
Oceanic Water Mass Tracers

Reading:  Libes, Chapters 10 and 24

OCN 623 – Chemical Oceanography



1. Classes of oceanic tracers

2. Global ocean surveys

3. Water-mass mixing calculations

4. Quasi-conservative geochemical tracers
• NO, PO, and PO4*

5. Anthropogenic transient and deliberate Tracers 
• CFCs, SF6, SF5CF3

Outline



Natural - Stable Use

O2 Water mass analysis, non-conservative

PO4, NO3, SiO2 Nutrients high in Pacific water, low in Atlantic 
Water

NO, PO, PO4
* Water mass analysis, quasi-conservative

18O, 4He, Ne Identify and quantify glacial ice (4He & Ne 
high, 18O low in glacial ice)

3He Circulation of CDW onto Antarctic 
continental shelves (3He high in CDW); gas 
exchange

Natural - Radioactive

14C Large scale deep water circulation and 
mixing; ocean CO2 uptake on century to 
millennial time scales

Anthropogenic - Transient

CFC-11, CFC-12, CFC-113, CCl4, SF6 Identify most recently formed water; 
circulation pathways, water mass ages, water 
mass formation rates, estimation of 
anthropogenic CO2 uptake

3H Same as trace gases above, but weak signal in 
S.H.

Bomb 14C Ocean uptake of anthropogenic CO2

Anthropogenic - Deliberate

SF6, SF5CF3 Mixing, circulation, and gas exchange
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GEochemical Ocean SECtions Study (GEOSECS)
Atlantic from Jul 1972 to May 1973; Pacific from Aug 1973 to Jun 1974; Indian from Dec 1977 to Mar 1978

http://iridl.ldeo.columbia.edu/SOURCES/.GEOSECS/
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LARGE VOLUME STATION 

SMALL VOLUME STATION 

CONTOUR INTERVAL -- 4KM 

Fig. 1. Cruise track and station locations for the Transient Tracers in the Ocean program. 

taking. Crucial were the efforts of the German-U.S. team, led 

by W. Roether on the Meteor, in constructing an eastern At- 

lantic tracer section in 1981. The extraordinary talents of 

Swiss scientists in the area of low-level counting were critical 

in implementing the 8Sr and 39At studies. 
In 1983 the work continued. Inevitable constraints on time 

and effort in the North Atlantic Study had curtailed the region 

of study. Analyses of the oceanic tritium inventory showed 

that further coverage was needed so as to encompass the 

tropical ocean boundaries. Again the expedition team rose to 
the occasion. The Knorr left San Juan, Puerto Rico, on De- 

cember 1, 1982, for its 3-month journey in the tropical Atlan- 

tic that ended in Recife, Brazil; 132 hydrographic stations 

were occupied with double that number of XBT profiles. Be- 

tween 25 and 40 measurements of ocean CO2 properties, sa- 

linity, oxygen, nutrients, and chlorofluoromethanes were made 

at each station. More than 400 samples were obtained for x'•C 
and 228Ra, 100 samples for 85Kr, nine samples for 39Ar, and 
approximately 3000 samples for tritium/3He analysis. The 
ocean work was complemented by a series of important geo- 

chemical measurements in the Amazon estuary at the end of 

the first leg of the expedition. 

The cruise tracks for these expeditions are to be found in 

Figure 1. The scientists directing the various expedition legs 

(an asterisk denoting chief scientist) were as follows: 

North Atlantic Study, 1981 

Leg 1 (Woods Hole to Freeport): P. G. Brewer*, R. T. 
Williams. 

Leg 2 (Freeport to Bermuda): J. L. Sarmiento*, R. T. Wil- 
liams. 

Leg 3 ( Bermuda to Azores): L. Armi*. 

Transient Tracers in the Oceans (TTO)
1981 & 1983

Brewer et al., 1985
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South Atlantic Ventilation Experiment (SAVE)
1987-1989



World Ocean Circulation Experiment (WOCE) 
1990 - 1998

http://woce.nodc.noaa.gov/wdiu/updates/Data_Resource.pdf



http://www.go-ship.org/RefSecs/GO-SHIPMap_May2010b.pdf

Repeat Hydrography Map: On-going and Planned Cruises



Mixing of Two Water Masses
1. Plot two stable conservative tracers for each water 

mass on an X-Y plot (e.g., T, S)
2. Link points with a linear “mixing line”
3. Water samples with compositions falling along the 

mixing line are composed of mixtures of the two water 
masses

Mixtures of #1 
and #2 fall along 

this line

T

S

#1

#2



Water Mass Mixing Definitions

Assume:  conservation of mass, heat, salt

Definitions:

Ci = concentration of some stable conservative property 
in water mass “i” (end-member concentration)

Cmix = concentration of some stable conservative property 
in a water mixture

fi   = fraction of the water mixture that is from water 
mass “i”

fmix = 1.0 = f1 + f2 + …+ fi    (mass balance equation)



For two water masses, we need two equations with two 
variables:

1 = f1 + f2
Cmix = f1C1 + f2C2

    

When combined:
  

� 

f1 = Cmix −C2

C1−C2

Mixing of Two Water Masses



We need four equations with four variables.  For example:

       1 = f1 + f2 + f3 +f4
  Tmix = f1T1 + f2T2 + f3T3 + f4T4

  Smix = f1S1 + f2S2 + f3S3 + f4S4

  NOmix = f1NO1 + f2NO2 + f3NO3 + f4NO4

Thus, we need three stable, conservative tracers:

Ti        = temperature of water mass “i”

Tmix   = temperature of a water mixture

Si      = salinity of water mass “i”

Smix   = salinity of a water mixture

NOi      = NO of water mass “i”

NOmix   = NO of a water mixture

Mixing of Four Water Masses



“NO” – A Quasi-Conservative Water Mass  Tracer

ΔO2 / ΔN = -138 / 16 = -8.6

Thus, during the oxidation of organic matter:
For each mole of NO3

- released to a water mass, ~9 
moles of O2 is removed

Broecker (1974):  “NO” ≡ 9[NO3
-] + [O2]

“PO” ≡ 135[PO4
-] + [O2]



Conservative Behavior of “NO”

NADW
2270 m

AAIW
1150 m

Broecker, 1974
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et Table 1.6. fStoichiometnc "Redfield" ratios for consumption ofP, N, C and production ofO2 dUring  

'IS 
photosynthesis and the. opposite r:eaction dUring respiration in the ocean  

All values are relative to a phosphorus value of 1.0.  

In,  
Organic matter :[h Source O 2  

leiS p  N C 

're-  
Redfield et 01., 1963 a 1.0 16 106 138 )re  
Anderson and Sarmiento, 1994b 1.0 16± I 117± 14 170± 10 ;en  

not Anderson, 1995 c 1.0 16 106 14/-16/  

Kortzinger et 01., 200 Id 1.0 17.5 ± 2.0 123± 10 165 ± 15:er,  

lne  Hedges et 01., 2002e 1.0 17 106 154 
)67) 

:led a The first and original stoichiometry was determined from observations of the NO;- ratios in 
aely ocean deep waters and then assuming a stoichiometry for organic matter. 
.esis bThis value used the same approach as a and included DIC and Oz on dineutral surfaces below 400 m. 
also cThese values were determined by using C, Hand °content of organic compounds that make up 
.otic plankton, with the assumption that there are 106 moles of C per mole of P. 

:one d These values are based on measurements ofDIP, DIN, DIC (corrected for anthropogenic COz) and O2 

re is on constant density surfaces. 

J 0.8 eThese values were determined by chemical and NMR analysis of marine planktonic organic matter. 
j A C:P ratio of 106 is assumed. 
1 [he 

hich 

lion. 
nutrients Nand P to those of C and Oz requires some assumptions

979) 
about the stoichiometry of their production and degradation during

;che-
photosynthesis and respiration. The ratios at which these elements 

'port or compounds are used during marine metabolism are today called 
nted Redfield ratios after Alfred Redfield, who first suggested that they are 
"i,C 

constant. His classic values ofP:N:C:0z have been modified recently
fthe 

(Table 1.6) by modern measurements ofthe dissolved inorganic ratios 

on constant density surfaces in the deep ocean and from more accu-

rate knowledge of the elemental makeup of organic matter. The 

details behind the calculation of Redfield ratios and more about the 

rates of organic matter transfer between the euphotic zone and 

deeper waters are discussed in Chapter 6. 
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RADIOCARBON DECAY AND OXYGEN 
UTILIZATION IN THE DEEP ATLANTIC OCEAN 
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Abstract. A parameter based on the sum of the 
concentrations of PO4 and 02 (divided by the Red- 
field coefficient -aO2/aPO4) is used to separate the 
contributions of the northern and southern compo- 
nents to deep waters in the Atlantic. This separation 
allows the amount of radiocarbon lost by radiodecay 
and the amount of oxygen lost to respiration during 
residence in the deep Atlantic to be calculated. Maps 
of these quantities reveal strong west to east gradi- 
ents and weak north to south gradients consistent 
with ventilation along the western boundary from 
both ends of the ocean coupled with mixing outward 
from the boundary. The 02 and InC deficiences are 
highly correlated, suggesting an 02 utilization rate of 
12 !.trn•g per century. The apparent mean isolation 
time of water in the deep Atlantic is about 200 years. 

INTRODUCTION 

Both the distribution of dissolved oxygen and that 
of radiocarbon in the deep Atlantic are strongly influ- 
enced by the mixing between the northern and south- 
ern components of deep water. Hence if the extent 
of changes in 02 content caused by respiration and 
of changes in the radiocarbon to carbon ratio caused 
by radioactive decay are to be isolated, then a means 
must be found to accurately def'me the relative contri- 
bution of these two sources to any given water sam- 
ple. As was shown by Broecker [ 1979] and by 

Copyright 1991 
by the American Geophysical Union. 

Paper number 90GB02279. 
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Broecker et al. [ 1985], a promising means to do this 
is through the use of a PO4-O2 based quasi-conser- 
vative parameter. Broecker [1974] initially sug- 
gested a parameter called "PO" based on the sum of 
the 02 concentration and a Redfield ratio multiple 
(i.e., 132) of the PO4 concentration. In this paper 
we employ a modification of "PO" which we believe 
yields a more accurate separation of the contributors. 
We apply this new separation procedure to the ex- 
pansion of the Geochemical Ocean Sections 
(GEOSECS) data set for the deep Atlantic made 
available by the Transient Tracers in the Ocean 
(TFO), Tropical Atlantic Survey (TAS) and South 
Atlantic Ventilation Experiment (SAVE). 

COMPONENT CHARACFERIZATION 

We base our separation of the northern and south- 
ern component contributions to deep waters (i.e., 
>2000 m) in the Atlantic on a parameter we designate 
as PO4*. It is related to the measured PO4 and 02 
concentrations as follows: 

02 _ 1.95grn&g eo• = eo4 + 1-• 
The constant term (1.95) is introduced in order to 
bring the PO4* values into the range of measured 
PO4 contents in the deep sea. The revised Redfield 
ratio (175) relating 02 consumption to PO4 produc- 
tion during respiration is the global average proposed 
by Broecker et al. [1985]. It is based on the analysis 
of water column chemical data from six different re- 
gions in the ocean deemed suitable for this type of 
analysis. As is summarized in Table 1, despite the 

PO4* – Another Quasi-Conservative Water Mass Tracer

Broecker (1985): 

ΔO2 / ΔPO4 = -175 / 1 = -175

Thus, during the oxidation of organic 
matter:

For each mole of PO4
- released to a 

water mass, ~175 moles of O2 is 

removed

Broecker (1991):  

  

� 

[PO4
* ] ≡ [PO4

−]+ [O2]
175

−1.95 µmol/kg



Broecker et al., 1991

Separating NADW from AABW

Salinity (S) is conservative, but 4 
water masses that combine to form 
NADW have different S.

PO4
* is nearly uniform within the 

AABW and within the four 
components of NADW (Broecker 
et al., 1998):

AABW: 1.95 ± 0.07 µmol kg-1

NADW: 0.73 ± 0.07 µmol kg-1

Fraction of NADW is:

9
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fNADW = 1.95−[PO4
* ]

1.95−0.73



Sarmiento and Gruber, 2006

PO4
* distribution at 3000 m in the world ocean.

  

� 

fNADW = 1.95−[PO4
* ]

1.95−0.73
= 1.95−1.4

1.95−0.73
= 45%



Transient Tracers
• Usually anthropogenic compounds with time-varying sources (or 

sinks)
– CFCs, CCl4, SF6, 14C, 3H

• They enter the surface waters of the ocean either via gas exchange 
(e.g., CFCs, CCl4, SF6, 14C) or water vapor exchange (3H)

• Transient tracers allow:
– Penetration of surface perturbations into the interior of the 

oceans to be visualized. 

– Delineation of pathways that newly formed subsurface water 
follows after leaving the surface.  

– Investigation of ocean circulation and mixing, and validation/
calibration of GCMs.

– Determination of water mass formation rates

– Estimation of anthropogenic CO2 inventory in the ocean
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Solubilities of CFCs & SF6

• Strong function of temperature
• Increases as temperature decreases
• Ranges by a factor of about 3.5 between 0 and 25°C

• Weaker function of salinity
• Decreases as salinity increases
• Varies by 50% between salinity of 0 and 35

• Solubilities are well known (± 1% or better) 
• CFC-11 & CFC-12: Warner and Weiss, Deep Sea Res. I, 32:1485-1497, 1985
• CFC-113: Bu and Warner, Deep Sea Res. I, 42:1151-1161, 1995
• SF6: Bullister, Wisegarver and Menzia, Deep Sea Res. I, 49:175-187, 2002



Rhein et al. (2002)

Pathway of Labrador Sea Water



Jenkins and Smethie, Oceanus, 1996 



Orsi et al., 2002
31 - 6

ORSI ET AL.: ON THE TOTAL INPUT OF ANTARCTIC WATERS TO THE DEEP OCEAN

Vertical distributions of 
CFC-11 (pmol/kg) measured 
along hydrographic lines in 
the (a) Atlantic, (b) Indian, and 
(c) Pacific oceans.



    

� 

I = R(t)C(θ,S, t)dt∫
I: Water mass CFC inventory
R: Rate of water mass formation
C: Source water CFC concentration
θ: Potential temperature
S: Salinity
t: Time

LeBel et al., 2008

ARTICLE IN PRESS

central Irminger Sea and in the DWBC extending around
the Grand Banks. The highest inventory in the northern
Labrador Sea is associated with thick ULSW layers near
the boundary. Values above 0.75mol km!2 extend into the
eastern subpolar region. We have excluded waters in the
eastern basin that are too warm (47.8 1C) or too salty
(435.6) to be ULSW. South of the Grand Banks, the
inventory distribution is very similar to the 1990 dis-
tribution (SF2001). High inventories along the North
American continental margin reflect transport in the
DWBC and 0.75mol km!2 extends far into the interior as
the result of recirculation. Inventories drop below 0.1mol
km!2 in the interior south of 251N with higher inventories
to the west. Tongues of water with inventories greater
than 0.02mol km!2 extend eastward south, and to a lesser
extent north, of the equator in agreement with CFC
distributions from earlier studies (Weiss et al., 1985;
Doney and Bullister, 1992; Doney et al., 1998; Andrié et al.,
1998). Richardson and Fratantoni (1999) observed mean
eastward jets near 21N and 21S and discuss how these jets
influence the CFC distribution.

The CLSW inventories (Fig. 7) show the three-limb
pattern first described in the salinity and potential
vorticity fields by Talley and McCartney (1982) and
shown in CFC concentration maps by Rhein et al.

(2002): a limb of high values extends towards the
Irminger Sea; a second limb extends into the eastern
basin with the North Atlantic Current; and a third limb
extends around the Grand Banks and equatorward along
the North American coast. South of 251N the distribu-
tion is similar to that of ULSW. Inventories are greater
than 7mol km!2 in the central Labrador Sea and drop
below 0.1mol km!2 in the interior subtropical gyre and
south of 51N.

The ISOW CFC-11 inventories (Fig. 8) are generally
higher in the interior of the subpolar region than along the
margins of the Iceland Basin and Irminger Sea. On the
western flank of the Reykjanes Ridge the layer is thicker,
CFC-11 concentration higher, and salinity lower, suggest-
ing mixing with CLSW or DSOW after transit into the
western basin through the Gibbs Fracture Zone and
possibly the Bight Fracture Zone further north (Bower
et al., 2002). High values between 1.75 and 2.25mol km!2

are found near the Gibbs Fracture Zone. Lower values of
1.25–1.75mol km!2 occur over a wide area that includes
the interior Irminger Sea, Labrador Sea, and Iceland Basin.
Inventories between 0.75 and 1.75mol km!2 are observed
southeast of the Gibbs Fracture Zone, supporting the idea
that water too dense to enter the fracture zone flows
southward along the eastern flank of the Mid-Atlantic

CFC-11
Inventory
in ULSW 
[mol km-2]
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Fig. 6. Map of station CFC-11 inventories [mol km!2] in the ULSW density layer. Light gray lines represent the 500, 2500, and 4500m isobaths.

D.A. LeBel et al. / Deep-Sea Research I 55 (2008) 891–910 899
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Ridge (Smethie et al., 2000; Fleischmann et al., 2001). In
the subtropics CFC-11 inventories are higher along the
western margin reflecting transport in the DWBC.

The DSOW inventory map (Fig. 9) shows highest values
in the Labrador Sea, approaching 3mol km!2 in a small
region near 441W, 511N. The highest inventories are
associated with high CFC water denser than s4 ¼ 45.92
trapped upstream of the Grand Banks. Values above
1.25mol km!2 occur throughout the interior Labrador
Sea, and downstream to the Grand Banks. Transport in
the DWBC is readily apparent in the higher inventories
along the western margin.

The total water column CFC-11 inventory map (Fig. 10)
shares large-scale features with maps of the NADW
component water masses. Values are higher in the
subpolar region near the source regions for the NADW
water masses and decrease to the southeast. The highest
values are in the central Labrador Sea where LSW forms by
convection extending deeper than 2000m, and in the
southern Labrador Sea where an inventory maximum in
DSOW underlies LSW. The equatorward decrease in
inventory from the subpolar region reflects the effects of
mixing with older lower CFC waters as younger high CFC
waters flow equatorward from their source regions. This
pattern is amplified by the surface water CFC distribution

which is higher to the north because warmer waters to the
south have lower equilibrium CFC concentrations.

3.2. Total water mass CFC-11 inventories

The water column CFC-11 inventory maps were
integrated to determine the total inventory for the entire
North Atlantic Ocean and for various water masses and
regions. These data are presented in Table 4 and error
estimates are described in Section 3.4.

The CFC inventory for EDW is 7.8 million moles
between the winter-time outcrop of its densest surface
and 101N. The inventory is 5.4 million moles in the region
defined by Worthington (1959) and Talley and Raymer
(1982) to bound EDW. The total CFC-11 inventory for
ULSW is 10.5 million moles, of which 4.6 million moles
(44%) is in the subtropics and tropics and about 6 million
moles (56%) is in the subpolar region. Eighty percent is
located west of the Mid-Atlantic Ridge and 20% east of it.
CLSW contains 23.4 million moles, the largest CFC-11
inventory of the NADW components, with 73% in the
subpolar region and 27% in the subtropics and tropics.
Eighty-two percent is located in the western basin and
18% in the eastern basin. ISOW contains a total of 10.4

CFC-11
Inventory
in CLSW 
[mol km-2]

80°W 70°W 60°W 50°W 40°W 30°W 20°W 10°W 0° 10°E
10°S

0°

10°N

20°N

30°N

40°N

50°N

60°N

70°N

0.00 0.02 0.05 0.10 0.25 0.50 0.75 1.25 1.75 2.25 3.00 4.00 5.00 6.00 7.00 10.00

Fig. 7. Map of station CFC-11 inventories [mol km!2] in the CLSW density layer. Light gray lines represent the 500, 2500, and 4500m isobaths.

D.A. LeBel et al. / Deep-Sea Research I 55 (2008) 891–910900

ARTICLE IN PRESS

million moles of CFC-11 with 66% in the subpolar region
and 34% to the south. The west/east partition is 70% in the
western Atlantic and 30% in the eastern Atlantic. DSOW is
found only in the western Atlantic. Its total CFC-11
inventory is 8.3 million moles of which 43% is in the
subpolar western Atlantic and 57% is in the subtropics and
tropics. For the NADW components in the western
subpolar and subtropical North Atlantic, the CFC-11
inventory in a 200km wide band paralleling the western
boundary region contains 20–25% of the total inventory,
indicating about 75–80% is in the interior regions
(Table 4). The elevated inventory in this band is expected
since the DWBC is a major conduit transporting NADW
equatorward.

The CFC-11 inventory integrated over the entire water
column from the Greenland–Iceland–Scotland Ridge to
101S is 103.8 million moles. This is greater than the sum of
the individual water masses in Table 3 because the total
water column inventory includes contributions from
waters less dense than EDW and waters lying between
EDW and ULSW. It is 54% of the inventory estimated for
the entire Atlantic Ocean by Willey et al. (2004).

3.3. Water mass formation rates

Water mass formation rates were calculated from the
CFC-11 inventories for the entire time period of CFC input,

essentially 1970–1997 (Table 5). They are 3.3–4.6 Sv for
EDW, 1.5 Sv for ULSW input into the subtropical Atlantic,
3.5 Sv for total ULSW formation (including the subpolar
region), 8.2 Sv for CLSW, 5.7 Sv for ISOW, and 2.2 Sv for
DSOW. The total for NADW is 19.6 Sv.

3.4. Errors

Errors in the formation rates arise from three sources:
the error on the integrated inventories, the error on the
CFC input, and the error arising from the assumption of a
constant formation rate.

3.4.1. Errors in CFC inventories
There are three errors in the water column CFC

inventory, measurement errors on individual data points,
error on the vertical integration of the data points, and
error due to non-synoptic stations measuring evolving
oceanic concentrations produced by temporal change in
input functions. The error on individual measurements is
1–2%, which propagates to about a 2% error on the vertical
integration of the individual data points. Most of the data
in the subpolar and subtropical regions, which contain
about 95% of the CFC inventory, were collected in 1997.
The OC269 cruise along the subtropical western boun-
dary was taken in 1995 and CFC concentrations were
adjusted to 1997 prior to vertical integration as discussed
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Fig. 8. Map of station CFC-11 inventories [mol km!2] in the ISOW density layer. Light gray lines represent the 500, 2500, and 4500m isobaths.
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previously. The estimated error for this adjustment is 10%
but this region contains no more than 5% of the total
inventory. Four of the remaining 15 cruises in the subpolar
and subtropical regions were taken in either 1996 or 1998.
These data were not adjusted to 1997, which introduced
an error of about 5% for those four cruises. The cruises in
the tropical regions were carried out between 1993 and
1996. The CFC inventory in this region was about 3% of the
total. No adjustment was made to these data, which
introduces an uncertainty of about 2% for the total
inventory. The error in the total inventory for a water
mass from uncertainties in temporal adjustments and
measurement errors is about 8%.

As shown earlier, about 80% of the overall CFC-11
inventory is in the interior regions of the Atlantic Ocean.
Large portions of these regions have very low CFC
concentrations. A 500m thick layer with a concentration
of 0.01pmol kg!1 (about twice the measurement blank)
yields a water column inventory of 0.005mol km!2, which
is our resolution and limit of detection. Integrating this
value over the area of the North Atlantic Ocean yields 0.2
million moles, which is at most 4% of the smallest water
mass inventory (ULSW), demonstrating that the uncer-
tainty in determining inventories in regions of low CFC
concentrations has little effect on total water mass CFC-11
inventories.

For the objective mapping procedure, the water
column CFC inventories were assigned a noise level of
10% to account for small-scale variability and uncertainty
in water column inventories. To estimate the error in
the mapping procedure, we adopt the bootstrap method
used by Rhein et al. (2002) and Kieke et al. (2006). Using
a random selection of 50% of the entire data set, we
constructed a suite of 100 CLSW inventory maps to
estimate the rms variability. This method is especially
useful in estimating the error in the high-gradient
regions, the effects of under-resolving features, and the
uncertainty that may be introduced by the lack of
synopticity. The resulting uncertainty in the CLSW
inventory is 9%, nearly identical to the 10% uncertainty
obtained by Rhein et al. (2002) for the combined effects of
CFC-11 concentration and layer thickness. We take 9% as
representative of the other water masses as well because
the distribution of data is essentially the same as for
CLSW.

3.4.2. Error on CFC input
The sources of error on the CFC input are uncertainties

in the atmospheric CFC concentration history, the CFC
solubility, the extent of equilibrium between the source
water and the atmosphere, and the composition of the
source water when it is a mixture of several water types,
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WOCE Era CFC Sections
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Fig. 1. WOCE and pre-WOCE stations used in this analysis. Stations marked in black were occupied in 1997; in blue in 1998; in green 1996; in red in 1995;
and in violet 1991–1994. Enlarged symbols and cruise labels are for stations used in the vertical sections presented in Fig. 2. The 4000, 2000, and 500m
isobaths are shown. Color version on DSR website. Data are available from www.whpo.ucsd.edu.

Table 1
Oceanographic sections used in this study

WOCE section Cruise name No of stations Dates Location Ship Supporting country CFC PI

A06 Cither 1/2 104 02/93–03/93 TW, TE L’Atalante France Andrié
A07 Cither 1/1 120 01/93–02/93 TW, TE L’Atalante France Andrié
A08 M28/1 114 03/94–05/94 TW, TE Meteor Germany Roether
A13 Cither 3/2 135 02/95–04/95 TE L’Atalante France Memery
A14 Cither 2/1 107 01/95–02/95 TE L’Atalante France Memery
A17 Cither 2/1+2 234 01/94–03/94 TE Ewing France Memery
AR02 OC269 51 05/95–06/95 STW Oceanus USA Smethie
AR04F Etambot II 123 04/96–05/96 TW Edward Link France Andrié
AR07E V161 66 07/96–08/96 IS,SPW Valdivia Germany Rhein
AR27 KN147 116 02/97–03/97 LS Knorr USA Smethie
AR12 M 39/2 74 05/97–06/97 SPE Meteor Germany Rhein
AR07W Hudson 97006 117 05/97–06/97 LS Hudson Canada Jones
A24 KN151/1 154 05/97–07/97 IS, SPE Knorr USA Weiss
A02 M39/3 65 06/97 SPW,SPE Meteor Germany Roether
A22 KN151/2 77 07/97–08/97 STW Knorr USA Smethie
A20 KN151/3 90 08/97–09/97 STW Knorr USA Smethie
A25 DI230/1 143 08/97–09/97 IS,SPE Discovery UK Smythe-Wright
AR12 M39/4 99 07/97–08/97 SPW Meteor Germany Rhein
AR25 M39/5 110 08/97–09/97 SPW Meteor Germany Rhein
AR02 EN311 5 12/97 STW Endeavor USA Smethie
AR01 OCEACES 130 01/98–02/98 STW, STE Brown USA Bullister
A16N DI233/1 139 04/98–05/98 SPE, STE Discovery UK Smythe-Wright
AR13 V172 40 07/98 SPW Valdivia Germany Rhein

Locations: TW ¼ tropical west, TE ¼ tropical east, STW ¼ subtropical west, STE ¼ subtropical east, SPW ¼ subpolar west, SPE ¼ subpolar east,
IS ¼ Irminger Sea, LS ¼ Labrador Sea. The mid-Atlantic ridge is the boundary between the eastern and western Atlantic.
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Upper LSW 4.2 10.5 2.2 3.5
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14.7 23.4 7.4 8.2

ISOW 5.0 10.4 5.2 5.7
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Key et al. (2004)

corrects TA for the effects of mixing and small changes
resulting from the decomposition of organic matter, leaving
only the influence of calcium carbonate dissolution [Brewer
and Goldman, 1976]. Consequently, potential alkalinity
increases with depth everywhere; however, the top to
bottom gradient is weakest in the Southern Ocean and
strongest in the Pacific and Indian. Surface potential alka-
linity is relatively constant between 50!N and 40!S–50!S,
reflecting the strong TA-salinity correlation. The surface
potential alkalinity distribution highlights the relatively
enriched TA values in the Southern Ocean discussed with
the previous figure. Elevated surface values in the western
subpolar North Pacific reflect the fact that the carbonate
saturation horizons are shallow in this region and deep
winter convection can mix up higher potential alkalinity
values [Sarmiento et al., 2004]. The deep water potential
alkalinity distribution is dominated by large-scale circula-

tion and by shoaling of the carbonate saturation depth
[Feely et al., 2004]. The intermediate and deep distributions
are affected by alkalinity accumulation from calcium car-
bonate dissolution as the waters move from the North
Atlantic to the Indian and Pacific. In the Atlantic at
1200 m the meridional potential alkalinity gradient is
significantly greater than for TA.
[36] The surface D14C distribution is strongly influenced

by uptake of bomb produced 14C from the atmosphere.
The equilibration time for this process is approximately
10 years; therefore, the long residence time of surface
water in the subtropical gyres influences the surface D14C
distribution. Equilibrium dynamics (temperature) favor
uptake in the Southern Ocean; however, rapid vertical
mixing and consequently short surface water residence
times dilute the values there. The intermediate and deep
D14C distributions reflect aging of the waters along the

Figure 5. Objective maps of (left) pCFC-11 (patm) and (right) pCFC-12 (patm) on the (top) 0 m,
(middle) 500 m, and (bottom) 1000 m surfaces. Unlabeled contours at an interval of 25 patm for pCFC-11
and 50 patm for pCFC-12 are included to help discern gradients. For each parameter the color scale is the
same for all three subplots to help visualize vertical trends. Individual maps with significantly more detail
are available from the website (http://cdiac3.ornl.gov/las/servlets/data set).
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having both TA and DIC values. At each station the
equilibrium saturation depth was determined using the
previously described constrained vertical interpolation
scheme. Those depths were then objectively mapped and
the results presented by Feely et al. [2004, Figure 2]. There
is pronounced shoaling of both the aragonite and calcite
saturation depth from the Atlantic through the Indian to the
Pacific because of the higher DIC/TA ratios in the interme-
diate and deep waters of the Indian and Pacific relative to
the Atlantic. Large-scale enrichment of DIC relative to TA
is caused by respiration processes as the water circulates
along the deep conveyor belt [Broecker, 2003]. In the far

North Pacific the aragonite and calcite saturation horizons
shoal to approximately 200 m and 1000 m, respectively.
Carbonate chemistry in this region is also impacted by
anthropogenic CO2 [Feely et al., 2002]. Surprisingly, how-
ever, portions of the northern Indian Ocean and eastern
equatorial Atlantic Ocean are also undersaturated with
respect to aragonite at shallow depths. The Atlantic under-
saturation region appears to be increasing in areal extent as
a consequence of anthropogenic CO2 accumulations [Lee et
al., 2003; Chung et al., 2003, 2004].
[35] Figure 3 shows potential alkalinity and D14C distribu-

tion maps. Potential alkalinity ((TA + Nitrate) ! 35/Salinity)

Figure 4. Objective maps of (left) anthropogenic CO2 (mmole/kg) and (right) bomb-D14C (%) on
the (top) 0 m, (middle) 500 m, and (bottom) 1000 m surfaces. Unlabeled contours at an interval of
10 mmole/kg for anthropogenic CO2 and 25% for bomb-D14C are included to help discern gradients.
For each parameter the color scale is the same for all three subplots to help visualize vertical trends.
Individual maps with significantly more detail are available from the website (http://cdiac3.ornl.gov/
las/servlets/data set).
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Deliberate Tracers
• Most commonly used

– SF6, 3He, and now SF5CF3

• Deliberate tracers used to study:

– Vertical mixing in the ocean

– Pathways of newly formed deep water

– Air-sea gas exchange



Measurement of Vertical Eddy Diffusivity

• North Atlantic Ocean
• SF6 injected at 310 m
• Measured tracer diffusion 

over time
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Fig. 10. Evolution of the SF6 patch during the seven main subsequent cruises following the release. Triangle-based linear interpolation (Delaunay triangulation) contoured
map of the Column Integral of SF6 superimposed on colored bathymetry (black = 0 m, red = 1000 m, yellow = 1500 m, green = 2000 m, cyan = 2500 m, dark blue = 3000 m,
magenta = 3500 m) from November/December 1996 (a), February/March 1997 (b), May 1997 (c), March 1998 (d), September 1998 where the star indicates the position of the
profile shown in Fig. 11 (e), July 1999 (f) and June 2002 (g). Contours have been chosen to give a rough sketch of the distribution of the tracer. The dot at the station positions
are colored according to the scale concentration for more details. Where there are dashed lines, the full extent of the tracer patch cannot be properly delineated from the
survey coverage. The column integral for each station is given in units of nmol/m2. The column integral includes the background concentration as well as the tracer from the
release and therefore the tracer patch is defined as SF6 concentrations >1 nmol/m2 for all the cruises except June 2002. By June 2002 the SF6 patch was well diluted and in
order to obtain the true distribution of the SF6 from the release, CFCs concentrations were used here to subtract the background SF6. For the maps e–f–g, drawing of these
contours has been guided so it does not interpolate over land.
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a b s t r a c t

In summer 1996, a tracer release experiment using sulphur hexafluoride (SF6) was launched in the inter-
mediate-depth waters of the central Greenland Sea (GS), to study the mixing and ventilation processes in
the region and its role in the northern limb of the Atlantic overturning circulation. Here we describe the
hydrographic context of the experiment, the methods adopted and the results from the monitoring of the
horizontal tracer spread for the 1996–2002 period documented by !10 shipboard surveys. The tracer
marked ‘‘Greenland Sea Arctic Intermediate Water” (GSAIW). This was redistributed in the gyre by var-
iable winter convection penetrating only to mid-depths, reaching at most 1800 m depth during the stron-
gest event observed in 2002.
For the first 18 months, the tracer remained mainly in the Greenland Sea. Vigorous horizontal mixing
within the Greenland Sea gyre and a tight circulation of the gyre interacting slowly with the other basins
under strong topographic influences were identified. We use the tracer distributions to derive the hori-
zontal shear at the scale of the Greenland Sea gyre, and rates of horizontal mixing at !10 and !300 km
scales. Mixing rates at small scale are high, several times those observed at comparable depths at lower
latitudes. Horizontal stirring at the sub-gyre scale is mediated by numerous and vigorous eddies.
Evidence obtained during the tracer release suggests that these play an important role in mixing water
masses to form the intermediate waters of the central Greenland Sea.
By year two, the tracer had entered the surrounding current systems at intermediate depths and small
concentrations were in proximity to the overflows into the North Atlantic. After 3 years, the tracer had
spread over the Nordic Seas basins. Finally by year six, an intensive large survey provided an overall syn-
optic documentation of the spreading of the tagged GSAIW in the Nordic Seas. A circulation scheme of the
tagged water originating from the centre of the GS is deduced from the horizontal spread of the tracer.
We present this circulation and evaluate the transport budgets of the tracer between the GS and the sur-
roundings basins. The overall residence time for the tagged GSAIW in the Greenland Sea was about 2.5
years. We infer an export of intermediate water of GSAIW from the GS of 1 to 1.85 Sv (1 Sv = 106 m3 s"1)
for the period from September 1998 to June 2002 based on the evolution of the amount of tracer leaving
the GS gyre. There is strong exchange between the Greenland Sea and Arctic Ocean via Fram Strait, but
the contribution of the Greenland Sea to the Denmark Strait and Iceland Scotland overflows is modest,
probably not exceeding 6% during the period under study.
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Fig. 10. Evolution of the SF6 patch during the seven main subsequent cruises following the release. Triangle-based linear interpolation (Delaunay triangulation) contoured
map of the Column Integral of SF6 superimposed on colored bathymetry (black = 0 m, red = 1000 m, yellow = 1500 m, green = 2000 m, cyan = 2500 m, dark blue = 3000 m,
magenta = 3500 m) from November/December 1996 (a), February/March 1997 (b), May 1997 (c), March 1998 (d), September 1998 where the star indicates the position of the
profile shown in Fig. 11 (e), July 1999 (f) and June 2002 (g). Contours have been chosen to give a rough sketch of the distribution of the tracer. The dot at the station positions
are colored according to the scale concentration for more details. Where there are dashed lines, the full extent of the tracer patch cannot be properly delineated from the
survey coverage. The column integral for each station is given in units of nmol/m2. The column integral includes the background concentration as well as the tracer from the
release and therefore the tracer patch is defined as SF6 concentrations >1 nmol/m2 for all the cruises except June 2002. By June 2002 the SF6 patch was well diluted and in
order to obtain the true distribution of the SF6 from the release, CFCs concentrations were used here to subtract the background SF6. For the maps e–f–g, drawing of these
contours has been guided so it does not interpolate over land.
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losses were presumably due to advection and dispersion
across the sills.
[19] SF5CF3 and SF6 tracked each other nearly identically

for every profile from SMB and SPB collected during S2,
S3 and S4 (see auxiliary material), indicating that SF5CF3
and SF6 behaved the same way and that SF5CF3 is a viable
replacement for SF6 in ocean tracer release experiments.
The same behavior can be seen in mean profiles of SF5CF3
and SF6, shown in Figure 3.

[20] Although SF5CF3 appears to have the potential for
stronger adsorption onto organic rich particles based on
laboratory experiments with 1-octanol, this effect could not
be seen in the vertical profiles of SF5CF3 and SF6 from the
SMB, which has relatively high particle fluxes [Thunell et
al., 1994]. Subtle trends in the ratio of SF5CF3 to SF6 with
depth are within the analytical uncertainty or the uncertainty
of the SF6 background (see auxiliary material).

6.2. Mixing in the Santa Monica Basin

[21] A 1-D diffusion model similar to that used by
Ledwell and Watson [1991] was applied to the evolution
of the mean tracer profiles for the first 5 months, from S1 to
S2 (Figure 3). These profiles were treated as interior ones,
i.e., hypsographic and boundary effects were not included in
the analysis. The best estimate of the interior diffusivity is
(4 ± 1) ! 10"5 m2 s"1, a bit larger than the value of (2.9 ±
0.6) ! 10"5 m2 s"1 found for the first 6 months of the
earlier experiment by Ledwell and Watson [1991]. The
difference might be due to a lower buoyancy frequency at
the target density surface (1.4 ! 10"3 s"1) than in the prior
experiment (1.9 ! 10"3 s"1), that was in turn perhaps due
to a different recent renewal history. The diffusivity found
by Ledwell and Bratkovich [1995] in the interior of Santa
Cruz Basin was ca. 1 ! 10"4 m2 s"1 at a buoyancy
frequency of 0.3 ! 10"3 s"1, indicating the same trend in
the basins. In all cases, some influence of boundary mixing
is likely.
[22] As in the earlier experiment, the time scale for

mixing of the tracer to the boundaries and for homogeni-
zation within the basin seemed to be about 5 months.
Hence, to estimate the basin-wide diapycnal diffusivity
from the evolution of the tracer profile from June 2005 to
January 2006 (S2 to S3), a full-basin model was used. The
model included hypsographic effects, and renewal and
vertical advection were estimated from the heat budget.
The model is similar to one described for the later stages of
a tracer experiment in Santa Cruz Basin (Legs 4 to 5 and
Legs 5 to 6) by Ledwell and Bratkovich [1995]. As in that
experiment, assumptions must be made about new water
entering and leaving the model domain. For the model result
shown in Figure 3, new water was allowed to enter the
model domain below sill depth only in the bottom layer.
Above sill depth, the model was constrained by setting the
diapycnal diffusivity to a constant. The fit shown in Figure 3
is for a cold anomaly of new water relative to the bottom
water of "0.07!C, which is consistent with the coldest
temperatures observed in suspected plumes entering SMB
from the sill to Santa Cruz Basin. The diffusivities of heat
and tracer for the fit in Figure 3 decrease smoothly from
2.5 ! 10"4 m2 s"1 near the bottom to 1 ! 10"4 m2 s"1 at
the sill and above and is equal to 1.1 ! 10"4 m2 s"1 at the
depth of the tracer release (ca. 785 m). The depth depen-
dence of the diffusivities is constrained by the assumptions
in the model. Other sets of assumptions give various results,
but all lead to the conclusion that the basin-wide diffusivity
at the depth of the tracer release was 1–2 ! 10"4 m2 s"1.
The poor fit of the model to the data is due to over-
simplifications, such as the assumption of fast isopycnal
mixing implicit in a 1-D model, the assumption that the
diffusivity for heat is the same as that for tracer, and
allowance of new water only in the bottom layer. The range

Figure 3. Mean SF5CF3 (solid) and SF6 (dashed) profiles,
and model results (grey). Each profile has been scaled by
dividing by the corresponding maximum mean SF5CF3
concentration for the given survey. S1 was used as the initial
condition for the diffusion model between S1 and S2. The
final condition is given by the curve labeled S2, which is the
mean profile in the interior of SMB from S2. The grey
curve nearby is the model fit for a constant diffusivity of
4 ! 10"5 m2 s"1. The curves labeled S3 are the means of
all profiles averaged over both SMB and SPB, boundary
and interior for S3. The grey curve near S3 is a model result
for a whole-basin diffusivity, which varies with depth with a
value of 1.1 ! 10"4 m2 s"1 at 785 m. (See Auxiliary
Material for plots of different plausible diffusivities) The
initial condition for this model is not shown, to avoid clutter,
but is similar to the S2 curves. The difference is that it is a
basin-wide average rather than an interior average. The
inversion at the bottom of S3 is due to allowing profiles to
drop out of the mean when the bottom is reached. The
differences between SF5CF3 and SF6 profiles are small and
can be attributed to the slightly different amounts injected
and the presence of a background of less than 1 fmol kg"1

of SF6 in the basins.
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[1] SF6 tracer release experiments (TREs) have provided
fundamental insights in many areas of Oceanography.
Recently, SF6 has emerged as a powerful transient tracer,
generating a need for an alternative tracer for large-scale
ocean TREs. SF5CF3 has the potential to replace SF6 in
TREs, due to similarities in their properties and behavior, as
well as techniques for injection, sampling, and analysis. The
suitability of SF5CF3 for TREs was examined in Santa
Monica Basin, off the coast of Southern California. In
January 2005, a mixture of ca. 10 mol of both SF6 and
SF5CF3 was injected on an isopycnal surface near 800 m
depth. Over the next 23 months, concentrations of the
two tracers mirrored each other very closely, indicating
that SF5CF3 is a viable replacement for SF6 in ocean TREs.
The mixing parameters inferred from the experiment
confirmed the results from an earlier SF6 TRE in the
Santa Monica Basin. Citation: Ho, D. T., J. R. Ledwell, and
W. M. Smethie Jr. (2008), Use of SF5CF3 for ocean tracer
release experiments, Geophys. Res. Lett., 35, L04602,
doi:10.1029/2007GL032799.

1. Introduction

[2] Large scale open ocean tracer release experiments
conducted with sulfur hexafluoride (SF6) have yielded
fundamental insights into ocean mixing [e.g., Ledwell et
al., 1993, 2000], air-sea gas exchange [e.g., Watson et al.,
1991; Wanninkhof et al., 1993; Ho et al., 2006], and deep
water formation processes [e.g., Watson et al., 1999].
Furthermore, SF6 has served as an important marker of
iron-infused water parcels during Lagrangian iron fertiliza-
tion experiments [e.g., Coale et al., 1996; Boyd et al., 2000;
Coale et al., 2004].
[3] Recently, SF6 has emerged as a potential transient

tracer in the ocean [e.g., Law and Watson, 2001; Tanhua et
al., 2004; Bullister et al., 2006], whose atmospheric mixing
ratio has been increasing rapidly over the past few decades
[Geller et al., 1997; Maiss and Brenninkmeijer, 1998].
There exists a pressing need for a new transient tracer for
ocean studies because chlorofluorocarbons (CFCs), which
were used to investigate subsurface water formation, circu-
lation and mixing for waters ventilated between the late
1950s and the early 1990s have lost some of their effec-
tiveness for the most recently ventilated waters due to their
declining atmospheric mixing ratios. The increasing SF6

mixing ratio restores a unique time marker for recent
decades (see auxiliary material).1

[4] The availability of an alternative tracer for large-scale
ocean tracer release experiments would eliminate interfer-
ence between these two uses for SF6. Trifluoromethyl sulfur
pentafluoride (SF5CF3) has the potential to replace SF6 for
tracer release experiments, due to similarities in their
properties and behavior, as well as techniques for injection,
sampling, and analysis.

2. Properties of SF5CF3

[5] SF5CF3 is a gas with a boiling point of !20!C at
atmospheric pressure, and an atmospheric mixing ratio of
0.12 ppt in 1999 [Sturges et al., 2000]. It appears to be
predominately of anthropogenic origin, released as a
byproduct during manufacturing of certain fluorochemicals
[Santoro, 2000], and as a breakdown product of SF6 [Huang
et al., 2005; Carrier et al., 2007]. SF5CF3 is a strong
greenhouse gas with a radiative forcing about 10% higher
than SF6 on a per molecule basis [Sturges et al., 2000].
However, because of its shorter atmospheric lifetime rela-
tive to SF6 (800 vs. 3200 y), its global warming potential is
less than that of SF6 [Takahashi et al., 2002]. Furthermore,
because of their low atmospheric mixing ratios, the impact
of both SF5CF3 and SF6 on greenhouse warming has been
negligible. Sturges et al. [2000] estimated that annual
emission of SF5CF3 has been 270 metric tons, and hence
ocean tracer injections of a few hundred kilograms over the
next decade would be an insignificant addition to the global
budget.

3. Solubility of SF5CF3

[6] The solubility of SF5CF3 in freshwater was deter-
mined in preliminary laboratory experiments to be about
half as great as that of SF6 (Figure 1). Also, SF5CF3 and SF6
were found to be about 1000 and 150 times more soluble at
20!C, respectively, in 1-octanol than in fresh water, suggest-
ing that SF5CF3 may have a greater tendency than SF6 to
adhere onto organic rich particles. Systematic experiments
should be conducted to refine the solubility/temperature
relationship for SF5CF3 in both freshwater and seawater.
Furthermore, if SF5CF3 were to be used in experiments
aimed at quantifying air-sea gas exchange, its diffusion
coefficient in water must be determined.

4. Experiment in the Santa Monica Basin

[7] The suitability of SF5CF3 for ocean tracer release
experiments was examined in Santa Monica Basin (SMB),
where the first pilot SF6 tracer release experiment was
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45!C. Retention times for SF6 and SF5CF3 were 1.0 and
1.4 min, respectively (see auxiliary material).
[14] An SF6 standard and the known ratio of SF5CF3 to

SF6 in the injected mixture were used to calibrate the GC/
ECD; the detector response with respect to peak areas was
determined to be 14 ± 3 % higher for SF6. Given a water
sample size of 20 ml, the minimum detectable levels of the
method described here are 0.4 and 0.8 fmol kg!1 for SF6,
and SF5CF3, respectively.

6. Results and Discussion
6.1. Dispersal of SF5CF3 and SF6

[15] A week after injection (S1), 4 tows were conducted
with the integrating sampler array over 4 days (Figure 2a).
Only one of these tows yielded a complete vertical profile
(Figure 3 and auxiliary material). This profile of SF5CF3
and SF6 shows that they were successfully injected together.
The peak concentration found was ca. 3000 fmol kg!1.
[16] After 5 months (S2), the tracers had sufficient time to

mix both horizontally and vertically, and were found
throughout SMB, as well as in SPB. Within SMB, the
concentrations of both SF5CF3 and SF6 were higher in the

center part as well as the western side of the basin. Overall,
the tracer concentrations were higher in the interior of SMB
(peak concentration: 125 fmol kg!1) than the boundaries on
the north and south side of the basin (peak concentration:
75 fmol kg!1), and tracer concentrations were also signif-
icantly higher in SMB than they were in SPB (peak
concentration: 37 fmol kg!1; see auxiliary material for
individual profiles).
[17] After 12 months (S3), concentrations of the tracers

were fairly well mixed in the interior of SMB, and the peak
concentrations (35 fmol kg!1) were about the same as near
the boundaries (30 fmol kg!1). However, the tracer con-
centrations in SMB remained higher than in SPB (12 fmol
kg!1). Finally, after 23 months (S4), the tracer concentra-
tions were well mixed in the interior of SMB (8–12 fmol
kg!1), and still significantly higher than in SPB (5 fmol
kg!1). Concentrations along the southwest boundary of
SMB were lower than in the interior, perhaps due to new
water entering over the sill to Santa Cruz Basin, and flowing
southeast along this boundary.
[18] Of the 10 mol of SF5CF3 injected, 8.8 ± 1.2 and 8.0 ±

0.7 mol were found during S2 and S3, respectively. The

Figure 2. Maps of the Santa Monica Basin (SMB) and San Pedro Basin (SPB) showing the (a) injection (white lines) and
sampling tows (black lines) during S1 and (b) sampling locations during S2 and S3 (both open and filled circles), and S4
(open circles). The interruption in the injection line in Figure 2a was due to an oversight. The inset in Figure 2a shows the
location of the experiment relative to the coast of Southern California.
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