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Global Estimates of Air-Sea CO, Fluxes

The presentation is largely based on application of the bulk flux equation
F=kAC =kK, ApCO,

Outline of ideas that Wally Broecker and Taro Takahashi had a defining role:
Determination of k (the piston velocity) from natural and man-made perturbations by
using radio-isotopes
a. Natural radio-activity 222Rn, 14C
b. Results from nuclear bomb tests in the atmosphere “bomb 14C”
Estimation of ApCO,
Measurement
Mapping
Confounding issues and controversies (boundary layers, chemical enhancement, direct
flux measurements)
Putting it together (flux climatologies)
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The piston velocity and film thickness

The gas transfer velocity is a proportionality factor or kinetic driving force relating
air-water concentration differences of a gas to air-water fluxes:

F=kAC =kKo ApCO,

k = [length time]

AC= concentration gradient between top and bottom of a liquid boundary layer for

slightly soluble gases

Also referred to as:

Gas transfer velocity

Gas exchange coefficient
Gas transfer coefficient
Reaeration coefficient
Impaction coefficient

Film thickness = molecular diffusion coefficient/
piston velocity
(independent of gas)
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Gas exchange estimates based on natural radioactivity

Natural *4C: A global constraint

» For steady state: production of *C in atmosphere and invasion into ocean: invasion of

14C = decay of 14C

» 14C Decay constant =8200 y: Provides a long term constraint

» Need to know average *C in ocean and atm

» Method “does not work anymore” because of contamination by 4C by nuclear tests
» Gas exchange related to atmospheric residence time

Comparison With Exchange Rate Derived
From Radiocarbon

The global mean gas exchange rate can be estimated from
the distribution of natural or bomb-produced radiocarbon in
the ocean. In the case of natural *C, the amount of radio-
carbon entering the ocean should be balanced by the amount
decaying in the ocean (under the steady state condition). The
following equation expresses this balance:

E(Aatm — Aso) = H[Z2CO; oA Mo (6)

CO:Jso
4

E=D N
where E is the exchange rate of CQO, across the sea surface
(moles/m?/yr); A is the ratio of C to *C in surface water at
equilibrium with the atmosphere (ATM), surface ocean (SO),
and mean ocean (MO); H the mean depth of the ocean; A the
decay constant of “C; and D the molecular diffusivity of CO,.
Comparing (6) and (7), we get

7= D|Coz |so | — Aso/Aatm (8)
AH[ZCO;lmo  Amo/Aatm
Broecker and Peng 1974
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Table 4. Ocean atmosphere exchange rates based
on the distribution of natural radiocarbon

CO,
Atm. res. Equiv. film®
time thickness
Reference (yrs) (microns)
Arnold & Anderson (1957) 14 46
Craig (1957) 743 23+10
Revelle & Suess (1957) ~17 ~ 23
Bolin & Erikson (1959) 5 17
Broecker (1963) 8? 25
Craig (1963) 15+5  50+17

@ Assume Dco, at 20°C=1.6x10-% cm?/sec,
[COslmixed 1ayer =1 ¥ 10~® M/]l, Atmospheric CO, =
2.41 x 10'® g, Ocean area = 3.6 x 1018 cm?.

® Equivalent atmospheric residence time cal-
culated from original exchange rates.

k




Gas Exchange estimates based on natural radioactivity

222Radon: local constraints

Deficit of (gaseous) 222Rn (relative to (soluble) 22°Ra) in surface mixed layer directly related

to the rate of gas loss from the surface mixed layer

Provides a shorter term constraint 222Rn Decay constant =5.5 days
Need to know Rn deficit in surface mixed layer

VVVVY

Works best with well defined mixed layers, intermediate and steady winds

Hn [dpm/IDOL }

F = h (A226g, - A222p.) 3-10 o 1

Using the stagnant film model, the flux of radon atoms can or ; T

also be written as: 20k / i
F

D222p, |222Rn] ok %4_4%% i
z 3-11 ot
[— ]

kd
—

or
D222p, A222p, 50}

S -12
zA*%%Rn 3

DEPTH (m)

Setting these two expressions for radon flux equal to one another
(i.e., assuming that steady state exists for the radon concentra-

tion in surface water) and solving for z, we get:
BOMEX (I5°N,56°W)

0 k= 22414cmYs0c 1
)
= D222p, 1 3-13 h o= 225m
- - 100 F . I T
2%22Rnh A226g, zeBap
e e 1 -4 -4
Azzzﬁn 200 F ——

Broecker and Peng (1980)
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For steady state: Efflux = deficit of 222Rn relative to 22°Ra (measured by alpha-decay counting)

Average film thicknesses are =20 % greater than global averages natural and bomb 14C (k lower)
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Gas exchange estimates based on 4C released into environment
Estimates based on Bomb-14C

Flux = change in inventory of bomb %4C in the ocean

Global based estimate using simple model: k **C atm = Al

Challenge: Need to separate the bomb #C inventory from the natural 14C
Improved estimates using numerical models and refined inventory estimates
Updated estimates = 20 % lower than original estimates
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Using constraints and field studies
The effect of wind on film thickness/piston velocity

VOL. 79, NO. 12

JOURNAL OF GEOPHYSICAL RESEARCH

APRIL 20, 1974

Surface Radon Measurements in the North Pacific

T.-H. PenG, T. TAKAHASHI, AND W. §, BROECKER
Lamont-Doherty Geological Observatory, Columbia University, Palisades, New York 10964

Eleven surface radon profiles were measured at windy winter station Papa in the North Pacific Ocean

during January-February 1972. A steady state two-layer veriical mixing model is proposed to explain the 1 9 7 9 N ”At t h |S p (0] | nt we su ggest

vertical distribution of radon. The vertical eddy diffusivity within the mixed layer at the Papa site was

Ocean Station Papa

th ed 1o be about 200 em*/s. Th do fer vel d 10 be 3.6 m/d. Th H H H H
responding magnithde of the thickness of Hagnant bowadary B i 20 5. Comparison of (hs o caution in adopting a strong wind
cha-}st \;_11'1! that &Man{l:&gﬁ:;}:d{;a the trade \:':u: dogmmhd Bo'm:ar area aprals to supp«;r: the ”
ts t's ratory experiments that the rate xcl i
Rdﬂl fons’u'p Between Gas Exckange ::::r uonterf::::: be proportional to l{e s,:uare of wind .;:d_ of gas exchange across the nir- S p ee d d e p en d ence

Rate and Wind Speed

Laboratory experiments by Kanwisher [ 1963] suggested that
the gas exchange rate varies with the square of the wind
velocity. Results by Liss [1973] and Downing and Truesdale
[1955] confirm this relationship. Recently, Broecker et al.
[1979] have challenged this result by showing through care-
ful wind tunnel experiments a linear relationship between
wind velocity and exchange rate.

k660
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Fig. 12a. Plot of observed Geosecs piston velocity (normalized to
20°C) versus observed wind speed 0-24 hours before station,
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1974: [#22Rn] results appear to
support k proportional to the square
of the wind speed
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Fig. 11. Piston velocity as a function of wind velocity corresponding
to various proposed relationships.
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pected for windy leg 3. Thus at this point we suggest caution in
adopting a strong wind velocity dependence for gas exchange.
The failure to observe the relationship between the wind speed
and radon exchange rate, which were determined by the auto-
matic radon measurement, was also reported [Roether and
Kromer, 1978].

Peng, Broecker, et al. 1979




Determining CO, fluxes from ApCO, and ??2Radon

r w & wn o
T T T T T

Piston Velocity [m/day) Normalized to 20°C

4
Wind Speed {m/sec)

Fig. 9. Radon piston velocity (m/d) normalized to 20°C versus
24-hour mean shipboard wind speed (m/s). Dashed line is the linear
regression line with U, free. Solid line is the linear regression line with
Uy fixed at 3 m/s.
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222Rn and pCO, Measurements

WiLLiaM M. SMETHIE, JR., TARO TAKAHASHI, AND DAVID W. CHIPMAN

Lamont-Doherty Geological Observatory of Columbia University, Palisades, New York

James R. LEDWELL
NASA Goddard Space Flight Center, Institute for Space Studies, New York, New York

Measurements of 22*Rn vertical profiles and pCO, in the surface water and the atmosphere were made
simultaneously in the tropical Atlantic ocean as part of the TTO/TAS program. The gas exchange rate or
piston velocity was determined from the **2Rn profiles, and the ApCO, between the surface ocean and
the atmosphere was determiend from the pCO, measurements. The net flux of CO, across the sea-air
interface was calculated from these two data sets. The piston velocity ranged from 1.4 to 6.9 m/d and was
correlated with wind speed. The slope of piston velocity versus wind speed was estimated to be between
0.3 and 1.1 (m/d){(m/s). The ApCO, ranged from —35 patm at 15°N, 55°W to +64 patm at 5°S, 28°W,
with the zero ApCO, isopleth located at about lD’N 'I"hc hlgh A.v(.’()1 values can be explained by lateral
advection of surface water from the east with h p of CO, and alkalinity

durmg transit. The net flux of CO, was into the ocean mmh “of 10°N latitude with values reaching a
maximum of 1.4 mol m~? yr~™' a1 IS‘N 50°W. South of 10°N, the net flux was out of the ocean, reaching
a maximum value of 2.7 mol m~2 yr~' at 8°S, 28°W. The average net flux from 10°N to 10°S was 1.3
mol m~? yr~' out of the ocean, which is equivalent to 0.15 gig of carbon per year if the flux
determined applied throughout the year.

Net COp Flux

Gas Exchange and CO, Flux in the Tropical Atlantic Ocean Determined from

From 10°N to 10°S
the flux was 0.15 Gt
C ylif flux was
applied for full year

! . . .
o] T J Sidebar: the skin effect
TOW 20 ] - 10°E
Fig. 6. Map of net CO, Aux (mol m" yr~') in the lmpueal Atlantic Ocean. Negative values represent flux into the TS 15 (e YATOL USeu Oy b i s B
ocean, and positive values represent flux out of the ocean. This was calculated from the TTO/TAS data presented in mine 5. The values for AT thus computed range from 0.16 to

Figures 4 and 5. For the Long Lines data the zero flux contour, which is defined by ApCO, = 0, is shown.

0.25°C, averaging 0.21°C. This temperature depression corre-
sponds to a reduction of surface water pCO, by about 1% (or
3 to 4 patm). Since (), was not measured at our stations, the
ApCO, values reported in Table 2 were not corrected for AT.




Estimates of ApCO,

Measurement of air equilibrated with water (air phase measurement) and marine air

Jourwar oF GEornysicar Researcn Vorumg 66, No. 2 Fenrvarny 1951

Carbon Dioxide in the Atmosphere
and in Atlantic Ocean Water*

Taro TARAHABHI?

Lamont Geological Observatory, Columbia University
Palisades, New York

Absiract. An investigation of carbon dioxide partial pressures in the atmosphere and surface
vcean conducted as part of a cooperative study under the general sponsorship of the International
Geophysical Year is summarized. Results are given for about 470 hours of air analyses and 200

Measure XCO individual surface ocean water measurements made from 1957 to 1959 between 60°N and 58°S.
2 Over the Atlantic Ocean, the atmospheric carbon dioxide concentration is found to average

reau | res T an d P at 316 ppm by volume and to be quite uniform except for a minor increase toward the equator. The
q total carbon dioxide in the earth’s atmosphere is estimated to be 2.41 X 10'%g. In the equatorial

T . region, the partial pressure of carbon dioxide appears to be higher in the surface water than in the
equilibration for atmosphere; in the higher latitudes it appears to be lower.

pCO,

186 TARO TAKAHASHI

A+ CARBON DVOXIDE CONCENTRATION IN ATMOSPHERE (PPM BY YOLUNE |
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Frog 107" ATM.)
(PP BY vOLUNE }

CONC. M550
BUBBLER

INFRARED
ANALYZER THERMAL
INSULATOR

RECORDER

I'mplications

The carbon dioxide partial pressure in sea
water appears to control the carbon dioxide
concentration in the oceanic atmosphere. As
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Progression of pCO,,, estimates
Global constraints

> Between =1961- 1990 few underway surface water CO, measurements were performed by
Takahashi’s group, focusing instead on discrete pCO, measurements (better constrained)

» Skepticism (by WSB) if global fluxes could be determined through surface water measurements
(due to small disequilibrium and uncertainty in k)

“The observed differences between the partial

pressure of CO, in the surface waters of the Northern
Hemisphere and the atmosphere are too small for the
oceans to be the major sink of fossil fuel CO,. Therefore,
a large amount of the CO, is apparently absorbed on the
continents by terrestrial ecosystems.”

“E(moles of CO, m2 year?! patm)=0.016 [W(m s?) — 3]
is 0.067 mol of CO, m2 year?! patm=which is consistent with

the global mean C0, gas exchange rate of 20 mol of CO, m? wmmﬁﬂm@%ﬁﬁw
year, based on the distribution of 14C0, in the atmOSPhere a wprsnd by a singi dor on the map. e

oceans
Observational Constraints on the Global Atmospheric CO, Budget
Pieter P. Tans; Inez Y. Fung; Taro Takahashi, 1990”
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Global air-sea CO, fluxes- The Takahashi pCO, climatology

The ocean fluxes were calculated from the seasonal
ApCO, maps and monthly climatological winds. This
analysis gave a net CO, uptake of 1.6 Gt of C per
year (1 Gt equals 10%5 g), which corresponds to
about 30% of the current rate of fossil fuel
emissions.

Tans, Fung and Takahashi, 1990

To extrapolate ApCO, values into areas where measurements were not available

(black areas in Figure ). The seawater pCO, was assumed to be a function of

temperature alone. The following temperature coefficients were determined on the

basis of the measurements made during various seasons and are assumed to be

independent of seasons:

1.6% °C 1in the western North Atlantic (10°to 40°N) and the south Indian Oceans (10°S to 34°S);
2.3% "C "1in the South Atlantic (10°S to 34°S) and South Pacific (10°S to 34°S);

4.3% C1in the eastern North Pacific (10°N to 34°N, 84°W to 154°W);

1.2% °C1In the Southern Ocean (34°S to 62°S).

The climatological sea surface temperature data compiled by S. Levitus (1982)
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Global air-sea CO, fluxes- The Takahashi pCO, climatology

Interpolation and gap filling based on Monthly distribution of pCO,
pCO,,, alone. No inferred dependencies Rl ol s i iS Pl 1ES

The climatology

1. Exclude all EI-Nino years.
- dramatic change in annual fluxes have been observed

El-Nino periods based on SIO<-1.5 and SST changes.
2. Normalize pCO, single reference year (1995)

- In warm waters (lat. <45) ApCO, remains constant
3. Interpolate data on to 4°x 5°x 365 day grid

-finite differencing algorithm is used with a 2-D transport
model from Toggwieler et al. (1989) to propagate the = Numbor oMot fObsaatonsneach 455 Pl
influence of observed data at one day time steps.

Distribution is solved iteratively

pCO,

(B) Climatological pCO, in Surface Water for February 1995

190 275 300 35 350 375
Seawater pCO, (uatm) at SST
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Controversies and unresolved issues with Broecker and
Takahashi original works set the stage for improvements

» The stagnant film model was replaced by replacement model, eddy impingement model
» The chemical enhancement of CO, exchange remains a “dark horse” in air-sea CO, fluxes
» Direct CO, flux measurements can be done in nature

GTWS-8




Gas transfer models

different temperatures
» Impact: Conversion from k

Stagnant film model: k D;

RADON CONCENTRATION

Q Praoon Cs
BOUNDARY LAYER
Nt I___
- MIXED
'—
i
a
FLux - LAYER
D Cs-ap
Z
PISTON VELOCITY =
D/
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> Different models indicate a different dependence of gas transfer on the
molecular diffusion coefficient (D%3 or D¥2 instead of D)
» Practical aspect: Conversion of k between different gases and gases at

to ko, Yields a 21 % increase in k instead

Radon

of a 46 % increase and thus a greater discrepancy Rn and 4C exchange

Film replacement model k= D/2

* Film theory:
- koc D, 8 - film thickness ——)> k, =
* Penetration
theory:
- kyoc DV/2
Higbie model

1" - life of surface liquid
element

> k, =
C - C

R,

Danckwerts model -
C -C

s - average rate of
surface renewal

> k; =




Chemical enhancement

» Reaction between CO, and OH-, H,0 will enhance exchange

» Theoretical and lab studies suggest little enhancement under average oceanic conditions

H,0+ CO, = H,CO,
OH+CO, = HCO,’

PISTON VELOCITY T+
gaxn'soc 60 6 05 06 .06
I

18
o OCEAN
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MOLES/ m2 yr
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i
8
ATM RES TIME
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Cop
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o 1 L L] ' L
o' ©F 10° * 0° 0 o’
z MICRONS

Fig. 2. Chemical enhancement of oceanic CO, gas
exchange rate resulting from the chemical reaction

CO, + H,0 + CO,~=2HCO,"

For the range of film thicknesses observed in the
ocean the effect is small. The calculations are based
on the formulation by BOLIN (1960).

Broecker and Peng, 1974
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“Dark horse” explanation

Different exchange mechanisms or catalyst
(carbonic anhydrase) could make chemical
enhancement a contributor to air-sea
\exchange
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Direct Flux Measurements

» Investigation of processes on shorter time scale
» Along with ApCO, we can use the direct Flux (at hourly scales) to determine k
» “It's the real thing”

Eddy correlation/co-variance technique: F=wW’c"  Businger & Delaney, 1990

Global air-sea CO, flux density= 0.5 mol m=2 yr!

800 : -
/ radioisotope based COy
Direct flux measurement techniques: Eddy correlation — Weseley et al., 1982 20
700 | =——0.31 U? - 1 =
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Net flux is small difference between

La rge efflux + | arge influx Broecker, W. S., Ledwell, J. R., Takahashi, T., Weiss, R.,
Merlivat, L., Memery, L., et al. (1986). Isotopic versus

micrometeorologic ocean COZ2 fluxes: A serious conflict. J.

Geophys. Res., 91, 10517-10527.
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The final chapter of the Takahashi pCO, climatology
The climatology centered on 2010 (Munro, Fay and others)

dpCO2 clim, LDEO, M=1 dpCO2 clim, LDEO, M=7

Seaflux product global (filled) fluxes
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Closing thought and take home messages

Wally Broecker and Taro Takahashi taught us to :
» Use geochemical horse sense

» Adherence to global constraints
» Study processes with opportunistic tracers and natural disequilibria

buad ‘H-1 pue 123}d201¢ 'S m
VdS dHL NI SHIOVY.

TRACERS IN THE SEA
~ W.S. Broecker and T-H.Peng

» [Re]-read the “classic” papers and books

» Recognize the assumptions that went into the conclusions

»  Continue to build and improve upon their seminal works

GTWS-8
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