307034E+24 umol 0, 153 137 137
Organic Carbon Adustment 0 , 0, 0.16 012 012
Tokal Carbon in Ocean 2.961E+24 ymol 0, 475 475 475
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