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1. Introduction

Over the last 200 years a number of greenhouse gases (e.g.,
CO,, CH,; N;O, chlorofluorocarbons (CFCs)) have been
increasing in the atmosphet&hese gases adsorb infrared
energy radiated from the earth, which results in an increase
in the temperature of the troposphere. At the present time,
the most important greenhouse gas is,CThe continued
burning of fossil fuels has and will continue to increase the
CQ;in the atmosphere. It is quite clear from the pioneering
CO, measurements of Keeling and Whost Hawaii and
the ice core measuremehtsat the CQis increasing (Figure
1). The preindustrial levels were 280 ppmv and have
increased to the current levels of 370 ppmv. Over the next
200 years, the levels may increase as high as 2000 gpmv.
The levels of CQin the past (Figure 2) have varied between
200 ppmv during glacial times and 300 ppmv during
interglacial times over 350 ky (ky= 1000 years§. More
recent ice core measurements indicate that these levels have
been similar for 600 k§.Before 450 ky BP (BP= before
present), the Covaried between 260 and 180 ppmv. These
results indicate that the present levels of Cid the
atmosphere are 23% higher than 280 ppmv in the past 600
ky.

The rates of C@increases in the atmosphere are nearly
the same as the increase in the use of fossil fuels. However,
the amounts remaining in the atmosphere are only about one-
half of the expected values. This is shown in Figure 3 where
the rates of fossil fuel emissions and rates accumulated in
the atmosphere are compare@ihe differences are related
to the accumulation of COn the oceans and on land. The
variations in the accumulation rates in the atmosphere are
thought to be related to El Nino. During El Nino years, the
ocean and land have lower accumulation rates.

The estimatésof the sources and sinks of G@n the
atmosphere are given in Table 1. The differences between
the sources (7.0 Gt yed) and sinks (5.4 Gt yeat) of 1.6
Gt year? are close to the overall uncertainty (1.4 Gt yéar
These earlier estimates of the ocean sink of 2 Gt ydaave
been determined using ocean models. The oceans are thought
to take up about 40% of the G@roduced from the burning
of fossil fuels (Table 1). This has led to a great interest in
understanding the cycling of Gbetween the atmosphere
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Figure 2. The variations of carbon dioxide and temperature as

recorded in the Vostok ice core during the last climate cycle.

and the oceans. The increase in the concentration oficO

the atmosphere will increase its flux across the—aga
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Figure 3. The annual rate of input of fossil fuel GQo the
atmosphere compared with the measured values. Copyright 2006
from ref 1. Reproduced by permission of Routledge/Taylor &
Francis Group, LLC.

Table 1. Budget for the Global CO, System (1986-1989}
average perturbation

(Pg of C yearl)
Sources
fossil fuel combustion 5405
deforestation 1.61.0
total 7.0+1.2
Sinks
atmosphere 3402
oceans (models) 26808
total 5.4+ 0.8
unaccounted for sinks 1614

system in the oceans. For example, organisms that make
shells (pterpods, foraminifera, cocolithophores) will have
difficulty precipitating CaC@, coastal corals may have
difficulty growing and may eventually dissolVé More will

be said about this later in the paper.

1.1. Effects of Global Change

At the present time, most scientists agree that the
atmospheric concentrations of greenhouse gases are increas-
ing, and this will increase the average global temperature.
Questions remain, however, to the timing and severity of
the warming, its regional impacts, and the magnitude of
feedback processes. Some of the expected effects include
the following.

1.1.1. Sea Level Rise

The increase in the global temperature will increase the
volume of seawater and subsequent sea level. Some estimate
that a 3°C change over the next 50 years will raise sea level
by 80 cm or 32 in. The increase in the temperature can also
melt ice on land, which would also increase the sea level.
The melting of land ice on Antarctica could increase the level
by as much as 70 m~200 ft). This increase in sea level
can cause serious flooding of coastal areas due to hurricanes,
typhoons, and tsunamis. Although current measurements
indicate that the sea level is rising, we cannot accurately
predict what the levels will be in the future.

1.1.2. Extreme Weather Events

Some have speculated that if the temperatures of North
Atlantic surface waters become too warm, they will not be

interface. This will result in a decrease in the pH of ocean able to sink to form North Atlantic deep watéihis could
water from the present level of 8.0 to 7.4. This decrease in have large scale climate effects on the earth. Since hurricanes
the pH is expected to cause large changes in the carbonatere known to get their energy from warm surface waters,
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one might expect that global warming may cause an increase Ko = [CO,]7(CO,)/fq (5)
in the intensity of hurricanes. Sun et'alhave suggested ?
that the warm waters in the Loop Current of the Gulf of K. = [H+][HCO ol
Mexico caused the intensification of the recent hurricane "1 3

Katrina. Scharroo et af. stress that dynamic topography ([CO,]ly(H)y(HCOL)/(y(CO,)y(H,0))) (6)
(depth of the thermocline), as well as surface temperature,

may also play a role in agreement with the work by Shay et K, = [H*][CO,? J/([HCO, ]y(H")y(COy)/y(HCO;"))
al.®® and Goni and Trinan€. @)

1.1.3. Spread of Tropical Diseases

The warmer waters in tropical regions of the earth may
result in an increase in tropical diseases such as malaria andrhe bracketed values][are the total concentrations of
typhoid fever. This could cause some serious problems tospecies, the values ofy; are the activity coefficients, and
the highly populated areas in tropical regions. a(H-0) is the activity of water (the approximate ratio of the
1.1.4. Species Extinctions vapor pressure of the solution divid_ed_ by thg value for pure
S water). Ocean chemists use stoichiometric constants to
The increase in the temperature may cause the extinctionexamine the carbonate system
of animalg® and increased bleaching and dissolution of coral
reefs? There is present evidence that increasing temperatures<; = [H +][HCO3*]/[C02] =

in tropical regions are affecting corals.
preatred g Ky7(CO)a(H,0)/(y(H")y(HCOy) (9)

Kep= [CETI[CO Ty(CENy(CO)  (8)

1.1.5. Changes in Ecosystems

The increased warming of coastal waters may result in Kz = [H][CO3* J[HCO, ] =
the movement of species of fish and planktbrthere is K,y(HCO; )/(y(H)y(COy) (10)
some evidence that the ice cover in the Arctic Ocean is
thinning due to global warming. Submarine measurements
made from 1957 to 1997 indicate that the Arctic ice has
decreased by as mucls 8 m over the last 40 years. Some L ) , .
predict that the ice will completely disappear in the Arctic These stoichiometric constants are a function of ionic
in the summer in 50 years. There is also some evidence thaSi'€ngth, temperature, and pressure and are expressed in
the temperature of surface ocean waters have increased ovef'©/€s per kilogram of solution. Since the relative composi-
the last 50 year¥, This means that part of the increase in 0N of seawater is constahthe composition is expressed
the temperature of the atmosphere has been used to heat lf terms of the mass of seasalts in a kilogram of seawater

the surface waters of the oceans. Some web sites for morec@lled the salinity. The salinity is a ratio of the mass of salts
information on global warming are www.ipcc.ch, www. in a kilogram of solution. It varies from place to place due
ucsusa.org, and www.iclei.org. ' to evaporation and precipitation. The ratio of the masses of

With these issues in mind, this review will examine the Salt to solution are given in parts per thousaBe=(35 ppt

chemistry of the inorganic carbon dioxide system in natural OF 35%e). Since it is difficult to measure directly the mass
waters with an emphasis on the oceans. | will review the of salts in seawater, a Practical Salinity Scale is used to

thermodynamics of the G@ystem in seawater, describe how determine the salinity. The Practical Salinity is determined
ionic interaction models can be used to model the carbonately Measuring the conductivity ratio between seawater and a
system, illustrate the methods that can be used to measur&C! solution. The practical salinitp = 35.000 when the
CO, parameters in seawater, explain the distribution of conductivity is equal to a solution with 32.4356 g of KCl in

carbonate parameters in the oceans, and examine the inpu Kilogram of solution at 13C. The evaporation salinity
of fossil fuel CQ into the oceans and some of the effects of and the Practical Salinity are ratios of masses or conductivity
the future lowering of the pH of the oceans. and do not have units. This scale was set up so that it would

be consistent with earlier estimates of salinity obtained by
the evaporation of seawater. The average practical salinity
of seawater is 35.0 and is related to the molal ionic strength

KZ,=[Ca[COs" ] = KJ(y(C&)y(CO))  (11)

2. The Thermodynamics of the Carbonate System

in Natural Waters by | = 19.92G5(1000 — 1.004%). The true or absolute
The thermodynamics of the carbonate system in natural Salinity, which is related to the actual mass of seasalts is
waters is governed by the following equilibria higher than the practical salinity5{ = 35.17 ppt whers =
35.00) due to the loss of carbonate and borate during
CO,(g) = CO,(aq) (1) evaporatiort®

These stoichiometric constants have been determined in
N N real and artificial seawater as a function of salinity and
COy(aq)+ HO = H" + HCO; (2) temperature. This review will first examine the present status
of the appropriate constants needed to unravel the compo-
_ _ nents of the carbonate system in the oceans.
HCO,” = H" + CO.2 3) Y
2.1. Carbonic Acid in Seawater

+ 2-
Cd’ +COy” < CaCQys) (4) The earlier work on the thermodynamics of the carbonate
system in seawater was reviewed by Edmond and Gié8kes.
The equilibrium constants for these equilibria are given by More recent reviews have been made by Millero in 2979
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emf, but Mojica-Prieto and Miller8 also used spectropho-
tometric pH method¥?

Our recent measuremeften the K*'s in real seawater
have been fitted to the equations of the form

and 199%! The modern measurements of the value&pf
and K3 of artificial seawater were made by Hans$én,
Goyet and Poissoff,and Roy et af* Measurements made
on real seawater were made by Mehrbach et®allpjica-
Prieto and Millerc?® and Millero et aB” These measurements
were made as a function of temperature and salinity (see

Table 2). The standard errors reported in the table are based 0 0.
The values of K; and [K; in pure water are taken from the

early work of Harned and Bonri@and Harned and Schofés
as refit by Peiper and Pitz8r

pKi—pK’=A +B/T+CInT (12)

Table 2. A Summary of the Measurement Made on the
Dissociation Constants of Carbonic Acid in Real (SW) and
Artificial (ASW) Seawater by Various Workers

salinity temperature pK(l) = —126.34048+ 6320.813T + 19.568224 InT
media range range (C) o(pK?)? o(pK3)? ref (13)
ASW  5-40 5-35  0.0070(62) 0.010(62) 22
SW 19-43 2-35 0.0043(30)  0.010(33) 25 ng = —90.18333+ 5143.692T + 14.613358 InT (14)
ASW 10-50 —1-40  0.0057(84) 0.010(90) 23
ASW  5-45 0-45  0.0044 (80) 0.002(80) 24 - _ _
SW 12-45 5 4 00040 (80)  0.008(80) 26 Thf valug of the adjustable parametésB;, and C; for
SW 1-50 0-50  0.0053(466) 0.011(459) 27  PKj are given by ¢ = 0.0054 andN = 466)
aThe values in parentheses are the number of measurements made _ 5 _ —5

and the standard errors are based upon fitting the measurements to the A= 13.4195"°+ 0.0338 (5.33x 10 )82 (15)
same functional form (Millero et &f).

B, = —530.12%"° — 6.103 (16)
upon fitting the measurements to the same function of _ 95
temperature and salinity. The errors fd¢jp(10) are 0.003 C, = —2.0695 (17)

to 0.007, while the errors fori{, are larger (0.002 to 0.02).

The compositions of artificial and real seawatérssed by
the various workers are given in Table 3. HansSaBpyet

Table 3. The Composition (mol/(kg of Soln) of Artificial

Seawater Used by Various Authors

For pK3, the parameters are given by € 0.011 andN =
458)

A, =21.08948"°+ 0.1248— (3.687x 10 S (18)

Goyetand B, = —772.48%° - 20.0515 (19)
Hansso® Royetal®  Poissof®  seawatér
5
NaCl 0.422 0.412598  0.409411  0.41040 C,= —3.3336 (20)
NaSQ, 0.028 0.02824 0.028217 0.02824
CK:CICIz 0.010 0(500110023?782 0(500019(?383 0608)35’278 A summary of a comparison of the values dfjpand (K}
MZCIZ 0.054 0052815 005327 0.05282 calculated from these equations with the direct measurements
NaF ' ' 0.000071  0.00007 of others is given in Table 4. A comparison&t= 35 as a
grB(EIZ 8888%%3 888833 Table 4. Comparisons of the Standard Deviations of the
NaCOs 0:001 ' Differences between Our Measurements and Other Authors
e ogoace 0909
i author al sS=35 al S=35
) _ ) . . Mehrbach et af® 0.0066  0.0036 0.013 0.010
and Poissof? and Millero et ak’ determined K] and K3 Hanssof? 0.021  0.011 0.11
by titrating the seawater with HCI to the carbonic end Goyetand Poissah 0.0084 0.0078 0.04
point282° The constants were evaluated using computer Royetalk* _ 0.0098  0.0081 0.05
Mojica-Prieto and Milleré® 0.0086 0.0030 0.014  0.009

programs using chemical models for the carbonate system
in seawatef®3%-32 The programs used in our recent stuéfies
are an extension of the programs developed by Dickson
and Millero et aP® used to determine the pH, total alkalinity
(TA), and total inorganic carbon (TGP Roy et aPk*

made their K] and K measurements using a Pttsy

aMinus the measurements at 10. ® Minus the measurements &t
= 5.

function of temperature of our work with others is shown in
Figures 4 and 5. It should be pointed out that all these
(9,)IsoINAgCI(s)|Ag(s)|Pt(s) electrode system pioneered by comparisons are made on the seawater pH scale (discussed
Harned and co-workets 3 in the 1940s and by Bates and later)* Our measurements ofjj are in good agreement
co-workers3*®-41 This method is normally more accurate and with the measurements in artificial seawater of Goyet and
precise than making the electromotive force (emf) measure-Poissof® and Roy et af* and real seawater of Mehrbach et
ments with glass and reference electrodes but cannot be useg| 2> and Mojica-Prieto and Millerd® The early K mea-

in real seawater because Bnterferes with the Ag-AgClI surements of Hanss&hdo not agree with our studies (see
electrode. Mehrbach et & and Mojica-Prieto and Miller® Table 4). Our measurements dfpare in good agreement
determined K by titrating the sample, but determinep  with the seawater results of Mehrbach et%&nd Mojica-

by stripping the C@from the seawater with HCl and adding  Prieto and Millerc?® but show large deviations at higher
NaHCQ; until the pH was constant. This pH is equal to 0.5- temperatures with the measurements in artificial seawater
(pPK7 + pK3). Both use a glass pH electrode to measure the of Goyet and Poissoff, Roy et al.?* and Hanssof? It is
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Figure 5. Comparison of the measure values &fpvith those
calculated from the equations of Millero et2al.
not clear at the present time what is causing these difference o 5§ 10 15 220 25 3
of pK3 in real and artificial seawater. Mojica-Prieto and Temperature (°C)
Millero?® have made measurements that suggest that the
difference may be due to the borate in real seawater. Possibly 324
this may be due to some ionic interaction of £0Owith 220 e sc
B(OH); or B(OH),~. Future work is needed to determine < < :ig
the exact cause of this difference i pbetween real and ., 318 v 25
artificial seawater. As shown by a number of labora- 5., Y,
tory?6:27:45.46gnd field’~52 measurements, the values of the Y
carbonate constants in real seawater are more consistent with 3.08 - v og
measurements of pH, TA, TGQand partial pressure of GO 0 300 600 900 1200 1500 1800

(pCQO,) in seawater and should be used in calculation of the
CO, system in the oceans.

Laboratory®>#6and field measuremerttandicate that the ~ Figure 7. The values of [; — pK] of carbonic acid in seawater
measured values d€3/pK: or K3 determined from over- @S @ function of the partial pressure of £0
determining the system (i.e., from TA, TGGand pCQ or
pH, TA, TCQ,, and pCQ) appear to rise with an increasing  as a function offico, or TCO,. The value of [} decreases
concenj[ratipn of TC®or pCQ,. The Ia_boratory studies are  gnd the value oK} increases as thieo, or TCO, increases.
shown in Figures 6 and 7 as a fU”C“OQ of temperature andrhe increase iNK; can be attributed to an increase in
partial pressure of COThe values of K — pK] from thg y(HCOs") or a decrease i(CO2") (see egs 9 and 10).
laboratory mea§urement§ ?kf Lge (.at‘feihnd.Lueker et af Since the valu® of pK? is not strongly dependent do,
also show the increase iK; with increasing pC@ The the changes iy(HCO;-) cannot be very great. This rules
effect appears to be larger at lower temperatures. The valueg,yt an effect of borate onka, in agreement with the studies
of pK; — pKj as a function of temperature are linear. The of McElligott and Byrne®® Model calculations of the CO
spread of some of the results at a given temperature aresystem in seawat® as a function of TC@do not yield
related to changes in the values as a function of f0@acity large changes ig(HCO;") or y(COs27). This indicates that

pCO,(patm)

(fco,). The scatter is much higher in the Lueker et®aata.  our present understanding of the ionic interactions affecting
The results of both studies at lof¥o, are in reasonable  the carbonate system in seawater is deficient.

agreement. The effect &0, on the values of I§; — pKJ is The differences in the measured and calculated values of
hard to explain. The data of Lee et“@lindicate that the  fco, using an input of TA and TCQ(which require reliable
dependence offco, is largely due to the variation df3. values of K5 — pK7) are shown in Figure 8 for all of the

This tends to point to changes in the interactions 0O  stations where all four parameters were made during the
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Figure 8. The differences in the calculated valuesgd, with an ) . )
input of TA—TCO, compared with the measured valtfeas a Figure 9. The differences in the measured and calculated values

function of TCQ. The figure shown in panel B uses a corrected 0f fco, from an input of TA-TCO, as a function offco,.>? The
value of [K% using eq 21. figure shown in panel B uses values of TA increased hyn®l
kgL

World Ocean Circulation Experiment (WOCE). As found

45 i . .. . .
by Lee et al’® an offset occurs at higfeo, for some of the 5 5 - pjissociation of Other Acids in Seawater
cruises wheréco, was measured by the gas chromatography
flame ionization detector (GC-FID) systéfhThe average The dissociation constants for a number of other acids are
difference infco, is 15.8uatm. The deviations dto, above needed to examine the carbonate system in seawater (see
~600 puatm are greater than those at Idwe, apparently section 3). A brief review of the work on these acids is

due to changes in the val#&8?of pK; — pKj. By adjusting ~ discussed below.

the values of g} above TCQ = 2050 umol kg™, it was L
possible to lower the deviations pGCrhis resulted in the ~ 2-2.1. Boric Acid
relationship Boric acid is the major component of seawater and
significantly contributes to the TA of seawater. The early
pK3 % = pK} — 1.6 x 10 4TCO, — 2050) (21)  measurements of the dissociation of boric acid were made
by Hanssor#? He determined the boric acid constant from
potentiometric titrations with a glass electrode and provided
the first extensive temperature and salinity measurements in
seawater. Dicksdn used the H—PHAgCl—Ag electrode

and Lueker et a® ((1.2—1.9) x 107). The values at other system to determine the dissociation of boric acid in seawater
as a function of temperature and salinity. These measure-

temperatures can be estimated from the linear fit of the results ; .
ments were more accurate and precise than the earlier

5 6 * * j—
(iszgg f tlaori4ar %I}Ze:elrgtetalﬁl’-ﬁe(?ﬁsut cﬂKS)H/iECéQI'ZC_@ measurements of Hanss&Dicksort’ fit his measurements
: ) ) to the equation (mofkg of H,O} 1)

or TA is not as strongly affected by uncertainties iip

and K3. The errors in the calculated valuesfgé, from an o 5_
input of pH and TCQ are much lower {7 patm). Thus, In Kg = (~8966.90~ 2890 5%’ 77.94%5+

which is valid at 20°C and at TCQ > 2050 umol kg .
The slope is in reasonable agreement with the values
determined from the laboratory measurements of Lee“t al.

when using an input of pH and TGChe correction of |} 1.7265"° — 0.099F)/T + (148.0248+ 137.198° +
at high TCQ does not strongly influence the calculated 1.6224B) + (—24.4344— 25.085%°° —
values offco,. As suggested elsewhefethe offset offco, at 0.2478) In T + 0.053105%5T 22)

high TCG, calculated from an input of TA and TGOnay

be due to an unknown base with an alkalinity of aboug6 d where the standard error is 0.0042 inkp. The boric acid

umol kgt (see Figure 9). This is unlikely since it woul X
have to be the same concentration in all the ocean Watersmeasurements of Roy et¥lagree with these measurements

studied in the laboratory and field measurements. Since thel® 0:001 in InKg from 0 t0 50°C and S = 35, thus
Lee et al and Lueker et a1 measurements were made on confirming the validity of eq 22. The contribution of
surface waters, one cannot attribute the effect to organic B(OH)4™ to the total alkalinity can be determined from
anions that one might expect to be higher in the oxygen

minimum near 5061000 m in field measurements. Further [B(OH), 1= BKg/{[H"] + Kg} (23)
studies are needed to elucidate the cause or causes of the

dependence ofig, on TCQ, or fco,. where the total boric acid in seawaf&r= 0.000412&35)5°



314 Chemical Reviews, 2007, Vol. 107, No. 2 Millero

At pH = 8, the contribution of B(OH) to TA for seawater of [Si]t can be estimated from
(S= 35 andT = 25°C) is 667 mol kg*.
[Si(OH):0"] = [Sil:{1+ [H'VKs}  (30)

2.2.2. Water
The dissociation of water in seawater has been determinedAt pH = 7.5, T = 25 °C, andl = 0.7 (Ks; = 9.47), the
by a number of workers (HansséhCulberson et al? contribution is about 0.0127[Si] The maximum concentra-

Dickson and Rile§). Since these results are in good tion of [Si]r = 170umol kg™ in the Pacific Ocean gives a

agreement when adjusted to the same pH scale, they hav&ontribution to the TA of 4.Gumol kg,
been combined to yield (mdlkg of solr} 1) For anoxic waters, one also has to consider the contribu-

tions of NH; and HS to the TA of seawater.
In K, = 148.9802— 13847.26T — 23.6521 InT +

(—5.977+ 118.67T + 1.0495 M5 — 0.01615 22> Hydrogen Sulfiae .
(24) In anoxic water$>8°it is necessary to consider the effects

of HS™ and NH; on the total alkalinity of seawater. The
with a standard error of 0.01 in IKkw. The contribution of dissociation constants of hydrogen sulfide in seawater can
OH™ to the total alkalinity is determined from be estimated frofi (mol {kg of solr} %)

[OH] =K/[H'] (25) In K;,g=225.838— 13,275.3T — 34.6435 InT +

o 0.344%° — 0.02746 (31)
At pH = 8, the contribution of OH for seawater$ = 35

andT = 25 °C) to the alkalinity is 1.6umol kg . The contribution of HS to the total alkalinity can be
] ] determined from
2.2.3. Phosphoric Acid
The dissociation constants for phosphoric acid in seawater [HS™] = [HSI 1+ [H'VK,g (32)

have been determined by a number of workers (Kester and
Pytkowicz® Dickson and Riley® Johansson and Wed- AtpH =7.5,T = 25°C, andS = 35 (pK;s = 6.98), the
borcf4). The values at various temperatures and salinity can contribution is 0.768[kS}r. The contribution due to HS

be determined frof§ (mol {kg of solr} %) can be quite large for some anoxic waté&% The [H,Slr
= 6000umol kg™t in the Framvaref? gives a contribution
In Kp = 115.54— 4576.752I — 18.453 InT + to TA of 4600umol kg 2. It should be pointed out that the

5 measurements of TA in anoxic waters should be made on
(0.69171— 106.7367)S*° + (~0.01844— 0.656437)S samples that are kept free of oxygen. This will prevent the

(26) oxidation of HS and loss of its effect on TA.

In Ky, = 172.1033~ 8814.7151 — 27.927 InT + 226, Ammonium
(1.3566— 160.3401)S™° + (—0.05778+ 0.373351)S The dissociation constant for NHhas been determined
(27) in seawatef!-"2These results have been adjusted to the same

pH scale and fitted to the equatfdr(mol {kg of solr} %)
In KF,3 = —18.126— 3070.75T + (2.81197+

] In Ky = —6285.33T + 0.0001635 — 0.25444+
17.27039NS>° 4 (—0.09984— 44.99486T)S (28) ‘

(0.46532— 123.71841S° +
where the standard errors are 0.09, 0.03, and 0.20, respec- (—0.01992+ 3.175561)S (33)
tively, in pKp,, pKp, and fKe,.

At pH = 8, the contribution of HP¢J~ and PQ®" to the where the standard error is 0.01 iKyp,. The contribution

total alkalinity are, respectively, equal to 0.792[Rhd 2x of NHjs to the total alkalinity can be determined from
0.204[P}. The maximum concentration in the Pacific Ocean

(3.2umol kg™) gives a contribution of phosphate to TA in [NHZ] = [NH]/{ 1+ [H VK } (34)
the Pacific of 4umol kg N

224 Silicic Acid At pH = 7.5,T = 25°C, andS= 35 (Knn, = 9.19), the

contribution is 0.020[Nk]+.

The dissociation constant of silicic acid has not been  The contribution due to Nk can be quite large for some
measured in seawater. Reasonable values can be estimateghoxic waters®> The [NH]r = 1600 umol kgt in the
from the measurements made in NaCl at the same ionic Framvaren gives a contribution to TA of 32nol kg™
strength of seawatéf-% Yao and Milleré® have used these B
studies to estimate the dissociation constant of Si¢@din 2.2.7. Solubility of CaCOj3

((mol {kg of H0} ) The solubility of CaC@ in seawater has been measured

— _ _ by a number of workers, which is reviewed by Muétihe
In Kg; = 117.40— 8904.2T — 19.334 InT + equations of Mucé? are considered to be the most reliable
(3.5913— 458.79M)1°° + (—1.5998+ 188.74M)! + for pure calcite and aragonite

0.07871— 12.16521)1% (29
( DI* (29) In K= In Kg((i) + AS”°+ BS+ CS™>  (35)

where the standard error is 0.02 ik The contribution of
silicate to the total alkalinity at a total silicate concentration where
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A,y = —0.77712+ 0.0028426 + 178.34T
B,y = —0.07711

cal —

C 0.0041249

Agrag= —0.068393+ 0.0017276 + 88.135T

B —0.10018

arag ™

arag~

C 0.0059415
The thermodynamic values #fsp for calcite and aragonite
are given by

In Keg{calcite)= —171.9065- 0.07799F +
2839.319T + 71.595 logT (36)

In Ks(aragonite)= —171.945— 0.077993 +
2903.293T + 71.595 logT (37)

Since the natural CaG@nade by organisms frequently has
concentrations of Mg incorporated in the stéthe solubili-

ties calculated from these equations may be in the upper limit.
Recent studi€8in the precipitation of CaC¢in the Bahamas
demonstrate a high magnesium calcite that is two times more
soluble than aragonite. More will be said about carbonate
minerals in the paper by Dr. John Morse in this issue.

2.3. Effect of Pressure on the Thermodynamic
Constants

It is necessary to know the effect of pressure on the various
constants used to examine tlive situ properties of the
carbonate system in the ocean. It is possible to make the
pressure correction two ways, from direct measurements of
the constant§ or using partial molal volume and compress-
ibility data?%2%.7* 7% These two methods are in good agree-
ment for the components of the carbonate system in water
and aqueous solutiorf&’® The effect of pressure on the
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Table 5. Coefficients for the Effect of Pressure on the
Dissociation Constants of Acids in Seawatét

acid —a a 10%a, —bo by
H,COs 25.50 0.1271 3.08 0.0877
HCO;™ 15.82 —0.0219 —1.13 —0.1475
B(OH); 29.48 0.1622 2.608 2.84
H.,O 25.60 0.2324 —3.6246 5.13 0.0794
HSO,~ 18.03 0.0466 0.316 4.53 0.0900
HF 9.78 —0.0090 —0.942 3.91 0.054
H.S 14.80 0.0020 —0.400 —2.89 0.054
NH4" 26.43 0.0889 —0.905 5.03 0.0814
HiPOy 1451 0.1211 -0.321 2.67 0.0427
H.POy~ 23.12 0.1758 —2.647 5.15 0.09
HPOZ 26.57 0.2020 —3.042 4.08 0.0714
CaCQy(cal) 48.76 0.5304 11.76 0.3692
CaCQ(arag) 35 0.5304 11.76 0.3692

sulfide, ammonia, and hydrofluoric and phosphoric acids
have been estimated from molal volume and compressibility
data’® The values ofAVs;jor, and Axsjon, for silicic acid
have been estimated from the values for boric acid.

2.4. Effect of Temperature on CO , fugacity ( fco,)
in Seawater

The vapor pressure of GOn seawater is a function of
salinity and temperature. A number of workers have esti-
mated the effect of temperature on the pC@hich is
important in separating the field signals from biological
effects. Gordon and Jorfésvere the first to give an empirical
equation that could be used to estimate the effect of
temperature ofto,. Weiss et af? proposed a more accurate
equation based on the carbonic acid measurements of
Hansso# as formulated by Miller® and the solubility
measurements of Wei§sCopin-MantegLit* gave an equa-
tion based on the carbonic acid constants of Dickson and
Millero.** Goyet et aPf® have derived an equation based on
the constants of Goyet and Poisgérand Millerc® has
derived an equation based on the constants of Roy %t al.

Since the K7 artificial seawater measurements of Roy et
al?* are in reasonable agreement with measurements made

dissociation constants of acids can be made to pressures oin real seawater, the equations should provide a reasonable

1000 bar using equations of the foift®
In(KF/K?) = —(AV/(RT)P + (0.5A«/(RT)P? (38)

whereP is the applied pressure in bar and; and Ax; are
the molal volume and compressibility change for the as-
sociation or dissociation reactiorR £ 83.131 mol bar deg).
The values ofAV; and A; for the ionization of acids have
been fit to equations of the form for seawaterS¥ 35

AV, = a, + a,(T — 298)+ a,(T — 298F  (39)

Ak; = by + by (T — 298)+ b(T — 298}  (40)
The coefficients in eqs 39 and 40 for the dissociation of a
number of acids and the solubility of calcium carbonate are
given in Table 5°21.7879The results for carbonic and boric
acid are taken from the measurements of Culberson and
Pytkowicz?® The effect of pressure on the solubility of calcite
and aragonite is from the measurements of [#fgknd
volume estimate&.7°The direct measuremenitsre in good
agreement with the values estimated from volume and

estimate for the oceans. The values offda, generatetf
from the equations of Roy et &.can be fit to linear or
guadratic equations of temperature. A near-linear equation
with a slope of 0.0418t 0.001 deg* was found® (TA =
2400 and TC@= 2200 umol kg1). Similar calculations
using the carbonate constants of other workers are shown in
Table 6. The calculated results with the exception of the

Table 6. Values of d Infco,/dT (deg™!) Calculated Using Various
Thermodynamic Constants for the Dissociation of Carbonic
Acid (S= 35 and X = TA/TCO, = 1.09, from 0 to 35°C)

(d In fCO,/dT)1C?
Calculated fronK; andK;

author

4.09 Hanssoft

4,12 Mehrbach et &F

4.06 Dickson and Millerty

4.22 Goyet and Poissdh

4.18 Roy et af*
Measured

4.23 Takahashi

4.14 Wong®

4.21 Millero et al¥”

3.8-4.1 Goyet et af®

compressibility datd® The effect of pressure on the dis-
sociation constants of water, hydrogen sulfate, hydrogen

Hanssof? and Dickson and Millerd values are in reasonable
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agreement with each other and the experimental measureand Roy et at* yield results that are in good agreement with
ment$>-88 of others. The effect of salinity on the slope has the measured values.

also been calculated by Millefband measured by Worf§.

The values of d(Ifco,)/dT (deg?) were found to be a near-  2.6. Dissociation of Buffers in Seawater

linear function of salinity (1#36) Hanssof? was the first to determine the dissociation

constants of the buffer Tris in artificial seawater using a pH
meter. Bates and co-workér*! have determined the dis-
) sociation constants of a number of buffers in artificial
2.5. Effect of Temperature on pH in Seawater seawater. The buffers include AR 2-aminopyridine (pH
The pH of seawater is normally measured at a fixed = 6-77); Tris= 2-amino-2-hydroxymethyl-1,3-propanediol
temperature (25C), and it is sometimes desirable to calculate (PH = 8.07); MOR= tetrahydro-1,4-isoxazine (morpholine)
the pH at thein situ temperature. The most reliable way to (PH = 8.57); Bis= 2-amino-2-methyl-1,3-propanediol (pH
calculate the effect of temperature on pH is to use the value = 8-50) at 25°C. The buffers are very useful in calibrating
at a fixed temperature with another carbonate parameter suct9lass electrodes and spectroscopic indicators. The buffers
as TA or TCQ. These experimental parameters can be used@'® prepared in artificial seawater with the protonated and
to determine the pH at another temperature using thermo-Unprotonated form of a given buffer (0.04 m). Th pf
dynamic relationships. If only the pH is determined, one can the seawater buffers were determined using the- H
make an estimate of the pH at another temperature usingPIAgCl—Ag electrode system similar to those used in dilute
equations derived from thermodynamic equati®fsfor solutions. The original i calculations were made on the
waters at a fixed TA and TCOMillero® estimated the effect ~ fre€ proton scalen(H")g). Millero®® has produced equations
of temperature on pH using the constants of Mehrbach etthat can be used to determine the free pH equation fofTris
al25 and Hansso Millero?! made similar estimates using 1N estuarine waters. The free proton scale is useful in
the thermodynamic constants of Roy ef4The values of ~ €xamining the effect of the proton on rate processes in natural
PHaws have been fit to linear and quadratic functions of Waters. The values for the pHor the Tris buffer are given
temperature $ = 35, X = TA/TCO, = 1.09). A linear by (molality)*
equation (dpH/@ = —1.582x 107?) can be used to correct H.(Tris) =
for changes in pH over a small range of temperatures (10p r(Tris) =
°C). The effect of temperature on pH is not a strong pK* + (—9.73x 10 °S+ 6.988x 10 °S)my,;; (43)
function of salinity. The values of pfsfrom 0 to 40°C, S
= 30—40, and pH from 7.5 to 8.5 can be estimated from The value of |K* is given by

pH; = pH,s + A + B(T — 298)+ C(T — 298Y (42) pK* = —22.5575+ 3477.5496T + 3.32867 InT +
2.065x 103S— 1.770x 10 °S + 0.649T (44)

Dicksor?1?has redetermined theKps and pH for the Bates

A= —2.6492— 0.001101S + 4.9319% 10 °< + bufferg®-32 on the total proton scale, gHDel Valls and
5187 — 2.1586¢ Dicksorf® used the hydrogen electrode system to determine

pHr of Tris buffers given by (molality)

d(Infeo)/dT (deg !) = 0.044— (8 x 10°°)S (41)

—~~

where

_ . 2
B =0.10265— 0.2032X + 0.08443X" + 3.1618x pH.(Tris) = (11911.08— 18.249% — 0.039336)/T —

10°°s
366.27059+ 0.5399360%+ 0.0001632F +
C=4.4528x 10°° (64.52243- 0.084048) In(T) — 0.11149858 (45)
with a standard error of 0.003 in pH. The pH- on the total scale in molality can be converted to
A comparison of the calculated and measured values of the seawater scale in moles per kilogram of solution using
dpH/dT for seawater from O to 38C is given in Table 7. pH_, =
SWs
Table 7. Values of dpH/dr (deg') Calculated Using Various pH; — log{ [H+]st[H+]T} — log(1 — S1.0005) (46)

Thermodynamic Constants for the Dissociation of Carbonic
Acid (S= 35 andX = TA/TCO, = 1.09, from 0 to 35°C)?

where [Hswd[H*]r = (1 + [SO2 VKnso, + [FVKne)/(1

(dpH/dN)1C? source author + [SO2 1iKuso)-
Calculated fronK; andK;
1.51+0.02 H
o Hanssol 3. Methods Used To Measure Carbonate
1.51+0.02 Dickson and Miller$$ Parameters
1.624+ 0.02 Goyet and Poisséh .
1.60+ 0.02 Roy et al? The components of the carbonate system in natural waters
can be characteriz&dby measuring at least two of the
Measured -
(1.58-1.61)+ 0.01 certified reference Millero et al®’ .measurf"‘ble parameters, pH, total _alka“n'ty (TA), total
material inorganic carbon (TCg, and the partial pressure of GO
(1.61-1.63)+0.01  gulf stream Millero et al & Over the past 20 years or so, a number of investigators have
seawater developed methods that can be used to measure these

parameters. Some that have been used in recent years have
As for the results on the effect of temperaturefes, the been published in a Department of Energy (DOE) hand-
calculated results from the constants of Goyet and Poi&son book?® This section will review some of the methods that
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have been and are currently being used to examine the CO where the reference electrode is normally a calomel electrode.
system in natural waters. The current estimates of the The pHgs of a solution is determined from emf measure-
precision and accuracy of making pH, TA, Tg@nd pCQ ments in solution X and the buffer. The values are determined
measurements are given in Tablé%83°.%"Measurements  from

Table 8. Estimates of the Analytical Precision and Accuracy of — _
Measurements of pH, TA, TCC%Z, and pCO; g PH(X) = pH(S)+ [E(X) — E(S)l/(2.30RRTF) (54)
analysis precision accuracy ref  In solutions of high ionic strength, this scale does not give
pH (spectrophometric) +0.0004 10.002 42 reliable values due to differences in liquid junction potentials
TA (potentiometric) +lumolkg?  +3umolkg? 29 in the dilute buffers and the ionic medi@®:
TCO, (coulometric) +1umolkg?  +2umolkg? 96 As mentioned earlier, Bates and co-workérg have
fco, (infrared) +0.5uatm +2 patm 97 determined the dissociation constants of a number of buffers

in artificial seawater using the PH,/AgCI—Ag cell. These
made in the laboratory can be made with a higher precisonbuffers are very useful in calibrating glass electr8&i&and

than those at sea. spectroscopic indicatof88112The buffers are made up in
artificial seawater (without F and borate) using methods
3.1. Methods Used To Measure pH similar to the dilute solution buffef:11%121 The more recent

measurements of Del Valls and Dick$&gave values for
‘the pH of Tris buffers (0.04n) as a function of temperature
and salinity given by eq 45. The Del Valls and Dick&8n
values of pH calculated from eq 45 are.0047 pH units
higher than the earlier results of Ramette e€alhe earlier
buffer measurements of Millero et&ldid not show an offset
with the Bates Tris buffet? Nemzer and Dicksdf? have
shown that bottled Tris buffers made up in artificial seawater
are quite stable and reproducible for over a year. This allows

H,(Pt)soln(X)||salt bridgéreference electrode (47) gnéer ltJ(i)S(:)xamlne the precision of pH measurements throughout
The Nernst equation gives The free and total pH scales are related by

The pH of seawater has been measured using poten
tiometry?®8-101 and spectrophotomet®? " The pH mea-
surements have been made on b#thH104110.111115Nnd
flowing?®9:100.109.112,115.118ystems. Both are connected with the
early pH methods developed by Baté3.he concentration
of the proton, [H], in seawater is defined differently than
that in dilute solutions. The original definition of pH was
related to measurements for the cell

E=E"+ (2.30RTF)pH(X) (48) pH; = pH; — log(1+ [SO,” V/Kyso)  (55)

The value ofE® was determined by measuring the efj ( The values ofKusq, are given elsewher®. This equation
in NaCI-HCI solutions of known [H] determined using ¢4 pe used to convert from one scale to the other when the
conductivity. Due to this cell having a liquid junction, a  oncentration of His in moles per kilogram. Since seawater

practical pH scale was developed at the National Bureau of oontains F, the pH is also determined on the seawater scale,
Standards (now National Institute of Standards and Technol-\yhich is defined by

ogy, NIST). The NBS pH is defined by
pHy\gs = —log & (49)

Since it is not possible to determine individual activities of  [H Jsws= [H 11+ [SO,” 1/ Kuso, T [F 1/Kye)  (57)
ions, this scale is based on a conventional definition of

activity coefficients''® A number of buffers were developed The values oKy are given elsewhef@ The seawater scale
that fixed the values of pH on this scale at a given s related to the total and free scales by

temperaturé® The values of pH for these buffers were

determined using the Harned cell without liquid junction. PHgws= pPH; — log{ (1 + [80427]/KHSO + [F 1K,/
4

[H'lsws=[H"1e+[HSO, 1+ [HF]  (56)

Pt, H, (1 atmYHA(m), KCI(m)|AgCl, Ag  (50) (1+[SO 1/Kyso)} (58)
The emf of this cell is given b _ _
gen by PHsws = PHe — log{ (1 + [SO,” VKysq, + [F 1K)}
E = EXAgCI, Ag) — (RTF)In[mymeyye]  (51) (59)
The value ofE%AgCI, Ag) is determined using the cell Using an input of TA= 2300umol kg™* andfco, = 370
uatm, the pH is 8.07 for seawatelS= 35 andT = 25°C).
Pt, H, (1 atm)HCI(m)|AgCl, Ag (52) The equivalent values on the other scales argugl+ 8.06

and pH = 8.18. Since the activity of the proton in a mixed
Since the individual cells do not always agree, the values of electrolyte solution is equal to the stoichiometric concentra-
E® are adjusted by assuming that the emf for a On@1  tion times, the total activity coefficient calculated from Pitzer

solution of HCI has ark® = 0.22244 V. models, | prefer to use the seawater scale. The value of pH
The practical pH is generally determined by measuring on the total scale in molality can be converted to the seawater
the emf in a cell of the type scale in moles per kilogram of solution using eq 46.
] The pH of seawater, estuarine, and brine can be determined
pH glass electrodsolution(X)KCl by titrating the solution with HCI and fitting the titration

(aq)reference electrode (53) using a Gra#t technique to determin&® for the media.
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For solutions containing S® and F, one needs to use a a buffer of known pH, it does not need to be recalibrated

chemical model that accounts for these species (more will for use at sea.

be said about this in the next section). It is also possible to  Finally, it should be pointed out that the comparisons of

estimate the I§* of Tris in a media of intere$t* and use titration derived and spectroscopic ffthave been shown

that buffer to measure the pH in the media. It is better to to be in good agreementt(0.002) over a wide range of

estimate the pH of brines by these methods than by salinity and temperature. Recent laboratory spectroscopic

estimating the activity coefficient of the proton using the measurements by Millero’s and Byrne’s groups on the

Pitzer equatioi?® m-cresol purple indicator in Tris 0.0 prepared by Dickson
More precise measurements of the pH can be made usinggave values of pH that agreed with the assigned value of

indicators that absorb light. The use of indicators to measureDel Valls and Dicksori® Thus, spectroscopic pH measure-

the pH of seawater has been developed by Byrne and co-ments usingm-cresol purplé®® do need a correction of

workerst02-104.106.108.111The yse of these indicators allows 0.0047.

one to measure the pH of seawater to a precision of 0.0004

and an accuracy of 0.002. The indicator used in most 3.2. Methods Used To Measure Total Alkalinity

seawater studies isrcresol purplé® The pH of samples

using them-cresol purple fiCP) is determined from (mo-

lality)

The total alkalinity of seawater is defined as the concen-
tration of all the bases that can accept\hen a titration is
made with HCI to the carbonic acid end point. The value of

i i 8
pH; = pK,., + log[(R — 0.0069)/(2.222- 0.13R)] TAis given by
(60)  TA =[HCO, ]+ 2[CO2 ]+ [B(OH), ]+ [OH] —

whereKiy is the dissociation constant for the indicator and ~ [H'] + [SIO(OH), ] + [MgOH ] + [HPO,? ] +
Ris the ratio of indicator absorbances at molar absorptivity 2[PO 3—] (63)
maxima (i.e.R = As7dA434). The value ofRis corrected for 4
baseline absorbance at 730 nm over the range of temperaturgzg . st seawaters, [HGQ, [CO2], and [B(OH) ] are

Since the addition of the indicator perturbs the pH, one needs ; ! -
. - ’ the most important bases. For anoxic waters; ld8d NH;
8 ’
to make a correction for this effet¥ Clayton and Byrn¥’ can also contribute to the total alkalinity.

calibrated them-cresol purple indicator using Tris buffé?s o . :
and the pH equations of Dicks8h.They found that the The carbonate alkalinityi, is defined by

indicator [Kinq could be represented by Ac = [HCO, ] + 2[00327] = TA — Zbases (64)

PKing = 1245.69T + 3.8275+ (2.11x 10 (35— 9 whereybases is the sum of all the bases that can accept a
(61) proton when the solution is titrated to a pH o#.5. This
may include organic bas&$?8and bacteri&?in the waters.
where temperature is in kelvin and is valid from 20 to 30 The TA for seawater is determined by titrating a given
°C andS = 30-37. Lee and Milleré?® used a 0.04n Tris amount of seawater to the carbonic acid end point. The
buffer”® to measure the g of the indicator using a k- titration is followed by measuring the emf of a glass pH and
PYAgCI—Ag electode systerfl. At 25 °C, the buffer has a  reference electrode or measuring another property such as
pHr of 8.076 and yields spectrophotometric values of pH the heat of the reactioli® A full potentiometric titration can
that agree (within 0.001) with egs 60 and 61. These resultspe ysed to determing*, pK*, pH, TA, and TCQ using a
from 0 to 40°C were fitted to the equatiorS(= 35) chemical model for seawater by a compu 31134136 A
series of iterations are carried out to fit the titration curve.
PKing = 35.9130— 216.404T — 10.9913 logl) (62)  The increased accuracy in determining TA in seawater has
greatly improved due the development of certified reference
with the standard error of 0.001 ifkpgy where the constants  material by Dicksor?” Laboratory measureme#id!?126
are on the total proton scajenol (kg of H,O) %}. It should with titration systems can be made with a precisiontdf
be pointed out that use of this equation makes the assumptionumol kg2, while field measurement® have a precision of
that molar absorptivity ratios are independent of temperature.+2 umol kg~* and accuracy of=3 umol kg

The conversion of the pH{mol (kg of HO)™'} to the The TA of seawater can be determined by a number of
seawater pklys{mol (kg of soln)'} can be made using eq other technique®& 14 Anderson and Robinséit developed
46. the one point potentiometric method to determine TA.

Zhang and Byrng! have calibrated the thymol blue Culberson et at*®* made some improvements in the method.
indicator that is frequently used to measure spectrophoto-Graneli and Anfalt*! developed an automatic phototitrator
metric pH in surface seawaters. Yao and Bythkeave used to measure TA. Byrne and co-work&!“? developed
bromocresol purple and phenol red to determine the pH of spectroscopic methods that can be used to determine TA.
freshwaters. Other workéf&12’have developed submersible Roche and Milleré** developed a continuous flowing
in situ spectrophotometric pH systems. Zhang etahave spectrophotometric method to measure TA. A number of
determined the effect of pressure on thymol blue indicator recent studies of TA have been made in the Mediterranean
pKing SO that it can be used to makesitu measurement of ~ Seal*® Bahama Bank$!614’Cariaco Trench? Red Sea and
pH. These systems may be placed on moorings in the futurePersian Gulf#® Sargasso S€&? Indian Oceart®! Florida
to make continuous pH measurements in the surface and deeBay!*?> Galapagos Island$? Arabian Sed?* Canary Is-
waters. Most of the present batch and flow pH measurementslands!®® and Black Se®1%6 (to mention a few areas). The
are made using the spectroscopic methods of Byrne and co-TA and TCQ measurements made on JGOFS (Joint Global
workers!02-104.106,108,119nce the indicator is calibrated with  Ocean Flux Studies), WOCE (World Ocean Circulation
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Experiment), and the present CLIVAR (Climate Variability) 3.4. Methods Used To Measure Partial Pressure
Repeat Hydrography programs are available at CDIAC of CO, (pCO,)

(Carbon Dioxide Information Analysis Center, http:// . .
cdiac.esd.ornl.gov/oceans). The continuous partial pressure of £6f surface water

Recently, Kim et al?° examined the effect that plankton, is measured using an equilibration system. Measurements

bacteria, and particulate organic carbon, PIC (C§Cave are made on air eqy_ilibrated with the seawater in a shower
on the TA in some coastal waters. They found that the effect head. The first equilibrator used to measure large areas of
of PIC and plankton was not significant® umol kg?). the oceans was developed by WeRSsde analyzed the CO
Bacteria however contribute-5.5 umol kg to TA. The using a flame ionization chromatography system and a 10 L
effect of plankton was similar to what we found during the Shower head. Goyet and PeltZéand our system @sa 4 L

iron enrichment experiments (IronEx I, 1) and Southern shower to equilibrate the seawater W|th_a|r. Most of the
Ocean Iron Experiment (SOFeX) studies inside and outsidePrésent systems analyze the £gas using an IR de-
the Fe enriched patches. During IronE¥3we did find ~ tectof’'* and use two or three standard gases to
changes as high as 10nol kg in the bottle experiments calibrate the system every hour or so. Frequent measurements
a few days after the addition of Fe. On our recent Atlantic ©f e PCQ of air are also made so that the flux of €O
A16 cruises, we measured the TA on filtered (@r2) and between the air and surface waters can be determined. A

unfiltered surface and deep waters. We found maximum Number of the systems being used by various groups have
differences of 4umol kg™ independent of depth. On P€en compared at sédMerlivat and co-workerS?™**have
measurements made on the Pacific P16 cruises, we found'Sed an optical sensor to measure the p(ﬁl@urface waters
average differences between filtered and unfiltered samplesuSing the CQTJGOCA bouy. DeGrandpre et'&and Cai and
of +2 umol kg L. Thus, filtration is not necessary when CO-Wworkers™ developed pCEsystems to study surface
making TA measurements on open ocean samples. waters. Friederich et al7 have developed a system using
an IR detector that can be put on moorings. Batch measure-
i ments of pCQin deep waters have been described that used
%gz Methods Used To Measure Total Inorganic an IR detectdf® and gas chromatograpfR§Both systems
equilibrate the sample with a standard gas and measure the
The total inorganic carbon dioxide (TGOs defined by head space. Standard gases are used to calibrate the pCO
systems. The precision of the continuous surface watgr
TCO,=[CO,*] + [HCO, ] +[CO,”]  (65) measurements is estimated to-h& yatm.

where C@* = CO, + H,COs. It can be determined from  3.5. Internal Consistency
potentiometry (described in the last section), coulometry, and By measuring two or more of the G@arameters, it is
spectrometry. The latter two methods are based on thepggsible to calculate those not measured. This fact allows
acidification of seawater with #PQ;, followed by stripping  gne to examine the internal consistency of the measure-
the CQ out of the solution with N and the subsequent  entsl? For example, if parameters pGO'A, and TCQ
measuring of the emitted GOThe SOMMA (single-operator 5.0 measured, one can determine the ratick#K; for
multiparameter metabolic analyzer) system L;SG? N MOSt carbonic acid in the solution. If all of the four parameters
recent studies was developed by Johnson &t’aff! The are measured, it is possible to determin@ and [ in th

,itis p pnd [X; in the

carbon dioxide stripped from seawater is collected in a solution. One can also use two of the parametars, pH and
solution containing ethanolamine, which reacts with the,CO TCO,, to determine the other two, TA and peOThese

which is then determined by a coulometric titration. The .
coulometric system is calibrated with gas loops with pure Calculated values can be compared with the measured values
CO, and has a precision af1 xmol kg *. The spectrometric and act as a test of the internal consistency of the measure-
method utilizes a nondispersive infrared analffeas a  MeNts. These kinds of calculations have been used by a
detection of the C@ This system is fully automated and number of workers to examine thg rellablll'gy of f|eld.
can be used to measure batch samples or to map the Tcomeasurements. One can also use this analysis to examine
in surface watets The system was recently modified and "€ Propagation of error due to the measured parameters and
used in the recent SOFeX experimeHisThe system can the stoichiometric constants®’ The uncertainties due to
experimental errors (Table 8) in the input parameters are

make measurements every 10 min with a precision of 0.1% - : ' .
on a sample volume of 5 cmBoth systems are calibrated given in Table 9. An input of TATCO; gives the largest

“Sir.‘g 1&ertiﬁed reference material (CRM) throth(_)Ut & Table 9. Estimated Probable Errors in the Calculated
cruiset® The CRM measurements normally agreed with the parameters of the Carbonate System Using Various Input

assigned values t&2 umol kg 2. Measurements
Recently a sensitive IR absorption system has been TA TCO, feo,

developed that can make very accurate and precise measure- input pH (umolkg®)  (umolkg™)  (uatm)
ments of CO, CQ@ CH;,, C,H,, and NH; gases® The system —

X . pH-TA +3.8 +2.1
uses an off-axis trajectory of a laser beam through the cell py—tco, 427 118
to yield an optical path length of several kilometers without  pH—fc, +21 +18
significant unwanted cavity resonances. The minimum fco,—~TCO,  +0.0025 +3.4
detectable absorption 6f1.4 x 1075 can be determined over ~ fco,~TA +0.0026 +3.2

TA-TCO,  +0.0062 +5.7

an effective optical path of 4.2 km. The instrument may be
used in the future to make sensitive measurement$@f
and CQ in natural waters. The system could be adapted to errors in the calculated values of pH afiad,. The selection
replace the IR detectors presently being used for measure-of the appropriate two parameters gives uncertainties in pH
ments of TCQ and pCQ in ocean waters. (0.003), TA (3umol kg™1), TCO, (3 umol kg 1), andfco, (2
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uatm) that are the same order of magnitude as the experi-strong interactions with the acid anions (FOH~, HCO;™,
mental errors. The uncertainty due to errors in the values of COs2~, HS, B(OH),~, HSQ;~, SO327).191195214243 Copjes

pK7 and (K3 are shown in Table 10. An input of TATCO,

Table 10. Estimated Probable Errors in the Calculated
Parameters of the Carbonate System Caused by Errors in I}
(0.002) and K3 (0.005) Using Various Input Measurements

exptl
input parameter 6] pK3 bottt  error
pH-TA  fco, (uatm) 1576 0913 1777 2.1
pH-TCO;, 1566 0506 1666 1.8
TA-TCO, 1.4-47 2582 2994 57
fco,~TCO, pH 0.002 0.0004 0.002 0.0025
fco,—TA 0.002 0.0006 0.002  0.0026
TA-TCO, 0.0003 0.005 0.004 0.0062
pH-TA TCO, 0.1-0.2 2.4-0.9 2409 38
(umol kg™)
fco,~TA 1.0-04 1808 2109 3.2
pH-TCO, TA 0.04-0.2 2.6-0.8 2.6-0.8 2.7
(umol kg™t)
fco,~TCO, 1.3-04 2307 2608 34

of the Pitzer model that we have developed in Miami are
available on request (fmillero@rsmas.miami.edu). Plummer
et al?** have developed a Pitzer program that can be used
to determine the solubility of minerals in natural waters.
The general equation of the Pitzer equations used to
estimate the activity coefficients of ions is given by

Iny; =DH + ZjﬁmBﬁ + zijk mmmcCl,  (66)

where DH is some form of the Debydickel limiting law.

The Bﬁ and Cﬁk parameters are related to the binary (idons
andj) and ternary (ions, j, andk) interactions and can be
a function of ionic strength. Binary solutions are used to

estimate the Pitzer parametef&), A%, andC?,,), which
are used to fit the activity coefficients of individual electro-

lytes (MX). A 82, term is needed for22 electrolytes. The
B andpl) parameters account for the binary interactions

aThe total error is the square root of the sum of the squared errors Of the ionic components of each electrolyte (Néa, CH-

due to K] and [K3.

causes the largest error of 0.006 in pH andaém infco,.

This uncertainty is due to errors irKp. An input of pH-
TA or pH—TCQO, gives the best estimates for both pH and
fco, because they do not require reliable estimateskdf p

Cl, and Na-Cl, for NaCl) in the solution as a function of
ionic strengtt?13245 The CY,, term accounts for the triplet
interactions (Na-Cl—Na, CNa—Cl) in the solution. Ter-
nary solution properties of like sign ions in mixed electrolytes
(NaCl + MgCly) are used to examine the interactions
of cations Ewmg-na), anions Eci-sq,), and triple ions
(WNa-mg-c1).202213245The Pitzer parameters for binary and

Direct measurements should be made if one requiresternary solution can be used to determine reliable activity
parameters with a smaller uncertainty than can be calculated coefficients for ions in mixed electrolyte solutions over a

4. Modeling the lonic Interactions for the
Carbonate System

Most of the recent ionic interaction models that can be
used to estimate activity coefficients of solutes in natural
waters are based on the specific interaction model developed

by Pitzer!® The model was first used by Whitfiefe 183 to

estimate the activity coefficients of a number of ions in a

simple seawater solution (Na@l MgSQ;,). Weare, Mgller,
and co-worker$4 19 and other¥5519+197 have extended the

model for the major components of seawater. The formation

of complexes of divaleftand trivalent metal8” with OH™,
HCO;™, COs2~, H,POy~, and HPG? has been added to the
model at 25°C. The model was expanded from 0 to &3+
using heat capacity datéf'%°

Our current formulation of the Pitzer moéeis based on
the earlier work of Weare et &41% and Pitzer et
a] 180192206213 The model can be used to make reliable

estimates of the activity coefficients of the major components

(Na*, K*, Mg?*, Ca&*, CI-, OH~, SO?") of natural waters
over a wide range of temperatures (0 to Z&I) to high
ionic strengths €6 m). We recently®®> have extended the

model over this same temperature range by adding NajiCO

NaCOs, and CQ Pitzer parameters. The model from 0 to

50 °C5%5 can be used to make reliable estimates for the
; ; .~ Thefr
components of the carbonate system in solution of the major

components of seawater (Na, K, Mg, Ca, Sr, F, Cl, Br, HCO
CO;, B(OH)4, CO;, B(OH)s, SO, H2S, NHs). The model
can estimate theKs of a number of acids (bCOs, H,O,
HF, H,SO,, H,SOs, NH4™, H,S, HPOy) needed to analyze
the carbonate system in natural waters 0 t¢GGand ionic
strengths from 0 to 6m.5*%5195214Much of the needed

wide range of conditions. The activity coefficients for cation
M and anion X can be calculated from

Inyy =2y + 25 m(Bya+ ECya) + Zy’R+
ZyS+ ZCmc(ZQMc + ZamalpMca) +
Xaza'mama’lpaa(M + Zcm02E®Mc +2,"R + 2R,
(67)
Inyx =2 + 2y By, + ECxo) + Z*R+ Z,S+
Zarna(ZQXa + ZCmCIPXa() + Zch'mcmc'lpccx +
> dM2°0xa + Z, Ry + Z°R, (68)

The values oR, S Ry, andR; in eqs 67 and 68 are given by

R=3 2mmpB', (69)
S=5 ) MmCe, (70)
Ri=15c>cmm o, (71)
Ro=Y.) «Mmm,®' (72)

is the Debye-Huckel limiting law, Z; is the charge
of M or X, c anda are the cations and anions in the solution.
The parameterBy, Bxa, Cme, andCyx, are a function of the
ionic strength

Buc = A + (BIM(2D))[1 — exp21°9 (1 + 21°9)] (73)

’ _ 1 2 0. 0.2
parameters were determine from the behavior of acids in B'wmc = BU(2%)[—1+ expl — 20°9(1 + 21°?+ 21)

NaCl solutions with added €a and Mg*, which form

(74)
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— 0. Table 11. Coefficients for the Thermodynamic Constants for the
Cue C¢MC/(2|ZMZX| 5) (79) Dissociation of Acids and Solubility of Gases in Water Fit to Eq
79

The parameter®y. and Ox, are related to the interaction

. . acid A B C D ref
of cations M andt and anions X and. TheWcex andWaam = e 5903 -
are r((jala}teqtgo,vtlhe triplet interactions ohndc’ with X and HaS 235 8375 13075 924 —34.64354 20
aanda with IvI. . H.0 148.9802 —13847.26 —23.6521 247

Pitzer activity coefficient parameters for a number of B(OH), 148.0248 —8966.901 —24.4344 248, 249
electrolytes important in natural systems (HCI, NaCl, KCI, HSO,~ 141.411 —4340.704 —23.4825 0.016637 241
NaOH, MoCl, CaCl, NSO, K;SQ, MGSQ, CaSQ)are Wi, - Doetss eoross | 0000169 250
knowr?*®> over a wide range of temperatures—@60 °C). 205 : B Lo _an

- . HCO3 207.6548 —11843.79 —33.6485 38
Data over a more limited temperature range-%0 °C) HoSO;  554.963 —16700.1 —93.67 01022 251
determined using enthalpy and heat capacity ‘8até are HSO;~ —358.57 5477.1 65.31 —0.1624 251
also availablé>?*5The interaction parameters for like charge HsPQ: 11554  —4576.7518—18.453 252
ions @y andOxy) and triplet interactionsWeex andWagy)  HFO 1721033 76814715 ~27.927 s
of cationsc andzc'z\évith X and anionsa anda’ with M are co, 602409 934517  18.7533 B4
also availablé5202.203,245 SO —142.679 8988.76  19.8967—0.0021 251

It should be pointed out that th® and W terms are aragonite  303.5363-13348.09 —48.7537 78
normally not large and do not contribute much in dilute calcitt  303.1308 —13348.09 —48.7537 8
solutionst®? The values of®uy and Wynx are model aRefit by Millero2° b Refit by Peiper and Pitz&

dependent since they require known valuessf§, A%,
g3, c? © 1) p@  anq Cly and depend on the  Table 12. Coefficients for the Formation of lon Pairs in Water

MX MX NX> NX? NX? .
experimental data used for their evaluation (activity or Fitted to Eq 80

solubility). It is thus important to take care in mixing the ion pair A B C
parameters determined by various workers. MgOH* 387 5016
For dilute solutions the activity of neutral solutes (N) in MgF+ 3.504 —501.6
electrolyte solutions are determined from the ratio of the ﬁalé*o3 i.gég —501.6 0.0066154
A . . g . .
solubility in a salt solution$) and in water ) CaCG Li78 0.0066124
Sifele} 1.028 0.0066154
yn= SIS (76) MgH-PO;* 113
CaHPOs* 1.0
ioni ic g 6 MgHPO, 2.7
The ionic strength dependence is giveri'By* CalPQ 54
MgPO,~ 5.63
In YNT 2zcmc]'Na + 2Zama}“Nc + Zamcmacha (77) CaPQ~ 7.1
The equation considers the interaction of the nonelectrolyte Taple 13. Comparison of Measured and Calculated Values of
N with the cationst (Ane) and anions in the solution fna) pK* (Total Scale) in Seawater at 25°C and S = 35
at a molality me and m,. For a concentrated solution, a acid meas calcd D ref (meas)

second-order term is needed to account for the interactions

of N with cations and anionsy GMcMaCca)- HCOs pK§ égg; é:gg 8'882 gg
One can use the Pitzer model to estimate all the values of PKy 5.850 ' 0 618 99
Kiix needed to study the carbonate system in natural waters 5.849 0.017 44
from 0 to 50°C 5455The equilibrium constants for the acids 5.846 0.014 23
in a given media can be estimated from 5.847 0.015 24
K 8.955 8.954 0.001 25
K _ + - 8.942 —-0.012 22
INKix =INKyx = INny(HY) = Iny(X7) + In y(HX) 8.945 0,009 2
(78) 8.919 ~0.035 23
_ _ 8.915 —0.039 24
The values of InKyx in pure water as a function of NH4" 9.256 9.235 0.021 65
temperature can be estimated from H0 13.211  13.218 -0.007 21
H,S pK: 6.510 6.533 —0.023 70
INK=A+BIT+CInT+DT (79) HF 2.611 2.552 0.059 6
H,S0; pK: 1.58 1.477 0.103 234
The coefficients for eq 79 are given in Table pK; 613 6.159  —0.029 234
1113:20,33,3443,61,70,73,241.245.2454 The stability constants for the B(OH)s 8.582 8.596 —0.014 57
ion complexes needed in the program are determined from HaPQ, PKY 1.591 1.605  —0.014 65
pK: 5.955 6.003 —0.048 65
pK = A+ BT+ CT (80) K 8.783 8.746 0.037 65
HSO,~ 0.983 0.993 —0.010 92
Th fficien r iven in Table $2.Th ivi calcite 6.367 6.397 —0.030 78
e coefficients are give able e activity aragonite 6.186 6.221 —0.035 78

coefficients of the proton (H), the acid (HX), and the anion
(X7) can be estimated from the Pitzer equation from 0 to 50
°C. Comparisons of the measured and calculated values of We recently®> have determined equations fdpand (K,
pK for a number of acids are given in Table 13. The estimates for carbonic acid from 0 to 250C using literature values
are in good agreement with the measured values. from 0 to 50°C and the Patterson et @p.>>¢data from 50
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to 250°C. The values of Ko for the solubility of CQ in Table 14. Compilation of Volumetric Pitzer Parameters of Salts
water has also been estima®drom the results of Duan  Obtained by Different Authors at 25 °C®
and co-workerg>7:258

The effect of pressure on activity coefficients in a solution

_ m
electrolyte W0 10PR0OV 108V 13p@V 10°CV (max)

can be determined frofh’8 HCl 17.824  0.055039 —0.74008 0.023984 17.48
NaCl 16.68  1.2414 ~0.662 6
o o 16.62  1.2335 0.43543 —-0.6578 6
In (% /In = 16.68  1.234 -0.645 55
(v yi_) ) X KO 1658  1.14 1.15 —0.555 4
V — VOP/(vRT) — 0.5K — KOYPY(vRT) (81 16.681 1.255 -0.688 6
( (WRT) K (uRT) (81) NaSQy 11.48  4.9790 16.1 —2.308 15
. . _ 11.487 4.466 18.02 -1.313 1.47
Where_P is 'ghe applied press_urR andT_have their normal 11.787 5.308 12.34 _2.794 22
meaningy is the number of ions in a given electrolyte, and 11.776  5.325 12.932 —2.914 15
V andK are the partial molal volume and compressibility N;‘é%? fg-igl —%.19%2 12-% Caos 117
(the parameters with asuperscript zero are the values in purg,g, 23479  0.76074 0.95252 —034908 8
water). Tabulations of the partial molal volume and com- NaB(OH),  20.673
pressibility of ions in pure water are given else- Na'lz —2.34  2.32766
where?7:245259261.269The values ol andK in a given ionic KC gg'g% igg 49 _061;35 :é'g; j‘?
media can be estimated from the apparent molal volume and 26.93 15030 ~1023 45
compressibility of electrolyte¥® A number of workers have 26.848  1.2793 0.89477 -0.7131 4.7
fit the volume properties of electrolytes to the Pitzer X250 gf;g 2228 222-885 8-25
equation€®2-271 Connaughtori®® Monnin 267268Krumgalz et 3205 —23199 36414 2011 07
al.269270 gnd Pierrot and Miller&! have used the Pitzer kHco, 33.448 —1.9568 21.604 1.0
equations to estimate the properties of mixed electrolyte gigzl —(;2072%% 1&%% , 16736 1l'c?
solutions. _The ionic values 01? and the Pitzer parameters ¢ co, 14054 34471 18.043 0824 56
for the major seasalts are availaftat 25°C and have been 12.327 3.0758  33.269 —-0.6468 7.6
summarized in Table 14. The Pitzer parameters that areKBr 33.746  1.066 0.8337 —0.7017 5.6
related to the effect of pressure on the activity coefficient KB(OH)s gg‘gig 1.0259 1.1021 -oee4l 56
parameters are given by KE 776 27663 —6.065
MgCl, 14.4 1.6992 —7.44 -0.56748 6
. . 14.395 1.844  —8.46 —0.6887 5.8
D\ I
LY = (3pY/0P), (82) 14.16  1.78 —6.38 ~0.643
13.734 1.3833 -0.357
] 14.083 1.6933 —5.2068 —0.5698 5.8
cV= (3Cg;/3p)T (83) MgSO; -7.48 4323 19.636  1.3405  0.86 2.4
-7.485 5.137 1319  1.495 2.4
-7.839 49329 14.838  1.679 0.192 2.9
v _ _ 1 —-6.551  4.2551 18.439 0.8889  1.3198 25
Cca - (aCca/aP)T - (acﬁJap)T/(2|cha| 2) (84) Mg(HCQ,), 27.402
MgCO;  —25.44
- ; gBr, 27.998 —0.0468 14.569 1.0696 4.4
The addition of these parameters for the major seasalts maked! 58788 0.60798 31073 05359 44

it possible to yield reasonable estimates of the effect of mgeoH), 22.387

pressure on the major components of seawater. MgF. —23.64
caCh 17.612 1.3107 —2.4575 -0.1265 7.7
o . 1853 1564 —10.48 -0.882 7.4
5. Distribution of Carbonate Species in the 17.419  1.3287 ~0217  NR
casqQ ~4.268
Oceans Ca(HCQ), 30.614
The distribution of the various components of the CO faca  —22.228 08976 50
system in the oceans has been studied by many workers. ’ 323 26894 —16.029 12951 50
Skirrow?”? has reviewed much of the earlier work. The earlier srci, 16.29  4.3451 —5.404
1970s studies of the carbonate system during the Geochemi- 184  3.2044 —9.8894 —21913 3.0
cal Ocean Section Study (GEOSEC) program have yielded 2:(SHQ£203) e
. . 2 .
the first global look of the C@system. The published atlas  gcq, 2355

gives detailed profiles. The more recent Joint Global Ocean SrBr, 29.888 1.7931 13.073 —-1.2458 33
Flux Study (JGOFS) COmeasurements made in the 1990s SB(OH):  24.277

as part of the World Ocean Circulation Experiment (WOCE) s _
hydrographic program present a much more reliable and
global picture of the C® system that will serve as a future because of the interest in how coastal waters contribute
benchmark for the future. These synthesized results areto the global carbon budgé®275

available on the web (http://cdiac.esd.ornl.gov) and will be

discussed in this section. The distribution of the :CO 51 Partial Pressure of CO ,

parameters is discussed in this section. In recent years, a

number of workers have studied the £€ystem in coastal Unfortunately no historical data of sufficient accuracy is
waters, estuaries, and rivers. This includes studies in theavailable for pCQin surface waters of the oceans as is the
coastal watef$3279 of North America?®®2°7 South case in the atmosphere. More recent measurements of pCO
America?®®301 Europe3??-305 Asja 3967313 Africa, 314318 and as a function of time are available from two time series
Antarctica3® 322 Studies have also been made on a number stations called HOT (off Hawaiij332 and BATS (off

of rivers in Europe?3-3% These trends will continue in the  Bermuda)?3®338 The values of pC@ in surface waters
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s Bermuda F=KkAC=k{C, — C,} (85)

1970 i 1 i 1 f 1 ¥ » 5 '
TcO: 1960 | &M 4 R4 ,l mp fhb ; ;
(w1950 |- ¥‘¥‘ I;»W : y | wherek is the gas transfer velocity ar@y andCa are the

1930 £* e concentrations in water at the bottom and top of the boundary
= . layer. In water, the concentration is mostly in the undisso-
o 7 2280 um ciated form CQ34434 As discussed earlier, the solubility
S constant Qf C_Qin seawaterl{o) as a f_unction of temperature
(ppm) 14 and salinity is based on the equations of Wé#dde used
3 = the measurements of Murray and Rifé§ywhich are more
8 30 pco:z reliable than the measurements of Li and ¥SuThe
i 250 trem) introduction of the solubility constanK§ = Clfco,, where
. e C is the equilibrium concentration) allows one to express
the gradient across the boundary layer in terms of the fugacity
(feo,)
Hawaii F= k(Kowfcozw - KOAfcozA) = I<K0Afcoz (86)
2000 | | K i ' K | | % '
%0 | | =@ W and A indicate the values d&o, and Ky at the top (A)
i Egﬁ 1 ﬁh?_ﬁ‘gﬁiﬂ’#&" and bottom (W) of the boundary layer. The valuesif,
150 | B are similar to the partial pressure of pg@nd can be
b 3 B il 2370 NTA determined from the equations of WefsSince the atmo-
g | "‘1"':-_.'*-“"‘""-'.' W; 208 (K55 spheric values of CQare frequently expressed as the
- 0133 1 . m—’ fraction,X;oz, _in ppm .in air, the fugacity is related to the
ppm) 15 | “ A NI mole fraction in dry air by
1.7 F -
1 < 380 pcos feo, = (P = Pu,0)Xco,f(9) (87)
WWVW\(WY“!}’??MZ 340 (PP
WNEY T s j 2 where the fugacity coefficient(g), is for the nonideal gas
1984 I “Joss I 1992 1908 I 2000 behaviof?
Figure 10. The measurements of pGATCO,, NTA, ando*3C at
thg Bermuda and Hawaii time seF;i%s stgtzions. The lines are the f(g) = expB;; + 20,,) (88)

changes in the values of pG@ the atmosphere as a function of
time. Copyright 2006 from ref 1. Reproduced by permission of The second virial coefficienB;1, and the correction for air

Routledge/Taylor & Francis Group, LLC. CO, mixing, 012, are given b§?

determined at these two sites are shown in Figure 10. Thep, _ _ . 2

lines show the variation of pCQOn the atmosphere. Both B 1636.75+ 12.0408 — 0.0327957" + .
show an increase in the levels of pgOCO,, and 6*C 3.16528° (89)
with time. TA does not show any large changes with time _

since it is not affected by the addition of @t ocean waters. 01,=57.7—0.1187 (90)

The pCQ is lower in the winter and higher in the summer o
largely due to changes in the temperature of the waters. The' he effect of temperature and salinity on the vapor pressure
annual cycle of pC®is much greater in Bermuda than ©Of H20 can be estimated froit?
Hawaii due to the larger variations in temperature. The _
annual increase in the pG@ 1.5 ppm year' in Bermuda ~ PH0 = exp{24.4543~ 67.4509(1007) —
and 2.3 ppm yeat in Hawaii, which is the same order of 4.8489 In /100)— 0.000544%) (91)
magnitude as the increase in the atmosphere. The TA in the
surface water does not change significantly in the waters. Weiss and Pric€® have suggested that one can avoid some
The TCQ increases by 0.68 and 1.2énol kg™ year* and of the problems of estimatinffg), the nonideal gas correc-
the 613C decreases by 0.024 and 0.027 ppm ykaespec- tion, using the values ofco, in the atmosphere in terms of
tively, at the Bermuda and Hawaii Time series stations.  ppt by using

The changes in pCOn surface waters are related to the
flux of fossil fuel into the surface oceans. The flux of €O F=kKy(P — pHZO)AXCOZ (92)
across the airsea interface has been examined by a number
of workers. Takahashi et &° have estimated the global flux ~ whereX is reported in mole fraction in both air and water
of CO, into the oceans. The global atmospheric gradient of (assumingf(g) = 0). Equations 86 and 92 do not account
CO, across the airsea interface needed to take up 2 Pg for the differences in the solubility above and below the
year? (2 x 10" mol year?) is between 6 and 8 ppmv. A boundary that result from differences in temperature. Film
number of international prograft§24? are involved in models account for these differenéés34%-352 Minnett 353 for
improving the uncertainty in the estimates of the global and example, has measured skin temperature changes 6€0.2
regional air-sea fluxes of C@ The theoretical framework near the interface. McGillis and Wanninkk&fhave exam-
for estimating the flux has recently been discussed by ined the effect of FC in the temperature above and below
McGillis and Wanninkhof43 the boundary layer and found significant differences in the

The flux (F) of a slightly soluble gas across the-agea fluxes. Robertson and Wats8fhand Van Scoy et &°have
interface is the rate-limiting step and is given by estimated global effects of 0.6 pG°C~* due to differ-
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ences in the skin temperature. This may be an overestimate 7 =

of the global effecé*? g *-\—-.\‘-
Reliable values of the exit coefficient or transfer coefficient 1 e

k are needed to make accurate estimates of the flux of CO ! .

across the airsea interface. A number of workéts 361 have =

used laboratory and field measurements to deteriniibey : o
have examined the effects of wind, bubbles, boundary layer ' "
stability, and drag coefficients on the transfer coefficient.

The most used relationships betwdeand wind speed are

those developed by Liss and Merli¥#&tand Wanninkhoff52

These models assume that the valu&kaé related to the

friction velocity yielding

k= ﬂilscinUWm (93) - 2?ESea:;ter paéza(u:t%; mz;sﬂ R e
Figure 11. The surface values of pGQOn the world oceans for
where Scis the Schmidt number equal to the kinematic February 1995%

viscosity of water divided by the molecular diffusivity of

turbulence (varying from 16 to 11 with increasing turbulence PCCz in surface water€4%*The pull down of surface pCO
based on tank studie® and Uy, is wind speed raised to Py Phytoplankton and delivery of the G@o deep waters
the powem. The exponent for the Schmidt number varies after decomposition is the so-called “biological pump”. For

from 0.67 for a smooth surface to 0.4 for a system with this biological pump to take COpermanently from the
bubbles?4-367 McGillis and Wanninkhc®3 have recently ~ atmosphere, the organic carbon must sink below the ther-

examined the Gas X-98 field data using dual tracdéte mocline and be oxidized back to GQvhich will be stored

and SE. They examined the quadratic and cubic dependencefor hundreds of years in deep waté?$*°The particulate
of kon wind speed. The values bhormalized toSc= 660 organic carbon can also be stored in sediments without being

at 20°C are given by oxidized. Changes in the pGQre quite large in a phy-
toplankton b_Ioom. Thi_s is shown for the changes that
Kego (CM hFl) — 0_311]102 (94) occurred during the cruises where Fe was added to the ocean

to stimulate the production of phytoplankt®i153418417 The
1 3 results going across the Fe-enriched p#ifcare shown in
Ksoo (CM hr ) = 0.028J,4 (99) Figure 12. The pC@and TCQ decrease in the Fe-enriched

with standard errors o£9.1 and+8.3 in ksgo, respectively. 550 + : . : . . L2085 798
The value ofUy is the velocity at 10 m. These equations

have been compared to tH€ inventory value of Broecker

et al®8of Ujp= 7.4 m st andk = 22 cm h'. Using an 530

- 7.97
- 2055

estimate of the global wind speé@ifor steady short term z Ml
average winds (less than 1 day), they found O 2045 81 705
n 5 v =
=] -
_ _ - g
kego (cM hi ) = (Sd660) °%0.028J,°  (96) 2 Blro
490 - 2035
which is in good agreement with the Gas Exchange results. [7es
They?*3 attribute the stronger dependence at high wind speeds
to bubble entrainment while the lower winds may be related Y e o o e &
to retardation by surfactant®’ For long term average winds, Distance from start (km)
they derived Figure 12. Values of pCQ, pH, and TCQ on a transit across an

Fe-enriched patch in the equatorial Pacific.
Kavg= (109U, — 0.33U, + 0.78U,°)(Sd660f° (97)
patch while the pH increases. The changes are quite
The monthly values oApCQ, of Takahashi et al’® give a significant in areas where primary production is occurring.
global flux of CQ, equal to 1.7 Gt yeat using the second Much of the deep ocean pG@ata acquired as part of
degree equation of Wanninkh®f. The new cubic equatiGi the JGOFS and WOCE program is available at CDIAC.
gives a flux of 1.9 Gt year, which is closer to the values  Typical profiles of pCQ in the North Atlantic and Pacific
determined by other techniques. Oceans are shown in Figure 13. The surface values are
A number of workers have measured or modeled the similar and in near equilibrium with the atmosphere. The
partial pressure or fugacity of GGn surface waters of the  values increase to a maximum in the deeper waters-(800
oceans’? 4% Most of these measurements will make their 1000 m) due to the oxidation of organic carbon by bacteria
way into the global pC@database compiled by Takahashi at the oxygen minimum. The waters at the permanent
and Sutherland at Lamont and will eventually be available thermocline are older and accumulate more,Cihe levels
at CDIAC. The global results fohpCQO;, of Takashashi and  at the maximum are much higher in the Pacific due to older
co-workers®® are shown in Figure 11. The flux of GGs age of the water. The deep waters that move from the Atlantic
out of the oceans in regions of upwelling and into the oceansto the Pacific have increasing concentrations of,@®the
in the polar cold waters. This input of GOrom the waters age. One can download the pQietermined from
atmosphere to the oceans is called the “solubility pump”. direct measurements made across an ocean basin to construct
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pCO, (uatm) are much lower due to the older waters accumulating more

$00 ;400 600 800 1000 1200 1400 1600 CO,. The pH of deep water formed in the North Atlantic
decreases as the waters age and move to the North Pacific.

. The pH increase in deep Pacific waters is partly due to the
dissolution of CaC@ The CQ? ion from the dissolution
1 of CaCQ reacts with H to form HCG;~ causing the pH to
increase. The pH of deep waters can be as low as 7.5 near
1 1000 m in the Pacific. In very deep waters, the pH can go
O N.paciic through a maximum due to the effect of pressure on the
] ionization of carbonic acid. A section of pH in the Atlantic
is shown in Figure 16. The section of pH is similar to the

1000

N
=]
(=3
=]

DEPTH (m)
8
3
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8

5000 -

Figure 13. The pCQ in the North Atlantic and North Pacific
oceans as a function of depth. Copyright 2006 from ref 1.
Reproduced by permission of Routledge/Taylor & Francis Group,
LLC.

north—south sections in the Atlantic, Pacific, and Indian
oceans. A typical example for the Atlantic Ocean is shown
in Figure 14. The Atlantic waters in the north sink form the

pcoz

60°S s 40N
1200 Figure 16. A section ofin situ pH in the Atlantic Ocean (A16%*

pCQ; but is opposite in sign. When the pgcreases, the

70 pH decreases. The older intermediate and deep waters in the
I South Atlantic have a lower pH than the North Atlantic deep
e waters.

5.3. Total Alkalinity

The total alkalinity (TA) of surface and deep waters was
measured extensively during the WOCE and JGOFS studies.

surface with near-equilibrium levels of pGOAs the waters The surface values of TA are largely a function of salinity
q P since HCQ™ and CQ?  are major components of sea-

ntermediate waters are formed in the South Atanie that "2Le1" TO account for the changes in these major corn-
ponents as a function of salinity, the TA is normalized to a

60°5 40°8 EQ 20°N 40°N

Figure 14. A section of pCQ in the Atlantic Ocean (A163°*

have higher levels of C£and move toward the north. salinity of 35 (NTA= TA x 35/5). Typical profiles of NTA
for waters in the North Atlantic and Pacific are shown in
5.2. pH Figure 17. The surface values of NTA of surface waters in
The pH of most surface waters in near equilibrium with NTA (uM)
the atmosphere is 8% 0.1. A profile of pH in the North w

2300 2350 2400 2450 2500

Atlantic and Pacific oceans is shown in Figure 15. The pH 0 : ;
PH 1000 y
7.4 7.6 7.8 8.0 8.2
(]
. 2000 -
1000 - E
T
— 2000 - r 3000 -
E W
T o
& 3000 [ 4000 -
w
o
—@— N. Atlantic
4000 - 5000 -O- N.Pacific

—@- N. Atlantic
5000 - O N.Pacific

: ' Figure 17. The normalized total alkalinity (NTA) in the North
Figure 15. The pH in the North Atlantic and North Pacific oceans Atlantic and North Pacific oceans as a function of depth. Copyright
as a function of depth. Copyright 2006 from ref 1. Reproduced by 2006 from ref 1. Reproduced by permission of Routledge/Taylor
permission of Routledge/Taylor & Francis Group, LLC. & Francis Group, LLC.

decreases due to the addition of £f@m the oxidation of the oceans are nearly constart2@00 to 235Qumol kg?)
organic carbon. The minimum values of pH in the Pacific except for the outcropping of deep waters in polar waters
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and in coastal upwelling are&S Differences of TA in warm

Millero

plant material and the dissolution of Ca€Ohe TCQ

surface waters can also be related to the growth of organismsvalues for deep Pacific waters are higher than those for the

with shells of CaC@ (formanifera and pterpods). The deep
waters have a higher NTA due to the dissolution of CaCO
The maximum increases of NTA from the surface to deep
are about 50 and 1Qdmol kg2, respectively, in the Atlantic
and Pacific oceans. For every mole of Ca@lat dissolves,
the NTA increase by 2 mol. The dissolution of CaLi®

Atlantic because the waters are older and have had more
time to accumulate CQlue to microbial oxidation of organic
carbon. The values of TG@nd TA correlate very well with
each other and can be used to characterize various water
masses. Due to the buffering effect of seawater, only a small
amount of CQ needs to be transferred to the oceans to

deep waters is due to the increase in pressure of the watersestore the equilibrium between the atmosphere and surface.
and the level of pH. At the same depth in both oceans, the This buffering is called the Revelle factaR)(

equilibrium solubility constant of CaC{will be nearly the
same. Since the pH is much lower in the Pacific, the
solubility CaCQ will be greater. A section of NTA in the
Atlantic is shown in Figure 18. The distribution of TA is

§0°S 40°s 20°8 ) EQ
Figure 18. A section of normalized TA in the Atlantic Ocean

(A16) 501

very similar to the salinity distributions that follow the major

water masses. The values of NTA in the deep waters increase

from the North Atlantic (2330umol kg™) to the North
Pacific (2430umol kg™1) due to the dissolution of CaGO

in the waters. The features of the patterns of NTA are similar
to the other C@ parameters.

5.4. Total Inorganic CO

As with TA, the effect of salinity on TC® can be
corrected by normalizing the results to a constant salinity
(NTCO, = TCO, x 35/9. If the values of TCQ are
normalized, the surface values are about 205®I| kg

R= (ApCO,/pCO)/(ATCO,/TCO,) (98)
A smaller Revelle factor indicates a higher buffer capacity.
It is the ratio of the fractional change in the partial pressure
of carbon dioxide in the atmosphere to the fractional increase
of the total carbon dioxide in the ocean. This value is about
14 for cold waters and 8 for warmer waters (the average is
about 10). Thus, a 10% change in pCanly results in a
1% change in TC® This factor is important when consider-
ing the effect that increases of G the atmosphere have
on the carbonate system.

A section of NTCQ in the Atlantic is shown in Figure
20. The distribution of NTC®is similar to pCQ. The values
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—

£
£

60°8 40°8 20°8 20°N 40°N
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Figure 20. A section of normalized TC®in the Atlantic Ocean
(A16) 501

in the deep waters increase from the North Atlantic (2180
umol kg™?) to the North Pacific (238@mol kg™') due to
the oxidation of organic carbon and dissolution of CaCO

except for the outcropping of deep waters in the polar regions a5 for pCO;, surface changes can be related to up welling

and in upwelling areas. Typical profiles of NTG@ the
North Atlantic and Pacific oceans are shown in Figure 19.
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Figure 19. The normalized total carbon dioxide (NTGQn the
North Atlantic and North Pacific oceans as a function of depth.
Copyright 2006 from ref 1. Reproduced by permission of Routledge/
Taylor & Francis Group, LLC.

In deep waters, th&CO, increases due to the oxidation of

of deep waters with high C{and decreases due to primary
production of organic carbon.

5.5. CaCO; Dissolution in Seawater

The precipitation or formation of solid CaG@ surface
waters and the dissolution of solid Cagi@ deep waters is
very important in transferring COfrom surface waters to
deep waters. CaG{®) is also present in pelagic sediments
of the world oceans (see review by Morse et al. in this issue).
The saturation state of seawater with respect to GaigO
determined from

Q =[Ca'|[CO VKE, (99)
where [C&t][COz?7] is the ion product of the concentration
of Ca&* and CQ? andKg, is the solubility product at the
“in situ” conditions of § ‘F andP. Since C&" is a major
constituent of seawater (within 1%), its concentration (mol
kg™') can be estimated from

[Ca®'] =2.934x 10 *S (100)
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The solubility product for calcite formed by foraminifera and
aragonite formed by pteropods can be examined relative to
the saturate state. The values of [€Q can be determined
from the measured carbonate parameters (pH and TA or TA
and TCQ). Typical profiles of the saturation state of calcite g
and aragonite are shown in Figures 21 and 22. The surfaceg 000

0 2 4 6

1000

60°S 40°5 20°8

Figure 23. A section of saturation state for Calcite in the Atlantic
Ocean (A16f%

2000 -
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6000 L L
Figure 21. The saturation state of calcite in the North Atlantic
and North Pacific oceans as a function of the depth. Copyright 2006 60°S 40°s 20°8
from ref 1. Reproduced by permission of Routledge/Taylor & Eigyre 24. A section of saturation state for Aragonite in the
Francis Group, LLC. Atlantic Ocean (A16}°!

[} 1 2 3 4 5
0 T

solubility (Kg) of these minerals in deep waters is related to
the effect of pressure on the solubility of Cagf§). Since

1000 ] two divalent ions are formed during the dissolution, the
volume change is large and negative due to electrostriction.
Pressure pushes chemical reaction to the smallest volume.
2000 - , The Pacific deep waters become undersaturated at shallower
depths due to the lower pH or higher gé@rmed by the

E oxidation of plant material. This decreases the concentration
£ 3000 - 1 of COs?~ due to the shift in the equilibrium
8
CO,> + H"—HCO,  or
4000 |- ,
CO32_ + CO, + H,0— 2HCO,; (101)
000 - x N Atantc i The differences iff2 between the two oceans become smaller
¢ in the deep oceans due to the effect of pressure on the
6000 \ \ l solubility constant. The rates of dissolution and precipitation

Figure 22. The saturation state of aragonite in the North Atlantic of _CaCQ, in seawater are discussed in more det"’!" in the
and North Pacific oceans as a function of the depth. Copyright 2006 'eview by Morse et al. The thermodynamic saturation state
from ref 1. Reproduced by permission of Routledge/Taylor & 9ives the depth at which CaG@hould be at equilibrium.

Francis Group, LLC. The depth where the dissolution becomes significant in the

waters in both oceans are supersaturafed (1). The values water cplumn orin sed|ments' IS ccl)lntrolrlledl by k'lf‘e“cs and
of Q for calcite are near 5.0, while the surface water values occurs in deeper waters and is called the lysocline.
of Q are 3.0 for aragonite. Aragonite is about 1.5 times more ~ Feely et aii® have examined the saturation state of calcite
soluble than calcite. The waters of the Pacific become and aragonite in ocean waters and the rates of dissolution of
undersaturated¥ < 1.0) at shallower depths than those in CaCQ in the oceans. They determined the aragonite and
the Atlantic. Approximate saturation levels in North Atlantic ~ calcite saturation states in the major oceans using the new
and North Pacific waters for calcite are 4300 and 750 m, carbonate data determined over the last 10 years on the
and for aragonite, the levels are 1500 and 500 m. Most of WOCE cruises (Figure 25). The values range from 3000 and
the deep Atlantic waters are supersaturated with respect to4500 m in the North Atlantic to 500 and 700 m in the North
calcite (above 4500 m) and aragonite (above 2500 m). ThePacific, respectively, for aragonite and calcite. The added
deep waters in the North Pacific go undersaturated very closeanthropogenic C&to the oceans has decreased the saturation
to the surface (106200 m). levels by as much as 500 m. As discussed later, over the
Sections of the saturation of calcite and aragonite in next 200 years, the surface waters of the oceans may be
Atlantic waters are shown in Figures 23 and 24. The greater undersaturated with respect to aragonite.
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Figure 25. The depth of the aragonite (A) and calcite (B) saturation state in the oceans. Reprinted with permissiSniémea(http://
www.aaas.org), ref 496. Copyright 2004 American Association for the Advancement of Science.

Feely et al'®* 4?1 also determined the rates of dissolution ~ The dissolution of calcite in the guts of copepods grazing
of aragonite and calcite in the oceans. They determined theon coccolithophorids has been discounted as a major pathway
amount of CaC@dissolved from the equation for the dissolutiorf3? The sharp increase in TA* near or

below the aragonite saturation horizon in the Patific
meas TA% + 0.63(0.0941A0U) suggests that the more soluble carbonates dissolve quite
(102) readily and the least soluble carbonates are preserved during

) o transit to deeper levels. This is in agreement with the earlier
The TACis the preformed value of the surface alkallnlty and in zitro experiments on pteropod shells by Byrne and

ACaCQ, = 0.5[TA

is estimated from colleague$3343¢In summary, there is probably more than
0 one process that contributes to the increase of TA at shallow
(103) The marine CaCé&budget has been examined by a number

of workers#¥7-440 New global productiotf' 442 of CaCQ
ranges from 0.81.4 Pg of CaC@C year™. The globally
averaged sediment trap data for deep waters indicates a global
average flux of about 0.4 Pg of CagQ year?!. This
suggests that 4880% of the CaC®is rematerialized in the
upper water column, which is consistent with the estimates
of Feely et at?*443of ~0.5 Pg of C year® globally. It is

N also consistent with the fluxes of foraminifera indicating that
approximately 65% of the tests are dissolved in the upper
1000 m of the water columtt? The present accumulation

in the Atlantic to 1.2umol kg™t year* in the Pacific. Most of CaCQ in marine sediments is about 6:0.14 Pg of

: ; : . CaCQ-C year! along the margins or deep sea and 6:13
of the dissolution occurs near the aragonite saturation depth. 1 ' 1,445-447
This is above the lysocline level (the level where significant 0.17 Pg of CaCeC year™ on the continental shetf.

CaCQ dissolves). This dissolution of CaG® these upper Thus, only 25% of the CaCfJs buried in shallow and deep

: . : diments. A very large fraction of this dissolution, up to
waters may be related to (1) dissolution of Ca@@rticles seo . '
in the guts of zooplanktof?%-431 (2) dissolution of CaC® 60% or more, occurs in the upper water column above 2000

particles in microenviroments where bacterial oxidation of "
organic matter can enhance the dissolution prot&ss,(3) .

dissolution of the more soluble forms of Cagid shallow 6. Fossil Fuel CO ; Input to the Oceans

waters including those from pteropods and high-Mg  Much of the interest in the carbonate system in the ocean
calcite#33-435 is due to the ability of the oceans to take up a large amount

whereSis the salinity, PO= [O;] — (OJ/P)[PQ]t, and0 is

the potential temperatufé>*22The second term in eq 102
accounts for the decrease in TA resulting from the oxidation
of organic matter using the apparent oxygen utilization
(AOU)*?* and uses a N/©ratio = 0.094%?2 The 0.63 term

in eq 102 accounts for the change in TA due to the oxidation
of organic nitrogen, phosphorus, and sulfthBy dating the
waters using CFCs oFC, one can estimate the rates o
dissolution of CaC@along constant density surfaces. The
maximum dissolution rates range from @&ol kg year?®
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Figure 26. The differences in the NTCOrom 1989 to 200391

of the fossil fuel emitted each year. The input of this fossil oceans but is not as good as that from ice cores. The
fuel into the oceans has been estimated by a number ofreoccupation of the world oceans and time series stations
methods some are summarized below along with somewill provide us with future information, but there is a need

examples: to use indirect methods to give us some understanding of

1. The penetration of € into the ocean$*® the changes that have occurred over the past 200 years and

2. The penetration of CFCs into the oceéfis. into the future. More seasonal information will come from

3. The transfer of C@across the airsea inter- moorings and floats capable of measuring at least twe CO
face33® parameters.

4. The inferring the values from atmospherig/ O In this review, we will concentrate on the last two methods
CQ; ratios in the atmospher&° of determining the input of C@into the oceans. The time

5. Modeling the input of CQinto the ocean$! series method simply examines the change in T6r a

6. Using measurements of Tg@s a function of given time period®2>*81For example, the changes from 1970
time 452 to 1990 can be examined using

7. Using measurements of Tg@nd correcting for _ _ _
the amount added due to the oxidation of organic A(TCO) ann = [TCO,(t=1970)— TCO,(t=1990)]/20

carbon and dissolution of CaG@p3-456 (104)

7-497 -
Many other™*7 have used these methods to examine rpig method can be made by comparing the measured values

tr}ecinpyttoftrC]:Q into the o_(I:_eg:"ns.lThe estirr:jat%s of tTe inpéjtl in a given year with those calculated from a fit of the other
of CO, into the oceans in Table 1 were made by early model y o5 %, empirical equations of the form

calculations'®® These earlier estimates were supported by
ocean circulation models and indirect methods supported by TCO,(t=1970)= a, + &,S+ a,0 + a;TA + 3,0, (105)
observationg846849The tracers CFCC, and*C are not
ideal tracers for the invasion of G@to the oceans because wherea, etc. are adjusted parameters. It is also possible to
their air-sea equilibrations are not the same as,Clhe compare differences between the equations fit to the different
earlier estimates based on tracers with equilibration timestime periods. This is much easier and yields smoother section
that were greater than GQ@re suspect. For exampi¥,the plots for the results. This method requires reliable measure-
equilibration time for*“C is about two times faster and that ments as a function of time. Unfortunately some of the earlier
for CFCs ten times faster than that for €@he equilibration global CQ measurements made in the 1970s were not as
of CO, in the oceans is controlled by the vertical transport accurate as the more recent results. This method has been
of surface waters into the deep oceans that mix with time used for measurements made from 1990 to 286/ 486501
scales of 5061000 years. and will be used in the future as the ocean Gystem
The direct determination of the uptake of €8y the continues to be studied. Goyet et*& developed a multi-
oceans over time will take years to obtain a record like the parameter approach that corrects for the mixing of water
one that is known for the atmosphere. The record from the masses. The recent resfflisfor the Atlantic are shown in
sediments gives some estimation of the past, @Othe Figure 26.
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The second method determines the TG&tering the AC* = C* — C*0 (113)
oceans using an equation of the fdpaf>*
The preindustrialC® is determined by assuming the p£O
A(TCOY)antn = (TCO,)yeas — A(TCO ) caco, — = 280 ppmv and TAis estimated from
ATCO)organic (106) TA® = 367.5+ 54.95+ 0.074PO (114)
The estimation of the TC{lue to the dissolution of CaGO  \yhere PO= [POyjmeas+ [O2]meas’?2 The equilibrium values

and oxidation of organic matter can be estimated by assumingof C as a function ofS, T (°C), and pC@ have been fitted
that plant material has a fixed composition. Combining this g the equation

oxidation with the dissolution of CaG@ffects, one get&’
Ced ST, TA)pco—280 = 2072.0— 8.982C — 1)(T —

CH,0),,¢NH,),H-PO, + 1380, +
(CH0)10dNH3)1H5PO; % 9.0°C) — 4.931635.0)+ 0.842(TA— 2320) (115)

124CQ%* — 16NO,” + HPQ,* + 230HCQ, +
16H,0 (107) The calculated values o€ were determined using the
equations of Goyet and Poisstwhich are not strictly va}lid
The CQ?" ions formed from the dissolution of CaG@act ~ [OF seawater as discussed earlier. The value ¢f i®
with the protons formed from the oxidation of plant mate- estimated from the saturation value at the surface at a given
rial.#24 1f x uM CaCQ; andy «M organics are decomposed, emperature and salinity.

the changes in TATCO,, and NQ~ are given by The final equation foIAC* is given by
ATA =2x — 17y (108)  AC* =C— C,,— r(C/Q,)(O, — O,%%) —

ATCO, = x + 106y (109) 0.5[TA — TA® + r(N/O,)(O, — O] (116)
ANO, = 16y (110) The anthropogenic CQs calculated by

_ _ _ ACunt = AC* — ACiseq (117)

A direct measure of the invasion of G@n the oceans
was first attempted independently by Bretweémand Chen The ACyiseqis a term due to the aitsea disequilibrium of
and Millerg®* using these equations. Although these early CO, before the water sinks. The calculation AC* in
methods were criticizé® due to uncertainties associated surface waters are corrected for changes since leaving the
with the mixing of water masses of poorly known initial surface usingH, *He, and CFC-11 measurements and for
concentrations of COand the selection of the preindustrial the mixing of various water mass#§:48 Gruber et al.
end members, it did yield reasonable values for the input of estimate that the inventory for anthropogenic 00 the
CQ; into the oceans and predicted the preindustrial value of North Atlantic is 20+ 4 Gt of C, which was in reasonable
260+ 15 ppm#>4in the atmosphere, which is in reasonable agreement with some of the global circulation model
agreement with the value of 280 ppfniater measured in  estimates of 1819 Gt of C47 This method has also been
ice cores. The basic assumptions of determining the anthro-used to estimate the anthropogenic input of,G@o the
pogenic CQ from the measured CCand the amounts due  Indian?8* Pacific#9? and Atlanti¢*? oceans. The results for
to the oxidation of organic carbon and dissolution of CgCO the world’s ocearf€® will be discussed later.
are fundamental to the methé&4. A much simpler method has been developed by Touratier

The improvements to the model by Gruber et&Sabine and Goyet® It defines a tracer
et al.# and Touratier and Goy&f have corrected for the
mixing of surface waters and different water masses and used TrOCA= 0, +1.2TCG — 0.6TA (118)

a more conservative parameter than AOU to analyze the . o
results. The improved method of Gruber et¥idefines the ~ TrOCA*®is a reasonable tracer of water masses, when it is

tracer C* given by corrected for the input of anthropogenic €@hey define a
conservative tracer without a contribution of anthropogenic
Cr =C— Gy CO; by
Cr =C— (C/0)O, — 0.5[TA + (N/G,)O,]  (111) TrOCA’ = 0,° + 1.2TCQ° — 0.6TA”  (119)

The Cgio term uses stoichiometric ratios for G& —170 Since TA is not affected by the increase in £ the
and N/Q = 0.094, which are based on field measure- atmospherds*483TAC is equated to TA. They also assume
ment$?3%“and are closer to the values for the formation of that G° = O, since the oxygen in the oceans is not
diatoms*'5 This tracer has conservative properties for a given significantly affected by the changes of oxygen in the
water mass. They assume that most of the influence of atmospheré®® The final equation for the concentration of
different water masses can be eliminated by considering theCQ, from anthropogenic sources is given by
deviation of C* from its preindustrial valueC*° defined by
Canr = TCO, — TCO,Y = (TrOCA — TrOCA%)/1.2
c*%=c’ - r(C/0,)0,° — 0.5[TA’ + r(N/O,)0,’ ] (120)

112

(112) They calculate an empirical equation for the Atlantic that
The new quantityAC*, which is not strongly affected by  defines the relationship of TGOwith the potential temper-
different water masses, is given by ature @)
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TrOCA® = 1505.04 expt©/89.04)  (121)

The precision of the method has been estimated to1& 3
umol kgt They estimate that the anthropogenic input into
the Atlantic is 45 Gt in the 1990s and 1.97 Gt yédirom
1984 to 1995. More recently Touratier et'&lhave examined
the TrOCA method in the equatorial Atlantic Ocean and
compared the results to the penetration of CFCs.

A comparison of theAC* method™®® and classical meth-
0dg345%4of estimating the input of anthropogenic gidto
the oceans has been made in the Indian Ocean by a numbe
of workers5%6507 The methods give similar overall results
but substantial differences in the distribution in the water
column. Parts of these differences are related to the choice
of the equations used to determine®&hd the stoichiometric Figure 28. The column inventory of fossil fuel COn the world
ratios used for the biological correction. More substantial gceans. Reprinted with permission fr@gience(http:/www.aaa-
differences occur due to the reference waters used. Chen and.org), ref 496. Copyright 2004 American Association for the
Millero#>*use normalized preformed values as a function of Advancement of Science.
potential temperature instead of the multiple references points

used in theAC* method. The TrOCA andAC* methods ~ Years, the rate of uptake is 19 0.4 Pg year'. Over the
have been compared in the Atlantic by Touratier and /@St 200 years, the land has been a source of ©Ghe

GoyePOL505508nd are found to be in reasonable agreement. atmpsphere (39 Pg),' while over recent years, i; has become
The CQ measurements made on the WOCE cruises & sink (=15 Pg). This uptake of COby terrestrial plants

(Figure 27) in the 1990s have been synthesized into a globalM&y be related to the regrowth of trees in North America.
We are not certain whether this trend will continue in the

40E 80E 120E 160E 160W 120W BOW 40W 0° future. Further work is needed in characterizing the role of
) : coastal waters and the Arctic in the uptake of L®he
present estimates are not very reliable.

7. Biological Effects of Increasing Levels of
Partial Pressure of CO »

It is clear that the pC®in the atmosphere will increase
in the future due to the continued burning of fossil fuels.
Caldeiria and Wicketthave used a model to estimate the
increase of C@in the atmosphere over time if all the fossil
fuel is used (see Figure 30). They examine how this increase

in pCQG, in the atmosphere would change the pH of ocean
Figure 27. The CQ stations occupied in the world oceans during PCC, b g b

. .2 waters. They estimate that the maximum fossil fuel input of
E)r}eRlo%?l%zg%?'IPg;:g?gzg?gnfcri%merrgfutl IEEg.Oduced by permission 25 Pg year?! will be around 2190 and the fossil fuel will be

completely spent by~2400. This input of C@Qwill cause
database (http://cdiac.esd.ornl.gov). The synthesis group (Jan increase in the atmospheric p{t@a maximum of 2000
L. Bullister, R. A. Feely, R. M. Key, A. Kozyr, F. J. Millero, ~ #atm near the year 2300. This high concentration of pCO
T.-H. Peng, C. L. Sabine, and R. Wanninkhof) have in the atmosphere will slowly decrease to a value of 1500
examined the internal consistency of the measurementsxatm by 3000. This slow decrease is due to the slow uptake
determined the input of fossil fuel into the world oceans, of CO, by oceans. As the surface waters equilibrate with
and calculated the rates of dissolution of Ca@pin the  the high levels of pC@over the next thousand years, the
world oceans. The results have led to reliable TA and TCO Values of pH, TC@ [COs”7], and the saturation state of
for all the major oceans, which are available to modelers CaCQ will change. Over the last 200 years, the pH of the
and other scientists. The inventory of anthropogenic B oceans has decreased by 0.11 and by the year 2400 the pH
the oceans is shown in Figure 28. Most of the stored fossil Will decrease by 0.8 reaching levels of 7.4. This low pH
fuel CQy is in the north Atlantic where deep water formation Will exist for some time and change the saturation state of
occurs. The penetration of fossil fuel €@ shown in Figure ~ CaCQ.*?* The increase of CQor H* will dissolve calcitic
29. Except for the North Atlantic, the signal does not shells and minerals:
penetrate below 1500 m in the central gyres of the oceans.

40E 80E 120E 160E 160W 120W BOW 40w 0©°

A summary of the anthropogenic budtfétor the various CO, + CaCQ + H,0 =2HCO, + C&" (122)
oceans compared with some model results is given in Table
15. The amounts stored in the Atlantic and Pacific oceans H™ + CaCQ=Cd" + HCO;~ (123)

are 71% of the total. The magnitudes in the Atlantic and

Pacific are similar even though the volume of the Pacific is Since surface waters are supersaturated with respect to all
four times larger than the Atlantic. The calculated values phases of CaCg€ changes in the carbonate chemistry were
for the major oceans are in reasonable agreement withnot previously considered to effect biogenic calcification.
estimates from models. A summary of the anthropogenic Carbonate skeletal structures in the future will likely be
budget is given in Table 16. The oceans have taken up 48%weaker and more susceptible to erosion and dissolution. With
of the anthropogenic C{bver the last 200 years. In recent an increase in pCQthe future surface oceans will become
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a)

1000 g

Depth

Anthropogenic
CO,
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2000

60°8 40° 207 e 207N
Latitude
Figure 29. The penetration of anthropogenic €@to the world oceans. Reprinted with permission fr8egiencehttp://www.aaas.org),
ref 496. Copyright 2004 American Association for the Advancement of Science.

Table 15. Anthropogenic Fossil Fuel Input to the Oceans (Pg of 30
C)l 25
ocean location measurements models § ::
Indian >50S—20N 2242 22-27 310
Atlantic >50S-50N 40+ 5 30-40 5
Pacific >50S-50N 444+ 5 47-62 0
;n?rlginal seas  ~65N 111%; 59 99-129 1800 2000 2200 2400 2600 2800 3000
otals Year
) 2500
Table 16. Anthropogenic Budget (Pg of C¥® 2000
CO; sources 18061994 1986-1999 g 1500
emissions 244 20 117£5 3 1000
storage in atmosphere —165+5 —65+1 e
uptake by oceans —118+19 —-37+8 500 1

0
1800 2000 2200 2400 2600 2800 3000

undersaturated with respect to aragonite (Figure 31). The | Year ) )
decreased concentration of the carbonate ion will slow down F "Etir‘:re ?o- Thhe long tgrm eslttlmtelyes of the '”P“gggosfsg:‘é%'oiéo
: In the atmospnere andad resultant iIncreases o1 yrig
the f0rn_1at|on of CaC@and eventually COUId. cause the from ref 1. Reproduced by permission of Routledge/Taylor &
dissolution of CaC@in reefs and coastal sediments. The i
. Francis Group, LLC.

effect of the low pH on phytoplankton and other marine
organisms is not known at this time, but one might expect Recent field and laboratory studies reveal that the degree of
their growth to be affected by low pH. supersaturation has an effect on calcification rates of

The biological implications of the decrease of pH in the individual species of planktonic and benthic habitats. Some
future have been examined by a number of workgfs! 509512 of these effects discussed by Feely efahre outline below.
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8.4 — 260 CO, on other producers of aragonite and magnesian calcite,
82| ] :;z including calcareous green algae, echinoderms, bryozoans,
sol } 200 and benthic foraminifera, are largely unknoWF’nAlthqugh .
' T < these labile carbonate producers are associated with benthic
E78) T1a0 S habitats, many of them are also found in the open ocean
76} 1120 encrusting onSargassuntlumps$36-538 Since carnivorous
ral | ;:" zooplankton and fish feed on pteropods, their loss would
60 force them to switch to other prey typ&3 This could cause
72 00 1300 2000 2200 2400 2600 2800 3000 3200" a shift of some species to other locations. The future
Year undersaturated waters in regions that contain high amounts
OO of pteropods would result in reduction of carbonate fié3&'°
and the export of organic carbon associated with fecal
2000 1% pellets®#9-542 Their removal from these areas would remove
g 100} 30 the only source of aragonite production and flux in the
g 25 . region543-545
: 1000 ] 20 .
o
3 oy s 7.4. Ocean Processes
0
L T ;: Calcium carbonate plays a dual role in regulating carbon
1600 1800 2000 2200 2400 2600 2800 3000 3200 sequestration by the oceans. An increase in the dissolution
Year of CaCQ in the upper ocean will produce a more uniform

Figure 31. The changes in pH, C&" (umol kg™1), pCQ, (uatm), alkalinity profile. The TA of surface waters is about-50
and the saturation state for aragonite as a function of the year. 150 umol kg! less than that in the deep oceans due to
carbonate precipitation in surface waters and remineralization
in deep waters. A decrease in carbonate precipitation in
7.1. Coral Reefs surface waters will increase the capacity of the oceans to
Although few studies have directly measured the effect take up CQ from the atmosphere. A complete shutdown of
of decreased calcification on coral reef systems, a decreasesurface ocean calcification would decrease surface ocean
in carbonate formation and increased dissolution are likely pCO, by about 4Quatm>46 A decrease in CaC{production
to affect coral reef8!3 Aragonite and magnesian calcite are will affect the ratio of organic to inorganic carbon delivery
at least 50% more soluble in seawater than caléitél*’ to the deep sea. Uncoupled processes regulating the “rain”
suggesting that organisms that precipitate these forms ofof organic carbon and inorganic carbon to deep-sea sediments
CaCQ may be particularly affected by increasing p£O would lead to increased dissolution of calcium carbonate
Coralline algae are a major source of biogenic magnesiansediment$#” which would raise ocean pH and its capacity
calcite and show a strong response to decreases in saturatioto store CQ. If the two processes are coupled, however, such
state. Reef building corals produce aragonite in shallow as through the process of Cag®allasting of organic
benthic environments. Pteropod shells and heteropod mol-carbor5*then reducing the carbonate production could result
luscs are also made up of aragonite. Nearly all reef-building in shallower remineralization of organic carts$t?>°and a
corals tested so far show a marked decline in calcification diminished role of sediments in buffering future increases

under reduced [C&] conditions513-529 in the atmospheric CO Clearly, more research on the
mechanistic controls of these seemingly coupled processes
7.2. Coccolithophores and Foraminifera is needed in the future.

Coccolithophores and foraminifera have shells made of . .
calcite. The studies of coccolithophores show decreases in8. Sequestering CO , in the Oceans
the calcification rates of 2545% when grown at pCO
concentrations three times greater than preindustrial
values??’52° with one exceptio’® The production and
dissolution of planktonic formaminifera shell weights have
also been shown to be affected by carbonate chen?i&t®#3
As the surface waters become more undersaturated with
respect to calcite, coccolithophores and foraminifera will
likely precipitate undercalcified, malformed, or thinner
structure$?”534 It is not possible to state with certainty
whether the calcification can exceed dissolution when the
organisms live in undersaturated waters. The available
empirical evidence suggests that calcification rates of coc-
colithophore and foraminifera are decreased even when the

In recent years, a number of studies have examined the
options for disposing of CO The methods discussed include
(1) capturing CQat power stations, (2) chemical conversion,
(3) terrestrial sequestration, and (4) geological sequestration.
The geological disposal includes (1) use in enhanced oil
recovery, (2) unmined coal beds, (3) depleted oil and gas
reservoirs, (4) deep salt deposits, and (5) deep ocean.

Most of the fossil fuel power plants in the U.S. are located
near many of these geological sequestration sites. The
capacity to store C@is given below

deep oceans 200000 Pg

saturation state is greater than 1.0. deplete oil and gas reservoirs 1000 Pg
deep salt brines 800 Pg

7.3. Pteropods coal seams 300 Pg
terrestrial 100 Pg

Quantitative data on the response of shelled pteropods to
increased C@are lacking. Orr et & .observed the dissolution
of the growing edge of shells of liv€lio pyramidataat The values are quite large compared with the emissions
aragonite saturation less than one. The effects of elevatedeach year. Norway Statoil has been injecting,@@o deep
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saline aquifers in the North Sea for over 10 years. Eighty in the field if | failed to acknowledge all of their work on
percent of the production of G@omes from the generation the areas covered in the review. It was difficult to get all of
of energy. This includes 40% for electricity and 32% for the literature together and harder to add new work in with
transportation. The easiest way to reduce the fossil fuel usedall the references listed in a set order. | hope it gives a
to generate energy would be to conserve. It surely is possiblereasonable review of the many facets of the field and can
to double the gas mileage for automobiles in the U.S. be updated as the field expands in the future. Last | want to
The recent work on sequestration for £laas dealt with thank Gay Ingram for improving my English and making
a number of problems and solutions to how one can disposesure the references were correctly mentioned in the text. The
of CO; in the ocean&?' %2 Some of the problems are related manuscript was greatly improved due to the corrections and

to the various phases that @@an be in as a function of
temperature and pressure. This is shown in the phase diagram

edits by Dr. W.-J. Cai and anonymous reviewers.

of CO; in seawaté??in Figure 32. The straight line separates 10, References

Phase Diagram for CO,
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Figure 32. The phase diagram for G@h seawater. The area below
the dotted line represents the hydrate phase. The straight line
separates the gas and liquid phases, and the red line with dots is a
profile in the Pacific near Monterey, California.

the gas and liquid phases, and the dotted line separates the
hydrated CQ from the liquid at low temperatures. The red
line gives the typical temperature profile as a function of
depth in the ocean off the coast of Monterey, CA. At depths
below 350 m, the C@will be in the liquid form above~9

°C, and at colder temperatures, the @l be in a hydrated
form. A number of researchers have examined methods of
collecting CQ at power plant§31559562the impacts on
organismg;?:582,592,615,605,606,60761fhe effect of the lower
pH’560,569,571,582,583,589,597,599 and the formation of
hydrate<$53:558,567,587,596,601,604,6%14 R and CaldieP&°> have
considered the input of bicarbonate rather tharn,.Clhe
CQO; can be converted with NaOH or Cag® HCO;~ which

is easier to transport and does not have to be liquefied.
Brewef?* has examined some of the proposals for storing
CQO; in the oceans. More recently, White et®&have used
Raman spectroscopy to look at gas bubble formation in the
deep ocean where liquid G@vas deposited. Recently, Shell
Oil and Statoil have announced plans to use,dar
enhanced offshore oil recove?3p. Statoil will build a gas-
fired power plant. CQwill be separated from the exhaust
gases and sent to offshore oil fields by pipeline. The addition
of CO, will raise the oil output of the fields by as much as
85% and extend the lifetime of the field. A pilot plant in
Denmark is separating G@rom the exhaust and storing it
underground. These types of projects on the disposal of CO
into aquifers and the oceans will continue in the future.
Studies on the environmental effects of adding,@®the
oceans will be an important part of the future research.
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