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A Study of North Atlantic Ventilation Using Tra nsient Tracers 

by 

Abstract 

Scott Christopher Doney 

Submitted to the Massachusetts Institute of Technology
Woods Hole Oceanographic Institution 

Joint Program in Oceanography 
on August 7, 1991, in partial fulfillment of the 

requirements for the degree of 
Doctor of Philosophy 

The oceanic distributions of tritium eH), 3 He, and the chlorofluorocarbons (CFCs) can be used 
to constrain the time-scales of the major ventilation pathways for an ocean basin such as the 
North Atlantic. I present a new global model function , developed from a factor analysis of 
the WMO/IAEA data set, for predicting the spatial and temporal variability of bomb-tritium 
in precipitation. Model estimates for the atmospheric 3 H delivery to the North Atlantic are 
recomputed and combined with advective 3 H input estimates in a budget for the North Atlantic 
Basin. Key features of the model budget include refined estimates of the 3 H vapor flux and 
southward advection of 3 H in the low salinity, surface flow from the Arctic. Arctic tritium 
sources contribute about half of the observed increase (40%) in the decay corrected tritium 
inventory from the 1972 GEOSECS program and the 1981 TTO/NAS program. 

The 3 H concentration in the intermediate and deep waters for the sub-polar North Atlantic 
increased substantially between 1972 and 1981. A time dependent model for the 3 H and 3 He 
inflow to the abyssal Atlantic from the Nordic Seas is developed. The 3 H and 3 He distributions in 
the abyssal North Atlantic and Deep Western Boundary Current (DWBC) are also presented. A 
simple model of abyssal circulation is constructed using the model Nordic Seas overflow curves, 
the observed tracer gradients in the DWBC, and the GEOSECS and TTO tracer inventories 
for the deep basins. Although the tracer concentrations in the boundary current are rather 
insensitive to the velocity of the boundary current, they do place bounds on t he magnitude of 
recirculation between the boundary current and the interior. On average, a volume equal to the 
boundary current t ransport is entrained/detrained over a length scale of about 5000 km. About 
half of the overflow water entering the western basin of North Atlantic since the mid-1960's has 
been mixed into the deep Labrador Sea and subpolar gyre. 

The effects of tracer surface boundary conditions on thermocline ventilation and oxygen 
utilization rate estimates are discussed. Tracers t hat equilibrate rapidly with the atmosphere, 
such as 3 He and the CFCs, have lower apparent ventilation time scales than t racers, such as 
tritium and radiocarbon, t hat are reset slowly in the surface layer. The results of a simple 
box-mixing model are compared with tritium and 3 He data from a 1979 survey of the eastern 
subtropical North Atlantic. On shallow density surfaces, the computed tritium ventilation 
rates are two to three times slower than those for 3 He; deeper in the thermocline, the two 
tracer ventilation rates converge. T hi s trend may be related to the decreasing effectiveness of 
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3 He gas exchange in equilibrating the deeper winter mixed layers of the more northerly isopycnal 
outcrops. Box models using limited surface exchange tracers (e.g. tritium and 14C) can under 
predict oxygen utilization rates (OUR) by up to 3 times due to differences between tracer and 
oxygen boundary conditions while 3 He may overestimate OUR by 10- 20%. 

I present and discuss the distributions of two chlorofluorocarbons ( CFCs) in the eastern 
North Atlantic measured on a 1988 hydrographic cruise between Iceland and the equator. CFC 
tagged seawater fills the entire sub-polar water column and subtropical thermocline. Measur
able CFC levels are found at the ocean bottom as far south as 35°N; the CFC penetration 
depth shoals to about 750 meters in the tropics. The CFC data are used to illustrate the 
ventilation time-scales for the water masses in the eas tern basin and to calculate OUR values 
in the subtropical thermocline. The CFC data in the tropical oxygen minimum off of Africa 
are significantly lower than the values on similar density surfaces in the subtropics, providing 
support for the idea that the tropical oxygen minima are controlled primarily by physical rather 
than biological mechanisms. The evolution of the tropical and subtropical CFC distributions 
between the 1972-73 TTO /TAS program and the 1988 cruise are also examined. Other features 
of the CFC data include a clear signal of Labrador Sea Water mid-depth ventilation, a CFC
enriched overflow water boundary current along the Iceland slope, a northward flowing deep 
boundary current along the eastern margin of the basin, and a mid-dep th equatori al plume of 
upper North Atlantic Deep Water. 

Thesis Supervisor: William J. Jenkins 
Title: Senior Scientist, Woods Hole Oceanographic Institution 
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Chapter 1 

Introduction 

Ocean ventilation is the subsurface renewal of chemical (e.g. 0 2 , nutrients) and physical 

(e.g. T , S, and potential vorticity) water mass properties set in the surface mixed layer by 

air-sea exchange and biological activity. The rates by which surface properties are transported 

into subsurface ocean reservoirs profoundly influence the distribution of nutrients and dissolved 

gases in the ocean. In addition, ventilation affects the density structure of the main thermocline, 

the invasion of anthropogenic pollutants (e.g. greenhouse C02 and heat) into the ocean, and 

the ocean 's impact on global clima te. Many of our present concepts of ocean ventilation were 

originally deduced from the distributions of steady state tracers such as salinity, oxygen , and 

nutrients ( cf Reid 1981; Broecker and Peng, 1982). The steady state tracer distributions do 

not, however, provide information on the rates of the physical and biological processes involved 

in their maintenance. Over the last twenty-five years, oceanographers have turned to transient 

tracer species, in particular radiocarbon, tritium, and more recently the chlorofluorocarbons 

( cf Broecker and Peng, 1982) , in an attempt to measure and constrain the time-scales of ocean 

circulation. The overall goal of my thesis is two-fold: to examine the factors controlling the 

entry and redistribution of bomb-tritium into the surface ocean, and to estimate the ventilation 

time-scales for the thermocline and deep waters in the North Atlantic using a combination of 

transient tracer data, traditional hydrographic data, and simple conceptual models. 

15 



1.1 '!racer Background 

The time evolution of a transient tracer distribution in the ocean is determined by both 

the circulation of the ocean and by factors-delivery time history, surface boundary condition, 

radioactive decay, biological uptake-unique to the particular tracer. A clear understanding of 

the peculiar geochemical behavior of each tracer is a prerequisite of any application of tracer 

data to ocean ventilation questions . In this thesis, I focus mainly on two transient tracer pairs, 

tritium and its stable daughter product 3He and the two chlorofluorocarbons CFC-11 (CCl3F) 

and CFC-12 (CCl2F2). 

1.1.1 Tritium and 3He 

Tritium is a radioactive isotope of hydrogen eH) and is found in the environment primar

ily in the form of tritiated water (HTO), although some fraction exists as molecular hydrogen 

(HT) (Ostlund and Mason, 1977). The natural background inventory of tritium produced by 

cosmogenic spallation reactions in the stratosphere is small relative to the quantity of tritium 

released into the stratosphere by atmospheric fusion weapon testing in the late 1950's and 

early 1960's (Craig and Lal, 1961; Eriksson, 1965). Bomb-tritium re-entered the troposphere 

via mid-latitude stratospheric-tropospheric exchange (Danielsen, 1968) and reached the ocean 

either directly by precipitation and vapor exchange or indirectly by continental runoff and 

re-evaporation (Weiss and Roether, 1980). The 'spike' or peak in the surface precipitation 

bomb-tritium concentration from the 1962-1963 tests (Figure 1-1a) presented the geochemical 

community with an excellent tracer for studying the atmospheric hydrological cycle, ground

water transport, and ocean circulation (cf Libby, 1961). Because of the short residence time 

of HTO in the troposphere (less than a month, Ehhalt, 1971), the bomb-trit ium concentrat ion 

in rainfall has a large latitudinal gradient with a minimum in the tropics and higher values 

at mid-latitude (Figure 1-1b)(Weiss and Roether, 1980). The distribution of bomb-tritium is 

asymmetric between the two hemispheres, reflecting the predominantly northern hemisphere 

locations for the weapons tests (Taylor, 1966). In addition, the tritium concentrations at 

continental sites are, relative to marine stations at the same latitude, generally elevated by re

evaporation, and the tritium data from mid-latitudes show distinct seasonal variation (Ehhalt , 

1971). Temporal and geographic data for the bomb-tritium concentration in precipitation have 
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been collected since the early 1960's at a global network of stations under the auspices of the 

International Atomic Energy Agency (IAEA, 1982). 

Early work ( cf. Eriksson, 1965) suggested that HTO vapor exchange across the air-sea 

interface should be an important if not dominant mechanism for bomb-tritium entry into the 

ocean. This hypothesis , however, is dependent on the assumed concentration oftritium in water 

vapor over the ocean for which little actual field data exists (Koster et al. , 1989). Later work on 

oceanic tritium inventories has generally supported the vapor exchange hypothesis-observed 

inventories are significantly larger than the predicted value from precipitation and runoff alone 

(Michel, 1976; Weiss et al. , 1979; Broecker et al., 1986) , but some doubt still exists (Simpson, 

1970; Koster et al. 1989). Model estimates for the tritium deposition to the world ocean 

developed by Weiss et al. (1979) and Weiss and Roether (1980) have gained wide acceptance 

as a method for specifying the tritium flux boundary condition in numerical ocean models ( cf. 

Sarmiento, 1983a). The estimated uncertainty in the Weiss and Roether (1980) formulation , 

about 20%, may still be too large for some oceanic modeling efforts, however (Memery and 

Wunsch, 1990). 

Very few surface water tritium measurements exist for the pre-bomb period, but t he best 

estimates are thought to be in the range of 0.2 to 0.5 TU1 
( cf. Begemann and Libby, 1957; 

Dreisigacker and Roether, 1978). More surface water data is available after 1960, and model 

surface water tritium time histories have been constructed for both the North Atlantic (Figure 

l -2a) (Dreisigacker and Roether, 1978) and North Pacific (Fine and Ostlund, 1977). These 

'source functions' have been used extensively as concentration boundary conditions for box 

models and simple circulation models (Jenkins, 1980; Thiele and Sarmiento, 1990). The sur

face tritium concentrations in the subtropical and subpolar North Atlantic are approximately 

constant except for the high latitude, low salinity boundary currents, which are greatly enri ched 

in tritium (Figure l -2b) (Dorsey and Peterson, 1976); the increased tritium deposition at mid

and high latitudes is compensated for by the deeper mixed layers in that region (Weiss et al., 

1979). Because of the much lower tritium delivery to the southern hemisphere, surface water 

tritium data in the North Atlantic show a distinct front between 15- 25°N where southern and 

1 Tritium concentrations are expressed in Tritium Units (TU) where 1 TU equals one tritium atom per lxl018 

hydrogen atoms 
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northern water meet (Figure 1-2b) (Dreisigacker and Roether, 1978; Sarmiento et al., 1982). 

Tritium concentrations for sea water samples can be measured either directly by electrolytic 

enrichment and HT gas proportional counting (Ostlund and Dorsey, 1977) or indirectly by the 

3 He in-growth technique (Clarke et al., 1976; Lott and Jenkins, 1984). The first systematic 

survey of the bomb-tritium distribution in the world ocean was carried out by GEOSECS Pro

gram (1972-1978) (Ostlund and Brescher, 1982), and the North Atlantic tritium data from 

GEOSECS and other contemporaneous cruises has proved very fruitful in terms of ocean cir

culation modeling studies (Roath and Ostlund, 1972; Peterson and Roath, 1976; Sarmiento 

et al., 1982; Sarmiento 1983a, 1983b ). A second survey of the North Atlantic tritium distri

bution was collected during the 1981 TTO-NAS and 1983 TTO-TAS programs, providing an 

even more detailed picture of the tritium distribution and its evolution through time (Jenkins, 

1988; Ostlund and Roath, 1990). The TTO tritium data set is one of the primary tools used in 

Chapters 3 and 4 in discussion of the tritium budget for the North Atlantic and the ventilation 

of the deep water. 

Tritium decays with a 12.43 year half-life2 into a stable daughter product 3He, which can 

be measured by mass spectrometer (Lott and Jenkins, 1984). The distribution of excess3 3 He 

complements that of tritium, and the simultaneous measurement of both tracers is particularly 

useful for examining ventilation processes occurring on time-scales of a several months to a 

decade (Jenkins and Clarke, 1976; Jenkins, 1987). The excess 3 He concentration in seawater is 

reset to near zero by gas exchange in the surface ocean (Fuchs et al., 1986). Once a water parcel 

is isolated from the atmosphere, the 3 He concentration builds up with time due to tritium decay 

resulting in a tracer ' clock' that records the elapsed time since a water parcel was at the ocean 

surface. A tritium-3 He age r can be defined as: 

r = 17.96ln( 
3

H ;~He) ( 1.1) 

(Jenkins and Clarke, 1976). Tritium-3 He age is sensitive to non-linear mixing effects and can not 

be interpreted as a literal age much beyond about a decade (Jenkins and Clarke, 1976; Jenkins, 

2 Prior to 1978, the accepted half-life of tritium was 12.26 years (Unterweger et a/., 1980). Older tritium 
measurements presented in my thesis have been corrected for the effects of the change in the accepted tritium 
half-life (Taylor and Roether, 1982). 

3 Excess 3 He is defined as the amount of 3 He in a seawater sample above the atmospheric helium solubility 
(Weiss, 1971) times the atmospheric 3 HerHe ratio adjusted for isotope fractionation effects (Benson and Krause, 
1980). 
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1988). 3 He also enters the ocean from injection of primordial gas from the mid-ocean ridge 

system (Clarke et al. , 1969; Jenkins and Clarke, 1976). The 3Hej4He ratio of primordial helium 

is approximately ejght times that of the atmosphere (Jenkins et al., 1978), and the introduction 

of primordial 3He into the deep ocean results in an apparent excess of 3He. The concentrations 

of primordial 3 He in the deep North Atlantic are lower than those of the Pacific where ridge

spreading is more rapid and abyssal ventilation rates are slower (Jenkins and Clarke, 1976) . 

Although the North Atlantic 3 He data set as a whole is less extensive than that for tritium, a 

reasonable picture of the 3 He distribution in the basin has been developed from regional studies 

(Schlosser, 1985; Thiele et al., 1986; Jenkins, 1987) and from the TTO data set (Jenkjns, 1988). 

1.1.2 Chlorofluorocarbons 

The two chlorofluoromethanes, CFC-11 (CCl3F) and CFC-12 (CCl2F2), are gaseous tracers 

that are thought to be conservative in the ocean and troposphere. Chlorofluorocarbons in 

the atmosphere and ocean are derived solely from anthropogenic sources- industrial solven ts, 

refrigerants, aerosol propellants- and their only known sink is destruction by UV photolysis 

in the stratosphere (Cunnold et al., 1986). The atmospheric concentrations of CFC-11 and 

CFC-12 increased at a nearly exponential rate in t he atmosphere since their introduction in 

the 1930's and 1940's to the mid-1970's; after the mid-1970's the atmospheric growth rate 

for both species has been more linear (Bullister, 1984) . Accurate time-series measurements 

of atmospheric CFC concentrations are available from about 1976 (Rasmussen et al., 1986) , 

and atmospheric concentrations before this time can be reconstructed from atmospheri c life

time estimates (Cunnold et al., 1986) and reported industrial production data (CMA, 1985; 

Bullister, 1984) (Figure 1-1a). T he ratio of CFC-11 to CFC-12 in the atmosphere has increased 

with time, and the CFC-11/CFC-12 ratio in seawater samples has been used for dating the age 

of water parcels ( cf. Bullister, 1984)). The CFCs are sparingly soluble in seawater (Warner 

and Weiss, 1985), and the CFC concentrations in t he surface ocean are generally maintained 

near atmospheric solubility equilibrium levels by gas exchange (Warner, 1988); significant CFC 

undersaturations are found, however , in regions of deep convective mixing (Bullister and Weiss , 

1983; Wallace and Lazier, 1988). The concentrations of the two CFCs in seawater samples 

can be measured rapidly on shipboard using an electron capture gas chromatography system 
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(Bullister and Weiss, 1988). CFC profiles in the ocean were collected as early as 1977 ( cf. 

Hammer et al., 1978; Gammon et at., 1982; Bullister and Weiss, 1983), but only recently has a 

large body of CFC data become available for basin-scale circulation studies (Warner, 1988). 

1.2 North Atlantic Circulation 

The main thermocline in the North Atlantic Ocean is ventilated by both wind-driven circu

lation and surface buoyancy loss while the intermediate and deep waters of the basin are replen

ished primarily by thermohaline circulation (Worthington, 1976). The 1972 GEOSECS tritium 

section through the western basin of the North Atlantic (Ostlund and Brescher, 1982) (Fig

ure 1-3) highlights the penetration of bomb-tritium into the basin over decade time-scales ( cf. 

Ostlund and Rooth, 1990). Tritium inventories are large in the subpolar gyre where deep con

vection occurs and where recently formed overflow waters enter from the Norwegian/Greenland 

Seas, producing the tritium maximum along the bottom of the subpolar gyre. Tritium con

centrations are also high in the subtropical thermocline; the strong tracer front at 15°N marks 

the southern boundary of the subtropical gyre and the transition to the oxygen minimum zone 

off North Africa (Sarmiento et al., 1982). The intermediate water in the northern part of 

the basin, the mid-depth region of the North Atlantic that is ventilated Labrador Sea Water 

(Worthington, 1976), is also relatively high in tritium. 

The 0-S and other water mass properties of the North Atlantic Central Water that fills 

the subtropical thermocline can be traced to the winter isopycnal outcrops along the northern 

edge of the gyre (Iselin, 1936; Stommel, 1979), and ventilation of the main thermocline in the 

subtropics is thought to occur primarily by isopycnal advection and mixing from the outcrop 

regions into the interior (Stommel, 1979; Luyten et at., 1983a; 1983b ). Ekman pumping and 

buoyancy driven subduction both contribute to the injection of surface water into the main 

thermocline (Woods, 1985). Tracer observations suggest that buoyancy forcing is the dominant 

mechanism involved in thermocline ventilation and that the gyre is almost fully ventilated on 

each cycle (Sarmiento, 1983b; Jenkins, 1987). Diapycnal mixing appears to be of secondary 

importance for determining the vertical profile of properties in the main thermocline ( cf. Jenk

ins, 1980). According to the ventilated thermocline or 'LPS' model (Luyten et al., 1983a; 

1983b ), water parcels in the thermocline move along streamlines of constant potential vorticity 
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Figure 1-3: The 1972 GEOSECS tritium (TU) contour section for the western North Atlantic 
concentration (Ostlund and Brescher, 1982). 
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Figure 1-4: Schematic of a multilayered ventilated thermocline model (from Huang, 1991). The 
Pool and Ventilated regions of the model are well-ventilated by Ekman pumping and subduction 
at the winter isopycnal outcrop (p = p1 contour). (see text for more details) 

on isopycnal surfaces (Figure 1-4). Where the streamlines intersect the winter outcrop, freshly 

ventilated water enters the thermocline and is then advected around the gyre. On the east side 

of the gyre, streamlines emerge from the boundary resulting in a stagnant, weakly ventilated 

'shadow zone'. The interplay of outcrop ventilation and the anti-cyclonic circula tion of the 

gyre is reflected in isopycnal maps of tritium- 3He age in the thermocline (Figure 1-5) (Jenkins, 

1988). 

The ventilation mechanisms in the subpolar gyre differ from those to the south. The wind 

curl in the subpolar gyre results in Ekman suction rather than Ekman pumping, and ventilation 

occurs almost entirely by deep, penetrative winter convection. Strong cooling and surface 

buoyancy loss result in winter mixed layers in the subpolar gyre that approach 400- 600 meters 

depth, and the homogeneous water masses or 'mode waters' formed by convection can be 

traced by their low potential vorticity (McCartney and Talley, 1982). The t ransient tracer 

levels in the mode water region are uniformly high down to the depth of convection (Meinke, 

1986; Smethie and Swift, 1989). The southern , warmer (T > 10°C) mode waters are advected 

south into the subtropical gyre and thus contribute to the ventilation of the deep subtropical 
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Figure 1-5: Tritium-3 He age contour plot for the 26.5 ue isopycnal surface from Jenkins (1988). 

thermocline (McCartney and Talley, 1982). The northern subpolar mode water branch is cooled 

and freshened as it circulates around the cyclonic subpolar gyre and forms the precursor for 

Labrador Sea Water (McCartney and Talley, 1982). 

The mid-depth range (800-2000 m) of the North Atlantic is dominated by three major 

water masses, Labrador Sea Water, Mediterranean Water, and Antarctic Intermediate Water. 

Labrador Sea Water is produced by deep, convective chimneys that penetrate to 2000 m depth 

in the center of the the Labrador Sea (Clarke and Gascard, 1983). Because of its convective 

origin, Labrador Sea Water appears as a vertical potential vorticity minimum (Talley and 

McCartney, 1982) and oxygen and tracer maximum in the mid-depth North Atlantic (Clarke 

and Coote, 1988; Wallace and Lazier, 1988). The formation of Labrador Sea Water is sensitive 

to pre-conditioning of the salinity field in the Labrador Sea (Clarke and Gascard, 1983) and 

shows strong inter-annual variability. In contrast with Labrador Sea Water, Mediterranean 

Water is high in salinity and low in oxygen (Worthington, 1976). An overflow plume of very 

salty (38 PSU) mid-depth water from the Mediterranean spills over the sill at Gibraltar and 

cascades down the continental slope (Ambar and Howe, 1979). Because of intense entrainment 

of Atlantic thermocline water near the sill, the Mediterranean Water plume only penetrates to 
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a depth of about 1000 meters and then spreads west and north along the eastern margin (Reid, 

1978; Worthington, 1976). The boundary between Mediterranean and Labrador Sea Water is 

clearly marked in maps of mid-depth salinity in the Nort h Atlantic (Figure 1-6) (Talley and 

McCartney, 1982; Worthington , 1976). Antarctic Intermediate Water is found in the North 

Atlantic as a layer of low salinity, high silicate water in the depth range of 700- 1200 meters 

in the western basin (Tsuchiya, 1989). Antarctic Intermediate Water in the North Atlantic is 

old relative to the other intermediate water masses, resulting in a mid-depth radiocarbon and 

tritium minimum in the western basin ( cf. Ostlund and Rooth, 1990). 

The high latitude marginal seas of the North Atlantic are one of a few sites in the world 

ocean where deep water forms (Warren, 1981). North Atlantic Deep Water is a mixture of cold, 

dense intermediate waters that spill over the Greenland-Iceland-Scotland Ridge system and 

ambient Atlantic thermocline water entrained into the overflow currents near the sills (Figure 

1-7) ( cf. Ivers, 1976; Swift, 1984). The transient tracer concentrations in the overflow currents, 

particularly the one originating from the Denmark Straits, are high reflecting the contact of 

the overflow source waters with the atmosphere over recent time periods (Swift et al., 1980; 

Livingston et al., 1985) . The overflow waters that enter the deep Eastern Basin- Iceland

Scotland Overflow Water- flow south along the Mid-Atlantic Ridge and cross into the deep 

western basin via the Gibbs Fracture Zone at about 50°N (Swift, 1984). The remainder of 

the deep eastern basin is filled with water derived from Antarctic Bottom Water that flows 

into the eastern basin through the Romanche and Vema Fracture Zones in the tropical Atlantic 

(Broecker et al., 1985; McCartney et al., 1991). Except for the northeast corner, the deep water 

in the eastern basin has essentially no tritium or bomb radiocarbon and has an apparent age 

of several hundred years (Broecker et al., 1985; Schlitzer et al., 1985). In contrast, the deep 

Labrador and Irminger Basins are well vent ilated (Ostlund and Rooth, 1990). 

The deep overflow waters in the western basin combine with Labrador Sea water to form a 

deep western boundary current flowing south along the eastern coast of North America (Warren, 

1981). Significant transient tracer levels are found throughout the deep boundary current 

(Figure 1-8) (Jenkins and Rhines, 1980; Olson et al. , 1986, Fine and Molinari, 1988), and a 

plume of chlorofluorocarbon tagged Upper North Atlantic Deep Water has been observed along 

the coast of South America and the equator (Weiss et al., 1985). T he southward transport of 
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Figure 1-6: Contour map of the salinity distribution at the mid-depth potential vorticity mini
mum associated with Labrador Sea Water (from Talley and McCartney, 1982) . Note the strong 
zonal boundary ("-'40°N) between Mediterranean Water and Labrador Sea Water. 
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Figure 1-7: Idealized circulation diagram for deep water circulation in subpolar North Atlantic. 
(from Warren, 1981) 
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Figure 1-8: A 1977 tritium (TU) section through the Deep Western Boundary Current over the 
Blake-Bahama Rise (from Jenkins and Rhines, 1980). Potential temperature (Tp) contours are 
also shown as dashed lines. 
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Figure 1-9: Schematic of a simple box model for studying thermocline ventilation via isopycnal 
processes (from Smethie and Swift, 1989). 

water in the boundary current is thought to feed a broad poleward flow and gradual upwelling 

in the interior of the deep basin (Stommel and Arons, 1960), and the tracer distributions in the 

deep water should reflect the ventilation from the western boundary (Kuo and Veronis, 1973). 

The reality is, of course, more complicated, and the exchange of water between the boundary 

current and the interior may be mediated by large-scale abyssal recirculation cells such as the 

Northern Recirculation Gyre (Hogg et al., 1986; Olson et al., 1986). 

1.3 Tracer Modeling 

The distributions of steady-state and transient tracers illustrate the major qualitative fea

tures of North Atlantic thermocline and deep water ventilation; more quantitative estimates of 

specific ventilation rates require a model description of the physical processes-advection, mix

ing, water mass formation- involved. Box models are one of the simplest models available, and 

Figure 1-9 shows a basic box-model widely used in thermocline studies . A well-mixed interior 

box, usually thought of as a region bounded by two isopycnal surfaces, exchanges water with a 

surface box. The equation for the time rate of change of a tracer concentration in the interior 
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box C; can be written as: 

dC; 1 
dt = T(Cs(t)- C;(t) ) + J (1.2) 

where C~( t) is the concentration of tracer in the surface box, J is the tracer source term (e.g. 

radioactive decay, biological production or consumption ), and T is the time-scale for fluid 

exchange between the surface and interior box ( cf. Jenkins, 1980). The only other component 

of the model is the surface tracer concentration time history, which is available for tracers such 

as tritium and the CFCs (Dreisigacker and Roether, 1978; Bullister, 1984). Model solutions for 

T are generally found by running the model over a wide parameter range and then choosing 

the model run that 'best fits' the tracer data. Box models such as Equation 1.2 have been used 

extensively as tools for interpreting transient tracer observations (e.g. Jenkins, 1980; Sarmiento, 

1983a; Druffel, 1989; Shen and Boyle, 1988). The box model approach can be expanded by 

increasing the number of boxes; multi-box models have been used to study a variety of ocean 

processes including deep water formation (e.g. Bullister and Weiss, 1983; Smethie et al., 1986; 

Schlosser et al., 1991) and the uptake of anthropogenic C0 2 by the ocean (e.g. Peng and 

Broecker, 1985). 

One-dimensional advection/diffusion tracer models have also been used to study thermocline 

ventila tion (e.g. Gammon et al., 1982), but their application is limited to regions such as the 

North Pacific where the dominant ventilation processes are thought to be diapycnal rather 

than isopycnal. One dimensional pipe models have found Jess frequent use (e.g. Jenkins, 1988). 

Pickart et al. (1989), for example, develop a one-dimensional model for simulating the change 

in CFC concentration with dist ance in the Deep Western Boundary Current; diffusion in their 

model is perpendicular to the direction of the flow. Wallace et al. (1987) present a modified 

box model of the Arctic halocline that includes cross-isopycnal mixing. 

More sophisticated two-dimensional tracer models have also been developed to study sub

t ropi cal thermocline ventilation (Thiele et al., 1986; Thiele and Sarmiento, 1990). For example, 

Thiele et al. (1986) model the CFC and tritium- 31-Ie distributions in the Canary and Cape 

Verde Basins using a flow field prescribed by geostrophy. Boundary conditions for the tracers 

are set at the outcrops and at the western boundary of the model domain, and the tracer data 

from a meridional tracer section is then used to adjust the applied levels of isopycnal eddy 

mixing in the model. A model by Thiele and Sarmiento ( 1990) uses a simple gyre flow field to 
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simulate the evolution over time of the distributions of real and ideal age tracers on isopycnal 

surfaces in the thermocline. For reasonable advection and mixing rates, their model results 

suggest that tritium- 3 He age is a good analog of true age in the subtropical gyre. J enkins 

(1987) came to a similar conclusion based on work on tritium and 3 He data from the {3 Triangle 

region in the eastern subtropics. 

1.4 Research Outline 

My thesis research can be divided into two broad categories: the investigation into how 

to model in an appropriate fashion the tracer boundary conditions for the ocean and the ap

plication of tracer data to specific ventilation related problems for the North Atlantic. Our 

confidence in model results based on transient tracer data can be limited significantly by the 

uncertainty in the temporal and spatial evolution of the tracer source function at the ocean 

surface (Wunsch, 1987; Memery and Wunsch, 1990). The current model for the bomb-tritium 

delivery to the world ocean, the Weiss and Roether (1980) model, has a reported accuracy of 

about ±20%, but this may not be good enough for some types of models (Memery and Wun

sch, 1990). Also, recent work on tritium transport in an atmospheric general circulation model 

contradicts the 'current wisdom' by suggesting that t he vapor exchange may be only a third 

or half as large as previously thought. In Chapter 2, I present an analysis, based on factor 

analysis techniques, of the global WMO /IAEA tritium precipitation data set (IAEA, 1982) and 

develop a new model function for predicting the time history of bomb-tritium concentrations in 

precipitation over the globe. Unlike previous studies (Weiss and Roether, 1980; Koster et al., 

1989), the model allows the shape of the model time histories to vary with location , covers both 

marine and continental regions, and includes seasonal variations that can be significant at mid

latitudes ( cf Ehhalt, 1971). The inputs of tritium from atmospheric sources (precipitation and 

vapor exchange) and advection are then recomputed for the North Atlantic and are compared 

with the tritium inventories calculated from GEOSECS and TTO data. A detailed sensiti vity 

analysis for the various parameters involved in atmospheric tritium deposition is presented. I 

also discuss t he total fl ux and fate of high tritium, polar water entering the North Atlantic from 

the Arctic. 

The appearance of substantial amounts of tritium and bomb-radiocarbon in the deep wa-
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ter of the western North Atlantic demonstrates quite convincingly the short ventilation time

scales-on the order of a few decades-for North Atlantic Deep Water ( cf. Ostlund and Rooth, 

1990). Models of the tracer input to the deep North Atlantic for the Norwegian/Greenland Sea 

overflows are created in Chapter 4. These model curves are then used to interpret t he transient 

tracer distributions in the Deep Western Boundary Current and in the western basin of the 

North Atlantic. A simple abyssal circulation model is also examined. 

In Chapter 5, I return to the question of tracer boundary conditions, m particular, the 

role that the boundary condition behavior of different tracers may play on ventilation rate 

estimates. Upper ocean processes such as gas exchange, biological uptake, and winter convection 

all influence the chemical composition of water subducted into the main thermocline. Because 

these processes alter individual tracer concentrations in the winter mixed layer in different 

manners, one might expect the apparent thermocline ventilation rates to differ from tracer to 

tracer. This hypothesis is tested in Chapter 5 using a simple box-model. 

As part of my research , I was involved in the collection and analysis of two chlorofluorocar

bons on a section in the eastern North Atlantic from Iceland to t he equator. The CFC data 

from that section are presented in Chapter 6. P rior to the 1988 cruise, very little CFC data ex

isted for the east ern basin. A large part of Chapter 6 is devoted to outlining the major features 

in the CFC data and comparing the observed CFC distribution with traditional hydrographic 

data and with other transient tracers. T he CFC data is also used to constrain the ventilation 

time-scales of specific water masses and to to estimate the t hermocline oxygen utilization rate 

in the eastern basin. 
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Chapter 2 

A model function of the global 

bomb-tritium distribution in 

precipitation, 1960-1986
1 

2.1 Introduction 

T he utili ty of bomb-tritium as a tracer of geophysical processes is strongly limited by 

our knowledge of the flux boundary condition of tritium to the earth's surface (cf. Memery 

and Wunsch, 1990). An important component of any such function is a reconstruction, over 

both space and time, of tritium concentrations in precipitation. This study is an attempt to 

improve on previous work by creating a precipitation bomb-tritium function that is applicable to 

continental and marine sites, covers both the northern and southern hemispheres, and includes 

seasonal effects. Care is taken throughout our analysis to identify and quantify potential error 

sources for the precipitation tri ti urn model. 

The best available record of the tritium concentrations in precipitation comes from the 

World Meteorological Organization/International Atomic Energy Agency network of about 250 

long term monitoring stations spread around the globe (IAEA, 1981; IAEA, 1969, 1970, 1971, 

1973, 1975, 1979, 1983, 1986). The WMO/IAEA data set consists of monthly composite pre-

1 This chapter presents part of a manuscript by the author , David M. Glover, and Will iam J. Jenkins that has 
been accepted for publication in the Journal of Geophysical Research. 
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cipitation samples analyzed for tritium (HTO) and stable isotopes (HDO and H2 180). Figure 

2-1 shows plots of the monthly tritium concentrations in Tritium Units (TU2) versus t ime from 

representative northern (Valentia, Ireland 51.9°N) and southern (Kaitoke, New Zealand 41.1 °S) 

hemisphere stations. The time histories presented in Figure 2-1 highlight some of the major 

features in the global tritium data set. The major tritium peaks in surface rain follow by one 

to two years the atmospheric thermonuclear weapons tests in the late 1950's and early 1960's 

which injected large quantites of HTO into the northern hemisphere stratosphere (Eriksson, 

1965; Taylor, 1966). The bomb tritium re-enters the troposphere primarily via tropospheric 

folding at mid and high latitudes in the northern hemisphere (Danielsen, 1968), although some 

exchange of HTO across the tropopause may occur by deep convective cells in the tropics 

(Ostlund and Mason, 1975; Reiter, 1975). Once in the troposphere, HTO is rapidly removed 

(mean residence time about 1 month) by both precipitation and vapor exchange (Ehhalt, 1971; 

Koster et al. 1989). As a result , the tritium 'spike' in 1963-64 is found predominantly in the 

northern hemisphere; the tritium concentrations at southern hemisphere sites are one to two 

orders of magnitude lower and are smoother (Taylor, 1966). In addition, tritium concentrations 

at continental stations are enhanced by a factor of 2-4 relative to marine stations at the same 

latitude, in part because of lower levels of precipitable water over the continents and more ef

ficient removal of HTO by vapor exchange over the ocean (Eriksson, 1965; Weiss and Roether, 

1980). Tritium in precipitation is also modulated by a large seasonal cycle that is thought to 

be related to the timing of stratospheric-tropospheric exchange and continental re-evaporation 

of tritium (see insets, Figure 2-l)(Ehhalt, 1971). 

The tritium records from stations within each hemisphere are generally all similar in shape, 

suggesting that the annual mean precipitation tritium data Cp(x, t) for a single hemisphere can 

be separated into a temporal and spatial component: 

Cp(x, t) = A(x) · Crer(t) (2.1) 

where t is time, x is location, Cree( t) is a reference curve, and A( x) is a spat ial function that 

reflects the geographic variations in the magnitude of the tritium concentrat ion ( cf Weiss and 

Roether, 1980). For northern hemisphere studies, the most common reference curves are the 

20ne Tritium Unit (TU) is equal to 1 tritium atom per 1 x 1018 hydrogen atoms or 1 HTO molecule per 
5xl017 H20 molecules. 

34 



Va1cnl ia . l rc1and --52N 
2500.-----~----~------~-----~------~----~-----. 

2000 

5' 1500 
t:. 
E 
.2 
·E 
1- 1000 

500 

0 
1955 

80 

70 

60 

50 
5' 
t:. 
E 40 
.2 
·E 
1-

30 

1965 1970 

5' 
t:. 
E 
.2 
·E 
1-

1975 

Year 

0 .__ __ __.__ __ __. ____ _, 

1967 1968 1969 1970 
Year 

1980 1985 

Kaitoke. New Zea1and--41 S 

5 
t:. 
E 
.2 
·E 20 
1-

0 
1967 1968 1969 1970 

Y ear 

Year 

1990 

Figure 2-1: Monthly tritium concentrations in precipitation plotted versus time from a) Valen
tia, Ireland 5L9°N) and b) Kaitoke, New Zealand 4L1°S. The dashed lines connect the annual 
average tritium concentrations at each station. Note the change of scale between the northern 
and southern hemisphere stations. The insets in a) and b) highlight the seasonal t ritium cycle 
for the years 1967- 1970. 
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Ottawa, Canada (IAEA, 1981; Ostlund, 1982; Michel, 1989) and Valentia, Ireland (Koster et 

al 1989) station data. The distribution of A( x) has been examined over specific continental 

regions (e.g. Siberian and Canadian Arctic: Ostlund, 1982; North America: Michel, 1989) and 

for the entire northern hemisphere including continental and marine stations (Koster et al., 

1989). Weiss and Roether (1980) estimate the tritium concentration in precipitation for the 

global ocean using data from marine ( weathership, island , and coastal) WMO / IAEA stations. 

They define different reference curves for the northern and southern hemisphere by averaging 

station data near 50°N and 50°S ( Cso•N and Cso•s) . Weiss and Roether (1980) compute the 

magnitude of A(x) at each individual station from the ratio S/Sref, where S is the integrated, 

decay-corrected tritium concentration at a particular station: 

;,

1972 
S = Cp(t )e>.(t-1912)dt. 

1952 
(2.2) 

>. in Equation 2.2 is the tritium decay constant and is equal to 1.764x10-9 s-1 . The calculated 

values of A(x) are averaged zonally by Weiss and Roether to generate an oceanic tritium 

function with respect to latitude, A( tp ). 

A model tritium concentration for times and locations where there are no tritium obser-

vations can be estimated from Equation 2.1 and from maps of A(x). The predicted tritium 

concentrations have certain limitations however, the most obvious resulting from the assump

tion in Equation 2.1 that a single temporal reference curve is valid for all locations. Weiss and 

Roether (1980) note that the tritium records from tropical stations appear to be a mixture of 

the northern and southern hemisphere reference curves, and Michel (1989) discusses variations 

in the shape of the tritium deposition records in North America. Our approach is to calcu

late, using factor analysis, a set of reference curves that best fit the zonally averaged global 

tritium data. These new reference curves or factor scores are then used to map the spatial tri

tium patterns using the annual means of t he WMO /IAEA station data. The resulting tritium 

function is global in scope and includes both marine and continental data. We also examine 

the seasonal cycle of tritium in precipitation. Estimates of the magnitude and timing of t he 

seasonal tritium cycle produced by our analysis of the monthly observations may be useful for 

studying atmospheric transport (Ehhalt, 1971) and oceanic processes, such as convection and 

subduction (Sarmiento, 1983) that occur on seasonal time-scales. 
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2.2 The bomb-tritium precipitation function 

2.2.1 Calculating the reference curves 

We will use factor analysis3 to estimate the best set of reference curves for reconstructing 

the global tritium data set. As a first st ep , we zonally average the WMO / IAEA annual tritium 

data into 10° latitude bins (50°S to 70°N) in order to avoid problems in the factor analysis 

resulting from sparse data coverage. The tritium data are decay-corrected to the same date, 

January 1st, 1981 (TU81N), and a small correction has been applied to account for the revised 

tritium decay constant >. (Taylor and Roether, 1982). We use data from 1960-1986 because 

very few monitoring stations existed before 1960. The resulting zonal mean data, represented 

in matrix form as a 27x 12 matrix Cp(t ,<p) , can be modeled in R-mode factor analysis as a 

linear combination of n factors (Davis, 1973): 

n 

Cp(t,cp) = I::Ctp(t, i) ·l(i,cp))+ t:(t,cp). (2.3) 

In Equation 2.3, cp(t, i) is the ith vector of factor scores (time records), l(i, cp) is the ith vector 

of factor loadings (latitudinal patterns), and t:(t,cp) is the error matrix. The goal of factor 

analysis is to create a small number of factors that both account for a large fraction of the 

variance in the orginal data matrix and can be used to simplify the data matrix. In our case, 

the n factor score vectors formed from the Cp(t, cp) matrix will be used as an estimate for 

the tritium reference curves . The error or unique factor matrix £ contains t hat port ion of the 

variance which is not represented by the n factors. 

To separate the data matrix into cp(t, i) and l( i, <p) vectors, we first solve the covariance 

matrix of Cp(t,cp) for its eigenvectors or principle components. The vectors of tritium data 

for each latitude band in Cp(t,cp) have been normalized to have a vari ance of one so that 

each latitude band contributes equally to the estimated factors ; without this step the high 

northern hemisphere tritium concentrations would overwhelm any signal from the southern 

hemisphere data. The n eigenvectors with the largest eigenvalues are retained as the n factors 

or principle components of Cp ( t , <p) and are subsequently rotated using the varimax technique 

3 Factor analysis and Principal Component Analysis (PCA) are closely related mathematical techniques for 
resolving structure within a data matrix. The interested reader is directed to Davis ( 1973) or Preisendorfer 
(1988) for more details. 
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(Davis, 1973). Factor rotation acts to localize the variance from each latitude band onto a single 

or small number of factors, resulting in factor scores which can be more easily interpreted in 

terms of latitudinal patterns. 

Figure 2-2 shows the resulting sets of cp( t) and f( <p) for the analysis with two factors. 

The two factors together account for 90% of the original variance in Cp(t, cp). From their 

temporal (scores) and spatial (loadings) distributions, the two factors can be roughly identified 

as northern (factor 1) and southern (factor 2) hemisphere factors (compare Figure 2-2a and 

Figure 2-1). Poleward of 20°N and 20°S the zonal mean data are dominated by a single factor 

while the tropical regions are a mix of the two factors. Note that the total magnitude of the 

two factor loadings remains approximately constant across all of the latitude bands because of 

the normalization process. The small negative values of the factors are a natural result of the 

factor analysis, which requires that the factor loading vectors be orthogonal . The analysis has 

also been carried out for 1, 3, 4, and 5 factors, and the percentage of total variance in the error 

matrix is shown versus factor number in Figure 2-3. The first two factors in each case remain 

essentially unchanged, and the additional factors account for only a small amount of the total 

variance and could not be associated with particular processes or regions. We therefore will 

use the two factor scores, cp( t, 1) and cp( t, 2), shown in Table 2-1 as the reference curves for 

calculating the geographical and temporal patterns from the WMO /IAEA station data. 

2.2.2 Solving for the factor distributions 

From Equation 2.3, the annual mean tritium data from an individual station, cp(t), can be 

treated as a linear combination of the two reference curves cp(t, 1) and cp(t, 2): 

(2.4) 

The coefficents h and h are unique for each station and are similar to the values of the factor 

loadings f(l,<p) and f(2,<p) for a single latitude band. The reference curves used in Equation 

2.4 (Table 2-1) have been normalized so that the sum of /I and h, !sum, equals the mean, 

decay-corrected tritium concentration predicted over the time period 1960- 1986. The resulting 

values of h and h and the error in these terms have been calculated from the least-squares 

solution of Equation 2.4 and are listed in Table 2-2. The analysis has been carried out for each 
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Figure 2-2: a) Factor scores, cp(t), and b) factor loadings, l(cp), calculated for t he zonally aver
aged precipitation tritium data (TU81N) from Equation 3 with two factors. Factor 1 (northern 
hemisphere) and Factor 2 (southern hemisphere) are the dashed and solid lines respectively. 
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Table 2-1: Normalized factors for predicting tritium (TU81N) in precipitation. 

Year cp(t, 1) cp(t, 2) Year cp(t, 1) cp( t, 2) 
1960.5 0.316 0.227 1974.5 0.723 1.113 
1961.5 0.746 0.605 1975.5 0.599 0.908 
1962.5 1.951 1.316 1976.5 0.510 0.756 
1963.5 5.172 1.280 1977.5 0.572 0.853 
1964.5 3.585 1.439 1978.5 0.530 0.744 
1965.5 2.099 1.743 1979.5 0.476 0.791 
1966.5 1.317 1.404 1980.5 0.424 0.746 
1967.5 0.875 1.504 1981.5 0.456 0.750 
1968.5 0.836 1.340 1982.5 0.378 0.708 
1969.5 0.902 1.396 1983.5 0.402 0.714 
1970.5 0.921 1.491 1984.5 0.355 0.549 
1971.5 0.927 1.354 1985.5 0.313 0.589 
1972.5 0.684 1.139 1986.5 0.309 0.529 
1973.5 0.626 1.014 

Figure 2-3: Plot of the total residual variance versus number of factors for the factor analysis 
of the zonally averaged precipitation tritium data (TU81N). 
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WMO/IAEA station that includes more than five years of tritium monitoring and that has 

data from the primary bomb transient in the mid-1960's4 . One measure of the goodness of the 

fit from Equation 2.4 is fa(t), the vector of the residuals or deviations of the annual predicted 

tritium mean value from the observations. For each station, we can estimate the standard 

deviation of the residuals as : 

(Ja = (2.5) 

where N is the number of years t; where there is tritium data for a particular station (see 

Table 2-2)(Bevington, 1969). The values of /I, h, and o-a from Equation 2.4 and 2.5 are biased 

toward the years with the highest tritium concentrations. This is an appropriate method if one 

is interested in the integrated tritium delivery, but other weighting schemes, for example based 

on the fractional error, also exist. Global maps of /I, h, !sum, and o-a are shown in Figure 

2-4. The maps have been generated using a spline-relaxation technique which tends to smooth 

sharp gradients such as those at the continental/ocean boundaries. 

Equation 2.4 can be expanded to include seasonal effects. Based on the character of the ob

served monthly variability (Figure 2-1; also see Ehhalt, 1971), we model the seasonal variations 

about the inter-annual trend as a simple sinusoidal function whose magnitude is proportional 

to the annual mean tritium concentration ( cf. Sarmiento and Gwinn, 1986): 

Cmonthly{t) = [1 + amcos(27r(t- </>))] ·[it· Cpm(t, 1) + h · Cpm(t, 2)] + fm(t) (2.6) 

where am and 4> are the amplitude and phase respectively. Time, t, and 4> are in decimal years, 

and the value of 4> corresponds to the peak in the annual cycle. The reference curves in Table 

2-1 have been interpolated to monthly time resolution using a cubic spline. The coefficents am 

and 4> (Table 2-2) have been found for each station using a non-linear, least-squares routine 

(Press et al., 1986), and the global distributions of am and 4> are presented in Figure 2-5. As 

we do in the yearly case, we compute the standard deviation of the monthly residuals, o-m, 

from fm(t) using Equation 2.5 where N is now the number of months rather than years for 

•Equation 2.4 is not applied to stations where the data only exist for the 1970-80's (e.g. all of the USSR 
stations, IAEA, 1981) because the similarity of the shapes of the two reference curves over this time period leads 
to difficulties in the solution of Equation 2.4. The solution using a single reference curve (Equation 2.1) is more 
robust in this respect, but the assumption has to be made in these cases that the peak tritium values in the mid 
1960's can be extrapolated from later data alone. 
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Table 2: Parameters for WMO/IAEA stations derived from the annual (Equation 4) and seasonal 
(Equation 6) tritium models. (see text for details) 

STATION Lat. Long. It h Uo F No 

!SFJORD RADIO, NORWAY 78.07 13.63 152.7± 9.8 -37.1±14.8 45.3 X 15 
GJERMUNDNAS, NORWAY 62.62 7.17 138.2± 13.2 -69.7±26.1 51.4 7 
LISTA, NORWAY 58.10 6.57 108.0± 9.9 -11.7±14.3 46.5 X 18 
KVARNTORP, SWEDEN 59.20 15.50 206.3± 8.9 -62.2± 17.5 34.6 X 7 
HUDDINGE, SWEDEN 59.23 17.98 158.0± 8.2 -34.2±14.5 35.1 10 
VALENTI A, I RELAND 51.93 -10.25 76.2± 1.9 -26.1± 2.7 9.3 27 
REYKJAVIK, ICELAND 64.13 -21.93 123.0± 7.1 -60.3±15.3 24.6 7 
THULE, GREENLAND 76.52 -68.83 421.8±131.9 -103.2±91.1 54.4 5 
GROENNEDAL, GREENLAND 61.22 -48.12 183.5± 8.5 -56.7±13.4 38.8 X 12 
NORD, GREENLAND 81.60 -16.67 466.8± 17.2 -188.9±27.0 78.0 X 11 
ODUM, DENMARK 56.30 10.13 166.1± 10.1 -65 .6±19.9 39.2 7 
GRIMSEL, SWITZERLAND 46.57 8.33 436.7±158.3 -189.1±99.8 26.6 X 17 
THONON-LES-BAINS, FRANCE 46.22 6.28 217.1± 12.6 -63.9±17.4 59.8 X 22 
MARSEI LLE, FRANCE 43.45 5.22 104.5± 13.3 -8.8±10.4 12.8 X 17 
GIBRALTAR 36.15 -5.35 44.0± 1.6 -2.3± 2.1 7.5 X 25 
PONTA DELGADO, AZORES 37.77 -25.65 34.0± 1.1 -6.1± 1.9 4.9 X 9 
STUTTGART, GERMANY 48.83 9.20 219.1± 14.1 -50.7±20.6 66.2 X 23 
PETZEN K!RCHEN, AUSTRIA 48.15 15.15 152.6± 18.2 -11.5±14 .1 17.6 X 14 
VIENNA, AUSTRIA 48.25 16.37 225.0± 5.4 -65.7± 7.4 26.0 26 
GENOA, ITALY 44.42 8.85 110.2± 4.3 -24.6± 5.9 20.6 X 26 
ATHENS , GREECE 37.90 23.73 91.0± 6.9 -16.0±10.3 32.1 X 17 
RHODES, GREECE 36.38 28.1 0 76.3± 6.7 -26.3± 9.4 31.9 21 
HERAKLlON, CRETE 35.33 25.18 89.0± 2.5 -22.1± 3.5 11.8 X 22 
ANKARA, TURKEY 39.95 32.88 255.5± 7.1 -72.5±10.1 33.8 X 21 
ANTALYA, TURKEY 36.88 30.70 59.3± 5.2 -1.5± 7.2 24.5 X 22 
ADANA, TURKEY 36.98 35.30 101.5± 6.4 -9.5± 8.9 30.1 X 21 
PRODHROMOS, CYPRUS 34.95 32.83 96.4± 2.2 -20.7± 3.6 9.9 X 11 
NICOSIA, CYPRUS 35.15 33.28 126.1± 5.0 -37.6± 8.1 22.4 9 
HAR KNA'AN, ISRAEL 32.97 35.50 142.2± 11.7 -56.1±16.0 55.9 X 26 
BET DAGAN, ISRAEL 32.00 34.82 54.6± 1.9 -5.9± 2.6 9.2 X 27 
BAHRAIN, BAHRAIN 26.27 50.62 64.1± 5.2 -12.4± 7.5 24.4 X 23 
TEHERAN, IRAN 35.68 51.32 243.2± 10.0 -103.4±14.2 47.6 21 
KABUL, AFGHANISTAN 34.67 69.08 331.0± 23.5 -117.5±35.5 110.6 X 17 
KARACHI, PAI<ISTAr-1_ 24.90 67.13 37.3± 9.0 14.7±13.7 41.6 X 14 

am ¢ Um % Var. Nm 

0.706 0.520 170.7 76.6 132 
0.871 0.499 95.2 95.2 40 
0.752 0.484 96.2 83.0 196 
0.682 0.429 117.5 96.6 27 
0.726 0.452 95.9 94.4 102 
0.697 0.452 31.6 91.8 301 
0.892 0.461 112.3 90 .7 70 
0.451 0.404 153.3 79.2 54 
0.847 0.463 128.4 92.2 113 
0.401 0.403 338.6 87.4 84 
0.717 0.474 114.6 95.2 42 
0.368 0.392 45.2 77.7 190 
0.570 0.426 159.6 78.4 193 
0.448 0.389 28.7 84.8 144 
0.718 0.432 30.8 87.0 188 
0.531 0.449 34.9 85.0 104 
0.689 0.457 150.4 83.4 255 
0.567 0.450 38.0 93.4 155 
0.682 0.426 82.8 93.8 296 
0.721 0.441 70.5 84.7 272 
0.839 0.363 84.7 85.5 90 
0.887 0.403 74.7 75.2 87 
0.647 0.403 68.6 83.2 111 
0.713 0.425 75.5 94.9 178 
0.209 0.264 42.6 80.5 156 
0.571 0.351 51.5 89.4 167 
0.670 0.408 55.0 93.7 36 
0.588 0.429 87.3 89.6 54 
0.819 0.438 86.6 84.4 138 
0.389 0.389 40.1 81.0 154 
0.580 0.361 39.1 86.0 62 
0.607 0.464 119.8 91.4 145 
0.058 0.220 67.9 95 .8 98 

- - - 70.8 33 
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Table 2: continued 

STATION Lat. Long. 
NEW DELHI, INDIA 28.58 77.20 
SHILLONG, INDIA 25.57 91.88 
BOMBAY, INDIA 18.90 72.82 
HONG KONG 22.32 114.17 
POHANG, KOREA, REPUBLIC OF 36.03 129.38 
TOKYO, JAPAN 35.68 139.77 
BANGKOK, T HAILAND 13.73 100.50 
BAMAKO, MALl 12.63 -8.03 
ASCENSION ISLAND, ATLANTIC 0. -7.92 -14 .42 
ST. HELENA, ATLANTIC 0. -15.97 -5.70 
SAO TOME AND PRINCIPE 0.38 6.72 
DIEGO GARCIA ISLAND, INDIAN 0. -7.32 72.40 
ALEXANDRIA, EGYPT 31.20 29.95 
KHARTOUM, SUDAN 15.60 32.55 
ADDIS ABABA, ETHIOPIA 9.00 38.73 
ENTEBBE, UG ANDA 0.05 32.45 
DARES SALAAM, TANZANIA -6.88 39.20 
KINSHASA, ZAIRE -4.37 15.25 
N'DJAMENA, CHAD 12.13 15.03 
ANTANANARIVO, MADAGASCAR -18.90 47.53 
HARARE, ZIMBABWE -17.83 31.02 
WINDHOEK, NAMIBIA -22.57 17.10 
PRETORIA, SOUTH AFRICA -25.73 28.18 
CAPE TOWN, SOUTH AFRICA -33.97 18.60 
GOUGH ISLAND, ATLANTIC 0. -40.35 -9.88 
MARION ISLAND, INDIAN 0. -46.88 37.87 
BETHEL, ALASKA 60.78 - 161.80 
ANCHORAGE, ALASKA 61.17 -150.02 
ADAK, ALASKA, 51.88 -176.65 
MIAM I, F'LOR!OA 25.75 -80.16 
OCALA, F'LOR!OA 29. 18 -82 .13 
WACO, TEXAS, USA 31.62 -97.22 
HATTERAS, NORTH CAROLINA 35.27 -75.55 
ALBUQUERQUE, NEW MEXICO 35.05 -106.62 

It 
56.4± 5.8 
54.7± 16.4 
25.1± 2.4 
19.4± 3.0 
90.4± 4.5 
68.7± 2.4 
2.1±13.9 

63.5± 4.6 
0.0± 0.5 

-0.5± 0.2 
14.7± 1.0 
2.9± 1.2 

59.1± 2.5 
107.3± 4.2 

-4.8± 6.9 
9.1± 1.4 
1.0± 0.8 
4.9± 1.0 

92.9± 3.0 
1.6± 1.1 
0.4± 0.4 
0.3± 0.5 

-0. 2± 0.7 
-0.8± 0.5 
-0.7± 0.6 
-2.0± 1. 3 

156.1± 6.9 
430.1±67.3 
115.7± 9.8 

18.5± 0.9 
40.1 ± 1.2 
65.1± 5.7 
64.5± 1.7 

174.4±11.0 

h Ua F Na a m ¢> Um % Var. Nm 

3.0± 8.6 27.0 X 17 0.642 0.287 48.8 80.2 60 
-10.4±12.5 5.5 X 6 0.202 0.303 14.7 79.2 46 

-2.9± 3.6 11.2 X 17 0.407 0.363 17.9 87.5 69 
4.3± 4.1 14.5 X 26 0.331 0.347 18.7 73.7 214 

-21.7± 6.6 20.9 16 0.428 0.322 44.1 93.0 154 
-18.3± 3.5 11.4 X 19 0.477 0.315 42.0 86.7 225 

9.7± 8.8 2.3 18 0.087 0.549 3.5 90.4 161 
5.5± 6.6 21.3 X 16 0.316 0.444 29.9 93. 1 100 
3.7± 0.8 2.3 X 14 0.024 0. 155 2.6 76.0 92 
3.5± 0.2 0.8 14 0.233 -0.215 1.3 90.7 151 
0.8± 1.1 2.5 X 13 0.142 0.178 5.8 93.2 105 
6.7± 1.8 5.4 X 19 0.396 0.311 32.8 22.3 142 

-5.0± 3.5 12.2 X 26 0.515 0.349 37.2 86.9 142 
-25.1± 6.1 19 .9 X 19 0.102 0.532 60.5 89.2 58 
35.4± 7.8 17.7 X 12 0.585 0.546 18.3 85.8 66 
2.6± 2.1 6.5 X 15 0.271 0.489 10.8 81.6 120 
5.4± 1.2 3.6 14 0.352 0.068 7.9 52.6 117 

10.0± 1.9 4.3 X 8 0.282 0.119 7.4 92.3 47 
-1 3.1± 4.0 12.7 X 14 0.176 0.520 21.4 96.3 73 

9.3± 1.7 5.3 X 14 0.124 -0.158 8.5 74.4 101 
8.8± 0.6 1.8 X 16 0.150 -0.253 4.1 88.0 99 

15.6± 0.8 2.6 X 21 0.206 -0.199 5.3 92.2 116 
15.5± 0.9 3.1 X 24 0.298 -0.246 5.6 90.7 160 
8.3± 0.7 2.4 X 24 0.095 -0.050 4.3 78. 1 202 
8.3± 0.8 2.9 23 0.251 -0.209 4.2 81.6 217 

11.6± 1.7 5.6 24 0.277 -0.217 6.1 74.6 208 
-35.3±12.9 28.1 X 7 0.662 0.433 125.2 92.1 83 

-204.2±44.4 30.9 21 0.373 0.447 30.5 82.4 209 
-46.2±15.1 44.9 12 0.859 0.448 111.8 83.7 123 

-2.1± 0.9 2.5 X 23 0.578 0.451 7.3 88.4 259 
-9.5± 1.6 5.7 X 26 0.680 0.475 20.1 90.6 262 

-15.2± 7.8 27.3 X 26 0.469 0.331 46.1 79.2 264 
-17.1± 2.3 7.9 X 25 0.767 0.457 34.6 89.3 274 
-48.9±15.1 52.6 X 25 0.671 0.326 75.6 91.6 257 
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STATION 
SANTA MARIA, CALIFORNIA 
WASHINGTON, D.C. , USA 
ST. LOUIS, MISSOURI 
MENLO PARK, CALIFORNIA 
BOSTON, MASSACHUSETTS 
CHICAGO, ILLINOIS 
LINCOL N, NEBRASKA 
SALT LAKE CITY, UTAH 
OTTAWA, ONTARIO 
MADISON, WISCONSIN 
PORTLAND, OREGON 
BISMARCK, NORTH DAKOTA 
GOOSE BAY, NEWFOUNDLAND 
EDMONTON, ALBERTA 
FORT SM ITH, ALBERTA 
WHITEHORSE, Y UKON 
WEATHERSHIP E, ATLANTIC 0 . 
CH IHUA HUA, MEXICO 
VE:RACRUZ, MEXICO 
BE:H.M UDA ISLAND, ATLANTIC 0 . 
SAN JUAN, PUE:RTO RICO 
SAN SALVADOR, EL SALVADOR 
HOWARD AFB, PANAMA 
BARBADOS, ATLANTIC 0 . 
BARRANQUILLA, COLOMBIA 
BOGOTA, COLOMBIA 
MARACAY, VENEZUELA 
CAYENNE, FRENCH GUIANA 
SAO GA BRIEL, BRAZIL 
BELEM, BRAZIL 
MANAUS, BRAZIL 
FORTALEZA, BRAZIL 
CEAllA MINIM , BRAZIL 
PORTO VELHO, BRAZIL 

Table 2: continued 

Lat. Long. f l h 
34.90 -120.45 54.8± 1.5 -16.6± 2.3 
38.85 -77.03 109.5± 6.0 -14.2± 8.2 
38.75 -90.38 122.0± 6.5 -28.0± 8.9 
37.45 -122.13 55.1± 4.8 -3.6± 6.6 
42.37 -71.03 141.6± 5.8 -30.8± 7.9 
41.78 -87.75 193.2± 5.8 -59.5± 8.3 
40.82 -96.70 162.3± 7.9 -35.5±10.9 
40.77 -111.97 268.5± 7.3 -83.3±10.1 
45.32 -75.67 223.6± 6.2 -61.7± 8.5 
43.13 -89.32 192.2± 5.0 -56.6± 7.0 
45.60 - 122.60 108.6± 3.8 -36.1± 5.2 
46.77 - 100.75 258.5± 9.9 -53.0±13.6 
53.32 -60.42 237.5± 9.5 -55.9±16.7 
53.57 -1 13.52 306.7± 14.7 -21.7±26.0 
60.02 -111.97 306.8±21.3 -27.5±37.6 
60.72 -135.07 348.4±19.8 -143.5±35.0 
35.00 -48.00 28.5± 0.8 -2.8± 1.1 
28.63 -106.07 83.1± 7.7 -23.6± 8.5 
19.20 -96.13 13.4± 0.6 0.0± 0.7 
32.37 -64.68 28.3± 2.9 -4.9± 5.8 
18.43 -66.00 17.2± 0.4 -4.4± 0.6 
13.70 -89. 12 11.8±11.2 0.8± 7.2 
8.92 -79.60 7.1± 8.0 2.4± 5.1 

13.07 -59.48 9.7± 0.6 -0.3± 0.6 
10.88 -74.78 10.8± 4.4 0.5± 2.7 
4.70 -74.13 4.2± 7.4 7.2± 4.7 

10.25 -67.65 13.2± 2.3 -0.3± 1.8 
4.83 -52.37 9.0± 0.7 -0.6± 1.2 

-0.13 -67.08 34 .6± 3.2 - 13.7± 2.5 
-1.43 -48.48 3.5± 0.5 2.5± 0.4 
-3.12 -60.02 2.9± 1.1 5.6± 0.8 
-3.72 -38.55 6.4± 0.9 -0.5± 0. 7 
-5.80 -35.20 13.0± 3.9 -4.9± 3.3 
-8.77 -63.92 15 .3± 1.8 -0. 1± 1.4 

Ua F N. am <P Um % Var. Nm 

7.2 X 15 0.726 0.417 36.2 90.3 101 
28.5 X 24 0.482 0.490 69.0 85.0 266 
30.9 X 24 0.440 0.417 65.7 87.8 276 
22.9 X 25 0.677 0.437 41.1 84.1 196 
27.5 X 24 0.590 0.471 72.1 89.5 274 
27.3 X 18 0.521 0.390 85.6 93.1 212 
38.0 X 25 0.375 0.353 64.9 93.0 275 
34.9 22 0.797 0.363 151.5 88.5 230 
29.6 26 0.544 0.450 101.9 90.8 277 
23.6 X 20 0.455 0.414 93.6 90.6 23 1 
18.1 24 0.701 0.464 58.1 88.7 243 
47.0 X 22 0.610 0.405 101.0 93.5 250 
40.4 9 0.766 0.456 144.5 94.5 102 
62.7 X 9 0.571 0.446 243.1 91.7 100 
90.8 X 9 0.613 0.413 173.3 95.7 97 
84.4 9 0.717 0.413 277.7 89.4 98 

3.5 X 13 0.600 0.447 13.5 92.2 73 
19.6 17 0.499 0.359 28.3 83.7 73 
2.5 X 23 0.298 0.534 5.8 83.9 143 

11.4 6 0.777 0.405 41.7 82.6 66 
2.0 X 24 0.327 0.476 6.2 93.8 244 
1.4 X 14 0.247 0.412 2.6 92.3 88 
1.4 X 19 0.217 0.295 5.8 62.1 141 
1.5 X 23 0.426 0.523 3.2 91.9 230 
0.7 X 15 0.091 0.562 1.6 93.7 90 
1.2 X 15 O.Q28 0.656 2.5 91.5 144 
2.2 X 10 0.237 0.567 4.5 89.1 52 
2.9 X 9 0.176 0.356 6.6 89.2 93 
3.5 X 17 0.121 -0.395 4.1 85.3 107 
0.5 X 19 0.065 0.075 1.5 93.9 194 
1.1 X 20 0.159 -0.200 2.2 93.7 157 
0.9 X 12 0.046 0.1 14 1.6 90.1 111 ' 
5.5 X 20 0.526 -0.041 4.0 72.8 153 I 

1.7 X 15 0.286 -0.145 4.2 88.3 s1 I 
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Table 2: cont inued 

STATION Lat. Long. 
SALVADOR, BRAZIL -13.00 -38.52 
CUIABA, BRAZIL -15.60 -56.10 
BRAS ILIA, BRAZIL -15.85 -47.93 
RIO DE JANEIRO, BRAZIL -22.90 -43.17 
PORTO ALEGRE, BRAZIL -30.08 -51.18 
IZOBAMBA, ECUADOR -0.37 -78.55 
ISLA DE PASCUA, PACIFIC 0. -27.17 -109.43 
PUERTO MONTI, CHILE -41.47 -72.93 
BUENOS AIRES, ARGENTINA -34.58 -58.48 
STANLEY, FALKLAND ISLANDS -51.70 -57.87 
ARG ENTINE ISLAND, ANTARCTIC -65.25 -64.27 
WEATHERS HIP V, PACIFIC 0 . 31.00 164.00 
MIDvVAY IS., PACIFIC 0 . 28.22 -I77.37 
GUAM IS., PACIFIC 0 . I3.55 144.83 
WAKE ISLAND , PACIFIC 0. 19.28 166.65 
JOHNSTON IS ., PACIFIC 0 . 16.73 -169.52 
HILO, HAWAII 19.72 -155.07 
TARAWA ISLAND, PACIFIC 0 . 1.35 -172.92 
CANTON ISLAND, PACIFIC 0 . -2.77 -171.72 
APIA, WESTERN SAMOA -13.80 -171.78 
RAROTONGA, COOK IS. -21.20 -159.80 
KAITA IA, NEW ZEALAND -35.07 173.28 
KAITOKE, NEW ZEALAND -41.10 175.17 
INVERCARG ILL, NEW ZEALAND -46.42 168.32 
CAMPBELL IS., PACIFIC 0. -52.55 169.15 
DARWI N, AUSTRALIA -12.43 130.87 
ALICE SP RINGS, AUSTRALIA -23.80 133.88 
BRISBANE, AUSTRALIA -27 .43 153.08 
PERTH, AUSTRALIA -31.95 115.97 
ADELAIDE, AUSTRALIA -34 .93 138.58 
MELBOURNE, AUSTRALIA -37.82 144.97 
DJAKARTA, INDONESIA -6.18 106.83 
DJAJAPURA, INDONES IA -2.53 140.72 
MA NILA, PHILIPPINES 14 .52 121.00 

ll 
2.4±0.6 
1.8±2.6 
0.2±2.2 

12.7±2.1 
2.9±1.9 

10.1±8.8 
3.8±0.8 
0.4±1.2 
2.3±0.5 

-1.0±0.7 
-2.0±4.3 
27.1±2.0 
20.3±0.8 
6.5±1.6 
9.7±0.3 
7.5±1.0 

12.3±0.6 
-0.6±2.4 
0.4±0.3 
2.1±0.3 
0.1±0.2 

-0.2±0.3 
-0.5±0.5 
-0.4±0.5 
-0.3±0.4 
0.6±0.5 
0.2±1.4 
1.4±0.9 

-0.1±0.3 
1.4±1.2 

-0.3±0.7 
5.0±1.9 
1.5±0.6 
6.5± 0.7 

h Uo F No am ¢ Um % Var. Nm 

1.9±0.4 0.6 X 12 0.247 -0.086 1.9 87.2 138 
11.1±2.0 2.6 X 18 0.243 -0. 199 5.2 88.2 154 
9.9±1.7 2.1 X 12 0.273 -0.179 3.6 92.9 103 
0.0±1.6 2.0 X 12 0.512 -0.186 9.4 65.2 131 

12.8±1.4 1.9 X 19 0.282 -0.198 5.1 91.7 196 
2.8±5.6 1.4 X 17 0.143 -0.373 2.0 95.8 134 
1.3±0.9 2.2 X 10 0.589 -0.303 8.9 44.5 79 
8.6±1.3 2.9 10 0.164 -0.261 4.5 87.8 57 

15.2±0.7 1.0 X 9 0.165 -0.101 4.8 88.0 76 
14.2±1.0 3.1 16 0.312 -0.215 6.0 89.8 157 
28.2±4.3 11.5 23 0. 221 -0.343 24.8 61.3 225 
-1.7±3.3 9.0 X 10 0.806 0.400 28.2 88.5 87 
-3.9±1.1 3.9 X 22 0.761 0.378 17.8 79.2 233 
2.0±2.4 7.5 X I6 0.439 0.442 8.0 77.6 143 
0.4±0.5 1.3 X 12 0.654 0.387 8.9 86.0 149 
1.8± 1.5 4.5 X 13 0.605 0.327 11.9 72.2 140 

-0.3±1.0 2.6 X 9 0.530 0.385 10.3 92.4 77 
3.1±1.6 1.1 X 18 0.025 -0.146 1.1 86.4 159 
1.9±0.5 1.0 X 6 0.248 -0.094 1.4 87.3 48 
1.1±0.5 1.5 X 14 0. 111 -0.064 4.2 58.6 163 
3.5±0.3 0.9 X 20 0.285 -0.258 1.7 85.4 203 
6.8±0.4 1.5 25 0.329 -0.243 2.3 91.2 271 
9.0±0.7 2.4 24 0.331 -0.237 3.7 87.3 279 
9.9±0.7 2.5 25 0.328 -0.236 4.3 87.0 258 
9.2±0.5 1.7 17 0.261 -0.226 3.4 91.7 165 
5.8±0.7 2.3 X 23 0.249 0.066 7.2 55.6 187 

12.3±1.5 3.7 15 0.533 -0.224 6.3 88.5 99 
7.5±1.2 4. 1 X 25 0.392 -0.228 5.7 77.6 274 
9.1±0.5 1.6 X 16 0.274 -0.111 4.5 86.4 158 

14 .1±1.7 5.6 X 17 0.311 -0.207 11.3 74.8 169 
14.6±0.9 3.3 25 0.370 -0.213 5.9 88.8 278 
3.5±2.7 8.9 X 23 0. 110 -0.350 11.9 40.2 185 
2.7±0.8 1.5 X 17 0.086 -0.027 1.3 91.9 121 
3.6±1.2 1.3 X 4 0.400 0.505 4.2 96.5 27 
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Figure 2-4: Maps of the model factor coefficents a) h and b) h calculated for the WMO /IAEA 
stations using Equation 2.4 and Equation 2.5. 
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Figure 2-4: cont . Maps of c) ! sum and d) model st andard deviation 
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which there is data. We have also calculated what fraction of the total variance in the monthly 

observations is accounted for by the seasonal model (Equation 2.6). These values, computed by 

subtracting the variance in the monthly error 0'~ from the total variance corrected for reported 

analytical error5 , are also listed in Table 2-2. 

2.3 Discussion 

The major features in the distribution of !sum (Figure 2-4) are, as we might expect, broadly 

consistent with previous estimates of the magntiude of the integrated tritium delivery to the 

global ocean (Weiss and Roether, 1980) and to the northern hemisphere (Koster et al., 1979). 

Values of !sum increase poleward from a tropical minimum (20°8- 0° ) and are"" 10 times higher 

in the northern versus the southern hemisphere. The asymmetry of the tropical minimum is the 

result of cross-equatorial transport of high tritium water vapor from the northern hemisphere 

(Taylor, 1966). The nearly zonal gradient of !sum is broken, particularly in the northern 

hemisphere, by the presence of land; faster removal of HTO over the ocean is reflected in 

lower (2-5 t imes) rainfall tritium concentrations for marine stations compared to continental 

stations at the same latitude (Eriksson, 1965). The real difference between our analysis and 

previous work lies in the maps of the spatial coefficents h and h (Figure 2-4) which, when 

combined with the reference curves cp(t, 1) and cp(t, 2), provide an estimate of the time history 

of tritium at any location. The shape of the model HTO curve is controlled by the relative 

magnitude of the two factor loadings, h (spike) and h (broad) (see Figure 2-2a). In the 

northern hemisphere, where h is negative and small compared with fi, the tritium maximum 

in the early 1960's is sharply pronounced. Moving south across the Equator, h changes sign 

and becomes the dominant factor south of about 20°S (Figure 2-4a and 2-4b ) . Note the regions 

of alternating sign of h in the tropics; these regions suggest varying amounts of northern and 

southern hemisphere influence. 

How much better are the predicted tritium time histories with two reference curves (Equa

tion 2.4) compared with those found using Equations 2.1 and 2.2 and a single reference curve 

5 For those observations where analytical error was not reported we have used 8% of the tritium concentration 
as an estimate of the error. The 8% is derived from the average value of the relative error from all of the 
WMO/IAEA observations where there are error estimates. 
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WMO / IAEA stations from Equation 2.6. Note that t he periodic boundary condi t ions of <P 
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for the northern and southern hemispheres (C5ooN or Csoos; Weiss and Roether, 1980)? We 

have carried out an F-test for each station to determine if the model fits to the data using the 

two methods are statistically distinguishable (Bevington, 1969). F is equal to: 

t::.x2 6.0'2 
F= ~ ~~~--7 

x2(n)/(N- 2) 0'~/(N- 2) 
(2 .7) 

where 6.0'2 is the difference of the residual variance between the two methods and where O'a 

is given by Equation 2.5. A small value of F indicates that the additional term does not 

significantly improve the fit of the data. We have compared the computed values of F with 

the F probability distribution (Bevington, 1969), and the stations for which our method gives 

statistically better results at the 95% confidence interval are marked in Table 2-2. At 103 of 

the 137 WM 0 /IAEA stations tested, t he two reference curve model (Equation 2.4) does better 

than Equation 2.1 and 2.2. This result holds both in the tropics, where we expect Equation 

2.1 to fail, and at mid-latitudes. The only region for which our study does not improve on 

the earlier work is Northern Europe. This can be explained by the fact that reference curves 

created by Weiss and Roether (1980) are derived from data in this region. 

In general, the predicted tritium concentrations from Equation 2.4 match the observed data 

quite well. For any individual year, the model predicted error O'a for the annual mean tritium 

concentration is about 15-35%. If one is interested, instead, in the integrated tritium delivery 

over the entire time period (e.g. for HTO inventory calculations), the predicted model error 

decreases to 3- 10%. Figure 2-6 shows a map of the predicted fractional error for the integrated 

tritium concentration calculated by assuming that the residuals between the model fit and the 

observations, represented by O'a, are randomly distributed. Outside the tropics the expected 

error is generally less than 10%. Some portion of the error between the observations and the 

annual model, however, is not random. Excluding systematic sampling or analytical errors, the 

major sources for this additional error are tritium spikes resulting from localized tropospheric or 

stratospheric fallout from atmospheric nuclear tests which occured after the primary injection 

event in 1963 (cf. Taylor, 1971). The date, location, and approximate magnitude of the 

important tests, with regards to HTO injection into the stratosphere, are listed in Table 2-3. 

The tritium signals from these events appear in the WMO/IAEA precipitation records delayed 

by about a year and are found preferentially at mid and high latitudes near the region of 

stratosphere-troposphere exchange; similar tritium peaks in the late 1960's and early 1970's 
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have also been found in Antarctic snow pits (Jouzel et al., 1979) . A close examination of the 

reference curves in Figure 2-2a does suggest an imprint from these events, but the magnitude 

is small due to global averaging. The annual model does poorly at high lati tude sites such 

as Isjford Radio, Norway (78.1 °N) and Argentine Island, Antarctic (65.3°8) (Table 2-2) where 

local deposition of the tritium from these later tests is significant. 

The calculated value of am, the amplitude of the sine function in Equation 2.6, is large at 

mid-latitudes and decreases toward the Equator (Figure 2-5) . am is about 0.6-0.8 and 0.2-0.4 

in the extra-tropical regions of the northern and southern hemispheres respectively. Between 

20°N and 20°8, the amplitude of seasonal cycle drops to quite low values, suggesting either that 

the seasonal cycle is small or that a single sine wave is not an appropriate model in regions 

dominated by the semi-annual passage of the Inter-Tropical Convergence Zone (ITCZ). We 

have re-run the seasonal model adding a semi-annual component to Equation 2.6. Although 

the qualitity of the model fit did improve for some of the tropical stations, the additional model 

parameters did not clarify the interpretation of the monthly data significantly. The phase of the 

model seasonal cycle varies between the two hemispheres with a seasonal maximum of 0.35-0.5 

decimal years (May and June) in northern mid-latitudes and -0.25 to -.10 years (October and 

November) in the southern mid-latitudes. The injection of HTO from stratosphere into the 

mid-latitude troposphere occurs preferentially in lat e winter (Danielsen, 1968; Reiter, 1975). 

Ehhalt (1971) suggests that the observed delay in the arrival of the seasonal peak HTO values 

is the result of two processes: finite mixing rates between the upper and lower troposphere 

and reevaporation of high HTO from t he continents during late spring and early summer. The 

timing of the seasonal peaks a t southern hemisphere stations agrees more closely with that of 

the stratosphere-troposphere exchange (Taylor, 1966), mostly likely because of t he smaller land 

coverage in the southern hemisphere. 
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Table 3: Estimated HTO prod uction from atmospheric weapons tests after 1960. 

Test Site Location Date HTO production Reference 

Novaya Zemlya, U.S.S.R. 75°N 55° E 1961-62 4280 MCit Taylor (1966) 

Equatorial Pacific, U.S.A. 2° N 157°W 1962 200M Cit Taylor (1966) 
1rN 169°E 

Lop Nor, China 40°N 90°E 4 tests 1967- 70 ~60 M Cit+ each Carter and Moghissi (1977) 

Tuamoto Archipelago, France 22°S 139°W 1968 and 1970 ~20MCitt each Taylor (1971); Car.ter and Moghissi (1977) 

Lop Nor , China 40°N 90°E J une 27 , 1973 18.4 MCi§ Mason et a/. (1982) 

40-60 MCiH Carter and Moghissi (1977) 

Lop Nor, China 40°N 90°E Novemeber 17, 1976 16.6 MCi§ Mason et a/. ( 1982) 

Lop Nor, China 40°N 90°E October 16, 1980 2.1 MCi§ Mason (1985) 
- ·- --

t HTO production estimated from fusion yield assuming 20 MCi/MT (Mason et a/., 1982). 
t Fusion yield calculated from reported fission yield data (Carter and Moghissi , 1977) using a fusion
fission ratio of one (Mason et a/., 1982). 

§ Estimated from changes in the stratospheric inventory of HTO. 
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1 

The error for the integrated tritium concentration (Na ·!sum ) is then aa/Usum · (Ntotal- 1)2). 
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Chapter 3 

A Tritium Budget for the North 

Atlantic 

3.1 Introduction 

Studies of the penetration of bomb-tritium into the ocean have provided a wealth of infor

mation on ocean circulation and ventilation over the time-scales, years to decades, relevant to 

climatic questions (Sarmiento et al., 1982; Ostlund and Rooth, 1990). The usefulness of ocean 

tritium data, particularly in the solution of quantitative circulation problems, is limited by how 

well the deposition history of bomb-tritium is known for the ocean (Memery and Wunsch, 1990). 

Using precipitation tritium data and a simple hydrological model of tritium exchange across the 

air-sea interface, Weiss et al. (1979) and Weiss and Roether (1980) developed a tritium delivery 

function that has become the generally accepted model for the 3 H flux boundary condition for 

the world ocean. Many questions still remain, however, about the physical mechanisms in

volved (Koster et al., 1989) and the magnitude and distribution of the bomb-tritium deposition 

(Memery and Wunsch, 1990). By re-examining the bomb-tritium budget for the North Atlantic 

Ocean, I hope to refine the Weiss and Roether (1980) model formulation , address specific model 

weaknesses, and, where possible, assign quantitative estimates to individual sources of error. 

In Section 2, I calculate the observed bomb-tritium inventory for the North Atlantic Ocean 

using data from the GEOSECS (Ostlund and Grall, 1987) and Transient Tracers in the Ocean 

Program (Ostlund and Rooth, 1990). Following a brief overview of the Weiss and Roether 
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(1980) tritium deposition model (Section 3), I presented a sensitivity analysis for each of the 

individual atmospheric 3 H source terms in the model (Section 4). I also discuss (Section 5) 

the importance of advective 3 H fluxes, such as the inflow of high-tritium water from the Arctic 

(Dorsey and Peterson, 1975), to the North Atlantic budget as a whole. A comparison between 

the new model estimates, the Weiss and Roether (1980) results, and the observed North Atlantic 

3 H inventories is shown in Section 6. 

3.2 North Atlantic Tritium Inventories 

The primary data sets I will use to describe the time evolution of the bomb-tritium inventory 

for the North Atlantic are from the 1972 GEOSECS program (Ostlund and Brescher, 1982), the 

North Atlantic Gyre Studies (NAGS, 1975-1977) (Ostlund, 1984), and the 1981 and 1983 TTO

North Atlantic and Tropical Atlantic Studies (TTO-NAS and TTO-TAS) (Ostlund and Grall, 

1987; Jenkins et al., 1989). Additional tritium data from individual cruises have been included 

to create ensemble data sets for the three time periods (see Table 3-1), but for simplicity I 

refer to the data sets as the GEOSECS (1971-1973), NAGS (1975-1977), and TTO (1981-

1983) data (cf. Memery and Wunsch, 1990). A portion of the TTO tritium data has been 

presented by Ostlund and Rooth (1990), who provide an excellent overview of the data and of 

the relative changes in the North Atlantic tritium distribution between 1972 and 1981. They 

show that the decay-corrected tritium concentration increases substantially in the deep and 

intermediate waters north of 40°N but that the tritium levels are constant or slightly lower 

in the subtropical thermocline (Figure 3-1a and 3- lb ). The decay-corrected 3 H water-column 

inventories (TU81N·m), calculated by integrating the bottle tritium data at each station from 

the surface to the ocean bottom, for all of the GEOSECS, NAGS, and TTO stations are 

plotted versus latitude in Figure 3-2. The latitudinal pattern is similar for all three data sets ; 

tritium inventories decrease by over an order of magnitude from the subpolar gyre (50-60°N) 

to the equator. The TTO tritium inventories are "'1000 TU81N·m higher than the GEOSECS 

inventories in the subtropics and 2000-3000 TU81N·m higher in the subpolar gyre. The NAGS 

data set has a limited latitudinal range (10°-40°N) and the inventories from NAGS fall mid-way 

between the GEOSECS and TTO data. The inventories south of 20°N are approximately the 

same for all three time periods. 
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0) 

Table I: Tritium observations by cruise fo r the North Atlantic. The date, number of stations with 
tritium data, and general region are listed for each of the cruises from which we have taken data. 

Date Cruise Region 
1964 March Equalant Ill Equatorial 
1965 May R/V Pillsbury P6503 Equatorial 
1967 Sept. R/V Pillsbu ry P6706 Equatorial 
1971 May R/V Pillsbury P7104 Eastern Subtropical 
1971 J llll C F /S Me teor 23 Eastern Subtropical 
1971 Sept. R/V Discoverer Caribbean Sea 
1972 July-Aug. GEOSECS Western Basin and GIN Sea 
1972 Sept.-Nov.· R/V James M. Gillis GS7205 Trans-Atlantic legs at 14° N and 29° N 
1972 July R/V Columbus Iselin Cl7204 Eastern Subtrop ics 
1\J7'2 Oct .-Dec. H./V Discoverer Gul f of Mexico-Caribbean Sea 
1973 Sept. R/V James M. Gi ll is GS7309 Equatorial Atlantic 
1973 Nov .-Dec. R/V Meteor 32 Eastern Subtropics 
1975 J Ull C R/V James M. Gillis GS7505 Eastern Subt ropi cs 
1975 Oct. R/V James M. Gillis GS7509 Eastern Subtropics 
1976 Feb. R/V James M. Gillis GS7602 Eastern Subtropics 
1976 i\ ug. R/ V James M. Gillis GS7608 Subtropics 
1977 March R/V James M. Gillis GS7703 Western Subtropical and Equatorial 
1981 March-Oct. TIO/North Atlantic 

1981 J une-Sepl NAT S Trans-Atlantic legs at 24° N and 36° N 
198 1 i\ pri I F /S Meteor 56 Eastern Subtropical and Equatorial 
1982 Oct.- Feb. 1983 TTO/Tropical Atlantic 
1983 March F /S Meteor 64 Eastern Subtropical 
1983 March WH 57 Eastern Subpol ar 
1983 Aug -Sept TOPOGULF Eastern Subtropical 
1!!83 J unc-J uly R/ V Occanlls if 13~ Western Boundary 

# Reference 
5 qstlund eta/. (1969) 
8 qstlund ( 1984) 
2 qstlund (1984) 
10 Ostlund (1984) 
4 Roether and Miinnich (1974) 
2 Ostlund (1984) 

27 Ostlund and Bresher (1982) 
55 Ostlund (1984) 
3 Ostlund (1984) 
9 Ostlund (1984) 
2 Ostlund (1984) 
11 J3-oether and Miinnich (1974) 
23 Ostlund {1984) 
27 Ostlund (1984) 
26 Ostlund (1984) 
47 Ostlund (1984) 

~ c:r 
ro-
c:-' ,__. 

31 Ostlund (1984) 
151 Ostlund and Grail (1987) 

Jenk ins et a/. ( 1 989) 
151 Jenkins eta/. (1989) 
29 Fuchs {1987) 
71 Ostlund and Grail {1987) 
7 Fuchs (1987) 
10 Fuchs ( 1987) 
II Andrie et a/. ( 1 988) 
53 Jenkins per. comm. {_129_!1_ __ 
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Figure 3-1: Plots of decay corrected 3 H concentration (TU81N) versus pressure for a) GEOSECS 
3 and TTO/NAS 214 (51°N) and b) GEOSECS 29 and TTO/NAS 231 (36°N). Note that the 
excess trit ium at TTO/NAS station 214 is primarily found below 1000 dbars in the intermediate 
and deep waters. 
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Figure 3-2: A comparison of the latitudinal distribution of observed and model predicted 3 H 
water column inventories (TU81N·m) for • GEOSECS 1971- 1973, + NAGS 1975-1977, and o 

TTO 1981-83. The two model curves, (- -) Weiss and Roether (1980) and this paper (- ), show 
the total model 3 H input from all sources integrated from 1950 to 1981. 

Contour maps of the GEOSECS, NAGS, and TTO tritium water column inventories (x 103 

TU81N·m) are presented in Figure 3-3. The TTO data (Figure 3-3c) show zonal gradients in 

the subpolar gyre where the inventories decrease from 10,000 to 7,000 TU81N·m across the 

subpolar basin . Enhanced t ritium inventories are also found along the western boundary in the 

subtropical gyre. Although the spatial coverage for the GEOSECS data is poor in the subpolar 

region, the patterns in Figure 3-3a and 3-3c are suggestive of the entry of excess 3 H into the 

subpolar North Atlantic and Deep Western Boundary Current system via the lateral advection 

of high tritium Labrador Sea Water and overflow water from the Norwegian and Greenland Seas 

(Ostlund and Rooth, 1990; Chapter 4). Some of the offset between the TTO and GEOSECS 

3 H inventories in Figure 3-2 can in part be accounted for by the better sampling of the western 

boundary during TTO. A point by point comparison of the 3 H water column inventories at 

GEOSECS stations reoccupied during TTO demonstrates , however, that a substantial increase 

in the decay corrected tri tium inventory is real feature of the extra-tropical North Atlantic 

(Table 3-2). North of 40°N, the water column inventories are 30-70% greater in 1981 relative 
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Table 3-2: Comparison between 1972 GEOSECS and 1981 TTO/NAS tritium water column in
ventories (TU81N·m)for station pairs along a section in the western basin of the North Atlantic. 
The TTO/NAS stations marked by the t denote the closest TTO stations to the GEOSECS 
station 5 which was not reoccupyed. 

GEOSECS TTO TTO- GEOSECS 
Latitude Station# Inventory Station# Inventory ~Inventory %~ 

Greenland Sea and Western North Atlantic 
75 17 4047 148 6060 2013 50 

63.5 11 5415 167 7215 1800 33 

57 5 6199 202t 10858 4659 75 

57 5 6199 2ost 8593 2394 39 
51 3 7681 214 10833 3152 41 
42 27 4659 228 7805 3146 68 
36 29 4486 231 4476 -10 -
32 30 3198 234 3890 692 22 
27 31 2847 235 3390 543 19 
24 32 2329 38 2694 365 16 
21 33 1912 36 2333 421 22 
18 34 1828 34 1967 139 8 

Norwegian Sea and Eastern North Atlantic 
70 18 4843 145 7005 2162 45 
64 19 3860 143 4748 888 23 

60.5 23 4882 160 7253 2371 49 

to 1972; the change in the 3 H inventories in the tropical and subtropical Atlantic are smaller 

in both absolute and relative magnitude. 

The water column inventory maps in Figure 3-3a and 3-3c have been used to calculate 

the total North Atlantic inventory of 3H during the GEOSECS and TTO time periods. The 

northern and southern boundaries for this calculation are assigned as 64°N and 15°N respec

tively. The inventory for the Greenland, Iceland, and Norwegian Seas are discussed separately 

in Chapter 4, which examines the tritium budget for the Nordic Seas as it relates to North 

Atlantic Deep Water ventilation. The southern boundary is chosen to roughly correspond with 

the observed tritium front between the subtropical gyre and tropical waters of South Atlantic 

origin (Sarmiento, et al., 1982). The integrated tritium inventories for the North Atlantic 

Basin for 1972 and 1981 are 10.90±.90x 1016 and 15.60±.83x 1016 TU81N-m3 (Table 3-3). The 

inventory error estimates have been calculated from the observed standard deviations in the 

station inventory data for 5° x 5° boxes in the North Atlantic. For boxes with no data, the 
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Figure 3-3: Contour maps of the North Atlantic 3H water column inventory (x 103 TU81N·m) 
distribution for the three time ensemble data sets: a) GEOSECS 1971- 1973, b) NAGS 1975-
1977. 
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Figure 3-3: cont. c) TTO 1981-83. 

tritium inventory is interpolated from the surrounding boxes and the error is set equal to the 

inventory. Although conservative, this approach appears to produce reasonable error estimates 

considering the spatial inhomogeneity of the data. Note that the increase of 43% in the tri t ium 

inventory between the two data sets is significant at the 2a level and is similar in magnitude to 

the percentage increases observed at individual TTO and GEOSECS stations. 

3.3 Tritium Hydrological Model 

Most of the tritium produced by the atmospheric nuclear weapons testing in the late 1950's 

and early 1960's has entered the ocean either directly through precipitation and vapo r deposi 

tion or indirectly as a resul t of continental re-evaporation or river runoff (Weiss and Roether, 

1980); the natural production of tri t ium from cosmic ray spallation is small relative to the 

anthropogenic sources and can be neglected for our purposes (Jouzel et al., 1982). Vapor de

position is thought to be the dorrilnant mechanism account ing for about t wice t he 3 H delivery 

from precipitation (Eriksson, 1965; Michel , 1976). According to the Weiss and Roether (1980) 

model (referred to as t he WR model in the text ), the delivery rate of tritium to the ocean (DT) 
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Table 3-3: Comparison of the North Atlantic (15°N-64°N) tritium budgets from the Weiss and 
Roether (1980) model and the new model presented in this paper. The cumulative model 3 H 
input from each source is shown integrated to 1972 and to 1981. 

Weiss and Roether New Model 

h972 h 981 h972 h98 1 
3 H Source ( x 1016 TU81N ·m3 ) (x1016 TU81N·m3 ) 

Precipitation 2.1 2.3 2.0±0.4 2.3±0.5 
Vapor Exchange 6.7 7.4 9.1±2.2 10.7±2.6 
Reevaporation -0.9 -1.4 -1.0±0.2 -1.6±0.4 
Runoff 0.9 1.2 0.7±0.1 0.9±0.2 
Continental Vapor 1.2 1.3 - -
Arctic Inflow - - 0.9±0.2 2.7±0.6 
Southern Inflow - - 0.5±0.1 1.1±0.2 
Model Total 10.0 10.9 12.2±2.3 16.1±2.8 

Observations t 10.9±0.9 15.6±0.8 

t The tritium inventory observations are for the ensemble data sets, GEOSECS (1971-73) and 
TTO (1981-83) (see Table 3-1). 

can be represented by three components, a precipitation flux, a vapor flux, and a back-flux due 

to re-evaporation of HTO from the ocean surface: 

h 1 
DT = P · Cp + E--hCv- E ( h) Cs . 1 - a1-

(3.1) 

P, E, and h in Equation 3-1 represent the climatological values of precipitation, evaporation, 

and relative humidity respectively. The rai nfall and water vapor tritium concentrations, Cp(t) 

and Cv(t), are functions of time and of latitude in the WR model. Weiss and Roether (1980) 

reconstruct the time history of rainfall tritium concentration , Cp(t), using island, coastal, and 

weathership data for the northern hemisphere. The shape of Cp(t) is taken to be fixed, and the 

magnitude is allowed to vary with latitude. The time history of water vapor tritium, Cv(t), is 

more difficult to constrain. Weiss and Roether (1980) assume that water vapor over the ocean 

is in isotopic equilibrium with the rainfall at the same location. Cv in Equation 3-1 can then 

be replaced by 1/a · Cp where a, the isotopic equilibrium factor for HTO/H20 in liquid-vapor 

exchange, has a value of about 1.12 (Koster et al., 1989). There-evaporation term in Equation 

3-1 is generally small and can be calculated from model surface water 3 H curves (Dreisigacker 

and Roether, 1978). Other tritium sources to the ocean such as river runoff and deposition 

from high tritium continental air-masses are also included by Weiss and Roether (1980), but 
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they generally account for less than 20% of the total tritium delivery rate for any particular 

latitude band. 

Time histories of the annual (TU81N -m3 yr-1 ) and cumulative 3 H input (TU81N ·m3) from 

the WR model, broken down by delivery mechanism, are shown for the North Atlantic in Figure 

3-4. The model 3 H fluxes from Equation 3-1 has been integrated over the same region used 

in the 3 H inventory calculations (15°-64°N) and the model results shown in Figure 3-4 have 

been generated using the same parameters as Weiss and Roether (1980): Cp(t) is taken from 

Weiss and Roether (1980); Cv(t) is set equal to 1/aCp(t); E and P are from Baumgartner 

and Reichel (1983); and h is assigned a uniform value of 75%. The vapor flux term shown 

in Figure 3-4 has been corrected for HTO re-evaporation, computed with the surface water 

1H concentration curves from Doney and Jenkins (1988). The continental vapor 3 H flux and 

river 3 H runoff shown in Figure 3-4 have been evaluated following the approaches outlined by 

Weiss and Roether (1980); the continental water vapor and rainfall 3 H concentrations are set 

equal to three and four times the marine Cp(t) levels, and the continental water vapor flux, 

runoff volume estimates, and river tritium concentration values are taken from Peixoto and 

Oort (1983), Baumgartner and Reichel (1983), and Weiss and Roether's (1975) Rhine river 

model respectively. The total model 3 H input for the North Atlantic occurs primarily as a 

'spike' function in the early 1960's and is dominated by net vapor exchange of HTO (58% of 

the total) (Figure 3-4). 

The cumulative 3 H inputs integrated from 1950-1972 (!1972) and from 1950-1981 (!1981) 

are listed in Table 3-3 for each of the WR model 3 H sources to the North Atlantic domain. 

For the WR model scenario, the total 3 H input to the North Atlantic from all of the sources 

is 10.0±2.0x1016 TU81N·m3 in 1972 and 10.9±2.2x 1016 TU81N·m3 in 1981 (Table 3-3). The 

WR model 3 H delivery is consistent, within the reported error of 20%, with the North Atlantic 

GEOSECS tritium data (Weiss et al., 1979; Broecker et al., 1986); the predicted latitudinal 

pattern of the 3 H deposition is also in good agreement with that found from the GEOSECS 

3 H water column inventory data (Figure 3-2). In contrast, the model 3 H delivery is about 

30% lower than the observed North Atlantic inventory in 1981 (Table 3-3; Figure 3-2). This 

tritium defecit in the WR model budget reflects in part neglected advective 3H sources (Weiss 

et al., 1979) but may also result from errors associated with the data sets used to calculate the 
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Figure 3-4: Time histories of the a) annual 3 H delivery (x 1016 TU81N-m3 yr-1
) and the 

b) cumulative 3 H input ( x 1016 TU81N -m3 ) for the Weiss and Roether (1980) model tritium 
sources: (-) vapor exchange,(- -) precipitation,(-.-) 
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precipitation and vapor tritium deposition. 

A key prediction of the WR model, that vapor exchange, not precipitation, is the major 

delivery pathway for tritium to the ocean surface (Weiss and Roether, 1980; Broecker et al. , 

1986), has recently been called into question by Koster et al. (1989). Based on modeling stud

ies of 3 H transport in an atmospheric general circulation model, they conclude that the ratio 

of vapor to precipitation deposition Dv / Dp for the ocean should be 1.1, significantly smaller 

than the value of 2.8 calculated for the North Atlantic by Weiss and Roether (1980). Taken at 

face value, Koster et al.'s (1989) results suggest that water vapor tritium levels over the ocean 

are not near isotopic equilibrium with rainfall and that the total direct tritium deposition esti

mated by Weiss and Roether (1980) should be reduced by approximately half. Other potential 

problems with the WR model include the formulation of the vapor exchange flux, the large 

uncertainties in the hydrological parameters, E, P, and h ( c.f Dorman et al., 1981; Schmitt et 

al. , 1989), and seasonal and inter-annual variability in both tritium concentrations and fresh

water fluxes (Koster et al., 1989). In addition, the redistribution of 3 H by ocean circulation 

has, as rainfall tritium values return towards natural levels, become increasingly important as 

a tritium source/sink for the North Atlantic. Although briefly discussed by Weiss et al. (1979), 

the WR model does not explicitly account for either the advective 3 H flux from the South 

Atlantic (Ostlund and Roath, 1990) or Arctic (Dorsey and Peterson, 1975). 

3.4 Atmospheric Thitium Deposition 

In this section, I examine the sensitivity of the atmospheric 3 H input for the North Atlantic 

to the various model parameters in Equation 3-1; new model estimates fo r continental 3H 

inputs and 3 H transport across the northern and southern boundaries of the North Atlantic 

control box are discussed in Section 5. For each scenario or experiment (Table 3-4), I replace a 

single parameter in Equation 3-1, for example the evaporation rate E, while leaving the other 

parameters the same as in the Weiss and Roether reference case (Table 3-3). The new values for 

the cumulative 3 H input from precipitation (Ip) and vapor exchange (Iv) are then compared 

with the results from the original Weiss and Roether model (Table 3-4) . 
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Table 3-4: Sensitivity study of the precipitation [p and vapor exchange lv 3 H input integrated 
to 1981 for the North Atlantic basin. In each experiment, one or more of the parameters in 
Equation 3-1 are varied, and the resulting values of lp , l v, and lP+V integrated to 1981 are 
compared with the Weiss and Roether {1980) reference scenario. See text for more details. 

lp Iv [p+V ~WR %~wR 
Model Experiment (TU81N·m3 x 1016 ) 

Weiss and Roether {1980) 2.3 7.4 9.7 
Cv/Cp=.7 5.8 8.1 -1.6 -17% 
Isemer and Hasse (1985) E and h 12.7 15.0 5.3 +55% 
Dorman and Bourke (1981) P 2.4 9.8 0.1 + 1% 
Doney et al. (1991) Cp(t) 2.7 8.8 11 .5 1.8 + 16% 
Seasonal Model 2.0 ll .5 13.5 3.8 +39% 
Seasonal Model, Cv /Cp=.7, 2.3 10.7 13.0 3.3 +34% 
and Doney et al. (1991) Cp(t) 

3.4.1 The Vapor Exchange 3 H Flux 

The large uncertainty associated with the vapor exchange 3 H flux arises from both compo

nents of the model vapor deposition (Equation 3-1 ), the 3 H concentration in water vapor ( Cv) 

and the downward flux of water vapor into the ocean surface. Cv(t) is difficult to reconstruct 

from the limited number of water vapor 3 H observations. Cv can be related to the much larger 

precipi tation data set if one assumes that the water vapor and rainfall in the marine boundary 

layer are in isotopic equilibrium (Weiss and Roether, 1980). For isotopic equilibrium to exist 

near the ocean surface, a large downward flux of HTO enriched vapor is required to balance 

the evaporative flux of essentially zero 3 H water from the ocean (Koster et al., 1989). Based on 

atmospheric modeling studies, Koster et al. (1989) maintain that not enough 3 H in the form of 

water vapor is transported to the surface boundary layer to sustain the high vapor to precip

itation delivery ratio, D v / Dp of 2- 3, reported by Weiss and Roether (1980) and Broecker et 

al. (1986). The apparent Cv / Cp ratio for their standard simulation ( Dv j Dp"' 1.1) is about .35 

or 40% of the equilibrium value (1/a-=0.89) (Table 3-5). If true, Koster et al.'s {1989) results 

imply a decrease of about 50% in the total bomb-tritium input to the North Atlantic (Table 

3-3). 

The observational support for or against the hypothesis of isotopic equilibrium in the marine 

boundary layer is minimal. Weiss et al. (1979) measured the Cv jCp ratio for 36 short duration, 

paired vapor / rainfall samples collected in the North Atlantic during 1966-68 (see also Koster 
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Table 3-5: Relationship between water vapor (Cv) and precipitation (Cp) tritium concentration. 

Isotopic equilibrium 
Koster et al. (1989) model 
Weiss et al. (1979) data 

Miami, Florida datat (all) 

Miami , Florida datat (marine) 

Baring Head Lighthouse, New Zealand+ data 
Model 

Cv/Cp 
0.89 

0.35± .05 
0.76±.30 

1.07±.05 

0.60± .05 

0.81±.03 
0.70±.10 

t Precipitation and vapor 3 H data from Ostlund and Mason (1985) 
t Precipitation 3 H data from IAEA (1979; 1983; 1986) and vapor 3 H data from Ostlund and 
Mason ( 1985) 

et al. , 1989). The average Cv fCp ratio for these samples is 0.76±.30, slightly lower than 

the equilibrium thermodynamic value of 0.89 (Table 3-5). The Weiss et al. (1979) data are 

very noisy however , and it is unclear exactly how to interpret this value (Koster et al., 1989) . 

Rain/vapor isotopic equilibrium is expected for individual rain storms , but precipitation data 

are not necessarily representative of the water vapor 3 H exchanged between rain events (Ostlund 

and Mason, 1977). For the 3 H vapor flux in Equation 3-1, the relevant question, however, is 

how well do monthly and annual data for Cp(t) correlate with Cv(t). 

Ostlund and Mason (1985) present a nearly continuous tritium record (1970-1984) for wa

ter vapor and rainwater samples collected at Miami , Florida (25.8°N 80.2°W). The monthly 

composite1 vapor 3 H data is plotted versus precipitation 3 H in Figure 3-5. The 161 monthly 

data pairs gives a slope of 1.06±.05 for a constrained least-squares fit where the intercept is 

fixed at zero. As discussed by Ostlund and Mason (1977), the variability in the vapor/rain ra

tio apparent in Figure 3-5 reflects local weather patterns and air-mass sources for Miami. The 

bulk of the precipitation at Miami is derived from high humidity, maritime air, which has low 

tritium vapor concentrations and low vapor/rain ratios. When the maritime air is replaced by 

dry, tritium rich continental air, the monthly value of Cv fCp can reach as high as two to three 

(Figure 3-5). If the analysis is restricted to monthly samples from periods of primarily maritime 

air conditions , chosen based on absolute humidity, the Cv fCp relationship falls on the lower 

1 Each individual sample in the monthly composite is weighted with the reported absolute humidity, t he same 
method used by Ostlund and Mason (1985) to construct their composite samples. 
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Figure 3-5: Plot of the water vapor 3 H concentration ( Cv) versus rainfall 3 H concentration ( Cp) 
for monthly composite samples collected at Miami, Florida between 1970- 1984 (Ostlund and 
Mason, 1985). The filled circles ( •) are the subset of the Miami data from months dominated 
by marine air. 

lobe in Figure 3-5 and has a value of 0.60±.05. Although the ratio from the Miami data could 

potentially be biased by either continental influence (higher Cv) or injection of stratospheric 3 H 

by cumulus developments penetrating the tropopause (higher Cp) (Ostlund and Mason, 1977), 

the Miami marine data does suggest that the true value of Cv fCp in marine air is intermediate 

between the isotopic equilibrium value and the modeling results of Koster et al. (1989) (Table 

3-5). 

Ostlund and Mason (1985) also report 3 H water vapor observations from Baring Head Light

house, New Zealand (41.4°S 174.9°E). The New Zealand site provides much better samples of 

pure marine air, and the New Zealand vapor data have few of the complications associated with 

the Miami data. I have compared the New Zealand vapor data with monthly precipitation data 

from Kaitoke, New Zealand, a nearby ("-'50 km ) WMO/IAEA isotope precipitat ion monitoring 

station (IAEA, 1979; 1983; and 1986). The mean Cv fCp ratio is 0.81±.03 for 83 monthly 

samples between 1975-1982. The higher Cv f Cp ratio from the New Zealand data may reflect 

differences in the behavior of bomb-tritium between the northern and southern hemisphers. 
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During the bomb-transient, the atmospheric tritium levels in the northern hemisphere are far 

from the natural steady state between the atmosphere and the ocean surface layer, and the 

effect of oceanic evaporation on the Cv / Cp ratio may be more pronounced. Taken together, 

the Miami and New Zealand vapor time series data (Ostlund and Mason, 1985) suggest that 

an appropriate value for Cv jCp is 0.7±.1. The North Atlantic 3 H vapor deposition using 

Cv fCp=0.7, Iv= 5.8x1016 TU81N·m3 , is 21% lower than the WR model value (Table 3-4). 

The one-way water vapor flux h/(1- h)· E in Equation 3-1 is derived from a simple model 

of water vapor diffusion across the marine boundary layer (cf Eriksson, 1965; Koster et al., 

1989). Evaporation can be described as the net difference between the upward and downward 

water vapor fluxes: 

(3.2) 

where pis the density of air, I vi is the surface wind speed, cq is a drag coefficient, and qatm and 

q5at are the absolute humidities at the top of the boundary layer and at saturation with the 

ocean surface. Because the concentration of tritium in the ocean surface layer is small relative 

to atmospheric levels, the tritium flux Dv should be proportional to the downwar·d water vapor 

flux: 

(3.3) 

The form of the vapor flux shown in Equation 3-1 can be found by solving Equation 3-2 for 

pcqiVJ, substituting the result into Equation 3-3, and then simplifying using the definition of 

relative humidity, h=qatm/ q5at· Note that as relative humidity goes towards saturation, Dv 

(Equation 3-3) approaches a maximum limit of pcqiVJqsatCv. 

Because the magnitudes of E and hare interrelated, an accurate evaluation of the 3 H vapor 

flux (Equation 3-1 and Equation 3-3) clearly requires consistent E and h values computed from 

the same qatm and qsat data. To demonstrate this effect, I have recalculated Iv using the North 

Atlantic E and h fields from Isemer and Hasse {1985). Isemer and Hasse's (1985) E and h 

estimates are derived from the same set of raw absolute humidity measurements. The value 

of Iv for 1981 computed using the Isemer and Hasse's (1985) annual average E and h data is 

12.7xl016 TU81N·m3 (Table 3-4) or 72% higher than the reference case. The enhanced vapor 

3 H deposition is partially the result of Isemer and Hasse's (1985) evaporation rates, which are 

larger than earlier estimates (e.g. Baumgartner and Reichel, 1983; Bunker, 1976) by about 
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20%; Isemer and Hasse (1985) use a revised Beaufort wind scale that increases the wind speed 

and evaporation rates in the low wind speed regions such as the tropics. The value of Iv is 

also elevated because the average h value from the Isemer and Hasse (1985) data is rv85%, 

substantially larger than the value of 75% used by Weiss and Roether (1980). Since h enters 

into the vapor flux as h/(1- h), a relatively small change in h can have a profound effect on Iv. 

Weiss and Roether 's relatively arbitrary (and low) choice for h leads to the underestimation of 

the total tritium deposition by almost half; this is partially compensated for in the WR model 

by their assumption of isotopic equilibrium for Cv. 

3.4.2 Precipitation Tritium Functions 

A second source of uncertainty in Equation 3-1 involves the representation used for the 

3 H precipitation function Cp(t). An alternative Cp(t) function has been proposed by Doney 

et al. (1991) (Chapter 2). Their model function , which is developed from a factor analysis 

of both maritime and continental stations, predicts the shape and magnitude of Cp(t) as a 

function of latitude and longitude. T he Doney et al. (1991) Cp(t) curves in the subpolar 

and subtropical North Atlantic are similar to the Weiss and Roether ( 1980) reference curve; 

the new model records south of 20°N lack the strong spike in 1962-1965 characteristic of the 

northern hemisphere reference curve. Iv and l p recalculated for the North Atlantic using the 

factors and factor loading maps presented by Doney et al. are 65% larger than those from the 

WR reference case (Table 3-4). The Doney et al. (1991) model may overestimate the actual 

tritium delivery because elevated continental 3H values, 2- 4 times marine levels at t he same 

latitude, extend over a significant portion of the North Atlantic in their facto r loading maps. 

The thickness of this continental/marine transition in their maps is probably too large because 

the maps are based on WMO /IAEA stations that are inhomogeneously di stri buted- only a few 

of the stations are truly oceanic-and are generated using a spline-relaxation technique, which 

tends to smooth out sharp gradi ents along ocean/continent boundaries . 

I have recomputed lp and Iv from the Doney et al. ( 1991) factor maps assuming that the 

zonal tritium profile in each la titude band falls off exponentially with distance from continental 

values to a marine end-member, taken as the minimum value on each band. The sum of the 

vapor and precipitation inpu ts, l P+V, increases from 9.3x 1016 TU81N·m3 for a length scale of 
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zero to 15.4x1016 TU81N·m3 for an exponential length scale of 1500 km. The correct length 

scale is difficult to assess from the limited 3 H data but can be roughly estimated from other, 

proxy atmospheric properties. An upper bound on the penetration distance of the continental 

tritium signal can be judged from the continental/marine gradient of precipitable water w. 

The removal rate of excess (continental) tritium should be comparable to or larger than the 

evaporation rate, which is controls the transformation of continental air (low w) into marine air 

(high w) (Eriksson, 1965; Peixoto and Oort, 1983). The maps of monthly average w generated 

by Prabhakara et al. (1982) from Nimbus 7 microwave .observations show transition regions in 

w extending 500-1000 km from the continents; Peixoto and Oort's (1983) climatological data 

suggest a similar thickness. Taking a length scale of 500±250km for the transition zone, the 

resulting value of lP+V is 11.4±1.1 x1016 TU81N ·m3 (Table 3-4). 

The extra 3 H deposition from the continental influence in Cp maps of Doney et al. (1991) 

is in many ways analogous to the continental vapor flux reported in Weiss and Roether's (1980) 

model (1.8 versus 1.2 x 1016 TU81N·m3 ; Table 3-3 and 3-4). I feel, however, that its inclusion as 

a boundary layer effect for Cp is a better description of the actual mechanism involved. Weiss 

and Roether (1980) discuss the continental vapor 3 H component in terms of both a continental 

water vapor 3 H concentration and a water vapor flux across the continental/ocean boundary. As 

pointed out by Eriksson (1965), the important quantity is really the divergence or convergence 

of the HTO vapor transport in the moist layer: 

FHro = Cvwii (3.4) 

where v and Cv are the vertically averaged vector wind and vapor tritium concentration. In 

the regions highlighted by Weiss and Roether (1980), the gradients of Cv and w are generally 

opposite to each other. Since the ratio of continental to marine tri tium and ware 2-4 and 1/2-

1/3 respectively, the integrated tritium content, in terms of 3 H atoms m - 2 , over the oceans 

and the continents is approximately the same. The resulting convergence of HTO required to 

support a continental vapor transport is small, and the continental vapor flux is set to zero in 

my model (Table 3-3). 
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3.4.3 Seasonal and Inter-annual Variability 

A third potential bias to the model atmospheric 3 H deposition arises from the seasonal 

variability in Cp (Ehhalt, 1971) and the hydrological parameters (E, P, and h) ( cf Schmitt et 

al., 1989) (Koster et al., 1989). Weiss and Roether (1980) note this possibility but argue that 

since the peak 3 H concentrations (summer) and maximum E and P values (winter) occur out 

of phase the seasonal cycles should effectively cancel. To check this result, I have computed lp 

and Iv using monthly data for P (Dorman and Bourke, 1981), E and h (Isemer and Hasse, 

1985), and the seasonal tritium cycle (Doney et al., 1991). The seasonal changes in E and 

P both act to increase the tritium deposition during winter when tritium levels are low; high 

summer h levels, in contrast, lead to enhanced vapor exchange during the peak of the tritium 

seasonal cycle. The net effect of the tritium and hydrological seasonal cycles does not perfectly 

cancel as suggested by Weiss and Roether (1980). The seasonal model IP+V value is reduced by 

1.5x 1016 TU81N ·m3 relative to the model scenario using the annual mean P, E, and h fields 

from Dorman and Bourke (1981) and Isemer and Hasse (1985). 

Inter-annual variability in E, P, and h could also introduce an error in the model estimated 

tritium delivery if the freshwater fluxes during the period of maximum bomb-tritium input 

(1963-1965) were anomalous relative to the long-term mean values. To address this problem, I 

have examined the Bunker data set (Bunker, 1976; Bunker and Goldman 1979), which includes 

annual and monthly estimates for air-sea exchange parameters over the North Atlantic from 

1942- 1972. The difference between the mean E rates for 1962-1965 and 1942-1972 have been 

calculated for each Marsden Square (10° x 10° squares) in the North Atlantic. The annual 

evaporation rates during the early /mid-1960's are on average "'5.5% larger than the long-term 

mean. These results are in general agreement with the analysis of Bunker (1980). Bunker 

(1980) computed the first and second derivatives of the evaporation time series data and found 

that the surface evaporation data in the North Atlantic generally passes through a maximum 

sometime during the period between 1942-1972. 

Estimating the inter-annual variability for oceanic precipitation is a more difficult task . 

The Bunker data set contains only precipitation frequency not actual precipitation amounts. 

The variability for the 1962- 1965 period of the precipitation data from the oceanic and island 

WMO/IAEA stations (IAEA, 1981) ranges about ±15% of the mean P values bu t does not show 
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any consistent, large-scale pattern for the North Atlantic. According to Yoo and Carton (1990), 

the inter-annual variability for precipitation is about twice that of evaporation in absolute terms 

for the Tropical Atlantic, sugges ting that the potential error in lp from inter-annual variability 

is about 10% or ± 0.2 x 1016 TU81N·m3
. 

3.5 Continental and Advective 3H Sources 

3 .5.1 Runoff 

The 3H input from continental runoff has been recomputed using the continental Cp model 

values from Doney et al. (1991). Very few river 3 H measurements have been reported, and, 

like Weiss and Roether (1980), I rely on the Weiss and Roether (1975) river model to describe 

the effects of hold-up and recharge on runoff 3 H time histories. Using an extensive 3 H data set, 

Weiss and Roether (1975) found that the Rhine River drainage system could be represented 

as a set of boxes with varying residence times. Twenty-five percent of the river water in the 

model has a residence time of a year or less, 35% has a mean residence time of 5 years, and 

the final 40% of the river flow comes from ground water with no bomb-tritium. Although 

adequate for mid-latitude rivers, there is a distinct possibility that rivers in the tropics or high 

latitudes may behave in a qualitatively different manner (Ostlund, 1982). The river 3 H time 

histories computed using the new Cp(t) curves are multiplied by Baumgartner and Reichel 's 

(1983) annual runoff volume data to arrive at the new annual runoff 3 H input for each latitude 

band. In this calculation, the 3 H fluxes from the east and west coasts are treated separately. 

Not unexpectedly, t he new model river input of 3 H (0.91±.20x l016 TU81N·m3
) is quite close to 

Weiss and Roether's ( 1980) estimate (Table 3-3). Other continental 3 H sources such as nuclear 

reprocessing plants are currently insignificant in comparison with the bomb-tritium input to 

the North Atlantic (Livingston et al., 1982). 

3.5.2 Southern Bounda ry Condition 

The northward 3 H transport across the southern boundary (15°N) of the North Atlantic box 

defined in Section 2 can be calculated in a two step fashion: first construct a time history for the 

3 H concentration of su rface water in the Tropical Atlantic; and second multiply the time history 
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by the northward volume transport in the surface layer. The surface water 3 H concentrations 

at Tropical Atlantic stations (5°S to l0°N) are a factor of three to four lower than those in the 

subtropical Atlantic (Figure 3-6; Sarmiento et al., 1982; Ostlund and Rooth, 1990). Figure 3-6 

shows 3H concentrations from tropical stations (Table 3-1) plotted versus time; the 3 H data in 

Figure 3-6 has been averaged over the thickness of the northward flowing surface layer taken 

as the region above the 26.8 ue density surface. A smooth curve has been fit to the tropical 

3H data using a simple box model of the South Atlantic surface layer; the 3H rainfall input for 

the box model is from Doney et al. (1991). Based on the root mean square residual between 

the model curve and the data shown in Figure 3-6, I have assigned an error of ±20% to the 

South Atlantic 3 H surface water curve. Roemmich (1983) reports 9.3±1.0 Sv (1 Sv equals 

1 x 106 m 3 s-1 ) of combined northward geostrophic and Ekman transport across 8°N. A similar 

volume transport (9.6 Sv) is given by Philander and Pacanowski (1986) for their model of the 

Tropical Atlantic. Using Roemmich's (1983) transport number, the cumulative 3 H input from 

the southern inflow up to 1981 is 0.96±.20x1016 TU81N-m3 . An additional, unaccounted 3 H 

flux may originate from the Amazon and Orinocco Rivers, which clischarge 0.22 Sv of freshwater 

into the western Tropical Atlantic. Assuming that all of the Orinocco and approximately half 

of the Amazon outflow is advected north along the South American coast in the North Brazil 

Current (Muller-Karger et al., 1988), the tritium flux can be calculated by multiplying the 

freshwater discharge by the model 3 H precipitation time histories, corrected using the Rhine 

River model of Weiss and Roether (1975), derived from Figure 2-4. The estimated cumulative 

3H input from 1950 to 1981 is then 0.11 x 1016 TU81N·m3 (Table 3-3). 

3.5.3 Arctic Outflow 

The 3 H transport across the northern boundary of the North Atlantic domain is more 

difficult to constrain. The large northward surface circulation associated with the formation 

of the overflow water precursors to North Atlantic Deep Water (Worthington, 1970) results 

in a net northward 3 H transport of about 1.5xl016 TU81N-m3 (see Chapter 4). Most of this 

3 H transport is compensated for, though, by the sub-surface return flow into the deep North 

Atlantic of 3 H in the overflow waters. Only about a third of the northward 3 H transport leaves 

the Nordic Seas in the West Spitsbergen Current leading to a net 3 H sink of about 0.5x 1016 
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Southern Boundary Condition 
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Figure 3-6: A plot versus time of the surface water 3 H concentrations, averaged between the 
surface and the 26.8 ue density surface, for Tropical Atlantic stations (5°S to 10°N; see Table 
3-1). The smooth model curve, which passes through the data, has an error of 20% (see text for 
more details). The dashed line is the predicted tropical rainfall 3 H curve (Doney et al., 1991) 
used in generating the model fit . 
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TU81N-m3 (see Chapter 4). As important, the surface water of the Arctic Ocean has very 

high tritium levels relative to the North Atlantic and the southward flow through the Canadian 

Arctic Archipelago (CAA) and in the East Greenland Current (EGC) are major 3 H sources 

to the North Atlantic (Dorsey and Peterson, 1976) . Because of the narrow, surface intensified 

nature of these currents, the tritium transports across the Fram Strait and CAA are difficult to 

access using direct techniques (integration of 3 H bottle data and geostrophic velocity sections). 

An indirect measure of the 3 H flux can be estimated, however, from reported freshwater flows 

out of the Arctic. 

The tritium distribution in the Arctic Ocean and Nordic Seas is closely linked with the 

cycling of freshwater. The large river discharge that maintains the low salinity, polar water cap 

on the surface of the Arctic Ocean drains the Canadian and Eurasian continental interiors; the 

rainfall 3 H concentrations for these regions are enriched relative to marine values by hydrological 

recycling. 3 H-salinity plots for Arctic surface water generally show a strong linear relationship 

that can be interpreted as two end-member mixing between high tritium, riverine freshwater and 

low tritium, salty Atlantic water (Dorsey and Peterson, 1976). Ostlund (1982) and Ostlund and 

Hut (1984) have used the projected freshwater end-members from t he linear portion of the 3 H

salinity curve to estimate the age, or 'vintage' of the freshwater in the Arctic. When combined 

with freshwater flux values (Aagaard and Carmack, 1989), these freshwater end-members also 

provide a way of estimating the integrated 3 H outflow from the Arctic. 

The freshwater 3 H end-members from stations2 in the Arctic Ocean and East Greenland 

Current are shown versus time in Figure 3-7. At some stations, particular those sampled during 

the summer , there are strong indications of the addition of ice-melt water to the surface mixed 

layer. Because there is little fractionation of HTO during sea-ice formation, the freshwater 

derived from sea-ice has low tritium ( "'30 TU81N) relative to other freshwater sources, and 

samples with substantial melt water contribution fall off the 3 H-salinity mixing line (Ostlund 

and Hut, 1984). Since we are interested in the mean tritium freshwater end-member for the 

entire surface layer, the 3 H end-members in Figure 3-7 have been averaged to include the 

influence of any melt-water cap. A model 3 H time history for Arctic ri ver input created from 

2 The data from 1972-1979 shown in Figure 3-7 come primarily from Ostlund (1982) and appendix. The data 
after 1979 are from the references listed in Table 3-1 or Ostlund per. comm. (1991). 
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F igure 3-7: A plot versus time of the freshwater 3 H end-member, calculated from the linear 
portion of the 3H-salinity relationship, for Arctic and polar boundary current stations. The 
solid line passing through the freshwater end-member data has been created from a two pa
rameter box-mixing advection model (see text). The-.- curve is the riverine end-member 3 H 
concentration predicted from Ostlund's {1982) model. 

Ostlund's (1982) high latitude river model is also shown in Figure 3-7. His model differs from 

Weiss and Roether 's {1975) Rhine model mainly in the much larger annual fractional recharge 

(SO%) for high-latitude rivers. 

Using the river t ime history as input , I have attempted to model the freshwater end-member 

data (Figure 3-7) with a two parameter box mixing-advection model. The predicted end

member concentration at time t is equal to t he output of a box mixing model with residence 

timeR and delay time b.t. The model reflects in a crude fashion the mixing t ime of freshwater 

on the shelves (R), the formation of Arctic shelf water by sea-ice production and brine rejection 

(Aagaard et al. , 1981), and the advective time-scale (b.t) for the lateral ventilation of the Arctic 

halocline (Wallace et al., 1987). A model curve with R = 5 years and b.t = 7 years best fits the 

data plotted in Figure 3-7. The integrated (1950- 1981) 3 H concentration for the model curve 

is 4800±1100 TU81N·yr. 

Literature estimates for the freshwater fluxes through the Fram Strait and CAA, required 

to convert the freshwater curve into an actual tritium flux, range from .063-.180 Sv (Table 3-6). 
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Table 3-6: Freshwater transport estimates for the Arctic and Nordic Seas. The freshwater fluxes 
(1 Sv=1 x 106 m3 s-1 ) in the East Greenland Current (EGC) and Canadian Arctic Archipelago 
(CAA) have been combined to form a single freshwater (FW) flux out of the Arctic. 

FW flux in EGC and CAA 0.063 Sv Aagaard and Carmack (1989) 

Ice flux in EGC 

Runoff from East Coast 
Runoff from West Coast 
Precipitation 
Evaporation 

0.178 Sv Anderson et al. (1983) 
0.180 Sv Ostlund and Hut (1984) 
0.09 Sv Aagaard and Carmack (1989) 
0.10 Sv Anderson et al. (1983) 
0.15 Sv Ostlund and Hut (1984) 
.014 Sv Baumgartner and Reichel (1983) 
.014 Sv Baumgartner and Reichel (1983) 
.031 Sv Baumgartner and Reichel (1983) 
.026 Sv Baumgartner and Reichel (1983) 

I have chosen to use the higher transport value (0.18 Sv) in the 3 H model for several reasons: 

the estimated freshwater transport of 0.18 Sv from Ostlund and Hut (1984) and Anderson 

et al. (1983) are computed using two independent methods; the difference between the 0.18 

Sv transport and Aagaard and Carmack's (1989) estimate (.063 Sv) is small relative to the 

large imbalances in their Arctic freshwater budget; and the resulting 3H flux is more consistent 

with our knowledge of the sources and sinks of 3 H for the Arctic Basin. However, the model 

Arctic input (Table 3-3) should be looked at as an upper limit on the inflow of 3 H from the 

Arctic. For a freshwater flux of 0.18 Sv, the cumulative Arctic freshwater 3 H input integrated 

to 1972 and 1981 are then 0.9±.2x1016 and 2.7±.6x1016 TU81N·m3 respectively (Table 3-

3). Unlike the atmospheric 3 H sources in Table 3-3, a large fraction of the Arctic 3 H input 

occurs after 1972 and thus can help account for the observed increase in the North Atlantic 3 H 

inventory between GEOSECS and TTO. The Arctic outflow also transports 3 H associated with 

the Atlantic mixing end-member; I have assumed that the 3 H transport from the high salinity 

component approximately balances the inflow of tritium from the West Spitsbergen Current. 

This assumption is based on the similarity, within about 15%, of the 3 H concentrations in the 

Atlantic water flowing in the WSC and EGC. The total cumulative northward 3 H t ransport 

in the WSC is about 0.6x1016 TU81N·m3 , and therefore the magnitude of the error resulting 

from this assumption is about 0.1-0.2x1016 TU81N·m3 . 
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Table 3-7: Fresh-water end-member 3 H concentrations for TTO /NAS stations in the low salin
ity, polar water boundary current system. The zero-salinity end-member is calculated from 
a least-squares fit of 3 H-salinity correlations. The TTO /NAS 3 H data are from Ostlund and 
Grall (1987) and Jenkins et al. (1989) . 

Station Location Latitude 3 H (TU81N) 
170 E. Greenland Current 65.1°N 260.7±9.5 

183-186t E. Greenland Current 60.0°N 303.4±9.0 
187t W. Greenland Current 60.0°N 302.7±17.7 
189-191 W. Greenland Current 59.7-60.2°N 196.3±16.2 
198-200 Labrador Current 58.0-58.8°N 176.2±4.6 
219 Labrador Current 49.1°N 191.1±7.8 
218 Labrador Current 49.7°N 139.9±6.8 
221- 223 Labrador Current 47.0-47.2°N 150.5±6.5 
224 Labrador Current 46.9°N 147.7±8.9 
247t Slope Water 38-43.5°N 86.2±7.0 

t Station with melt-water cap. 
t Includes 3 H data from the 1981 NATS survey (Jenkins et al., 1989) and the 1983 R/V 
Oceanus Cruise 134 (see Table 3-1 and Chapter 4). 

3.5.4 3 H in the Polar Water Boundary Currents 

The fate of the high 3 H outflow from the Arctic can be roughly sketched using a combination 

of the surface water 3 H-salinity relationship data from TTO /NAS stations along the boundary 

of the Irminger and Labrador Seas (Table 3-7) and literature surface circulation schemes ( cf. 

Worthington, 1976; Chapman and Beardsley, 1989). Freshwater originating in the Arctic bears 

a unique, high 3 H end-member signature compared with other freshwater sources (e.g. local 

runoff, excess P - E, glacial and sea-ice melt-water) for the low-salinity boundary current 

system (East and West Greenland Currents and Labrador Current) along the Greenland and 

North American coast. The Arctic freshwater end-member 3 H concentration for 1981 is in 

the range of 250-350 TU81N (Figure 3-7); in contrast, the 3 H concentrations for runoff, local 

precipitation, and sea-ice melt-water during the same time period are about 60-80, "'10- 20, 

and rv10-20 TU81N respectively. 

Although there is considerable scatter in individual 3 H end-member determinations (Table 

3-7), the evolution of the 3H freshwater end-member values in the boundary current appears 

to be roughly consistent with the expected freshwater input from runoff and sea-ice melt along 

the boundary current path. For example, the low freshwater input along the eastern Greenland 
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coast (Aagaard and Carmack, 1989) is reflected in the high 3 H end-members found in the EGC 

south of the Denmark Straits (Table 3-7); only a small fraction of the polar water advected 

south in the EGC appears to be lost from the boundary current in the Nordic Seas (Aagaard 

and Carmack, 1989; Chapter 4). For a total runoff flux (65-85 TU81N) of .06 Sv (Baumgartner 

and Reichel, 1983), the observed decrease in the 3 H freshwater end-member from Fram Strait 

to the Grand Banks requires an additional input of .08-.16 Sv of sea-ice melt. The limited 

3H data in the Slope Water south and west of the Grand Banks shows little Arctic water 

influence (Table 3-7). Most of the Labrador Current transport that follows the edge of the 

Grand Banks continental slope, about 90% of the total transport, is thought to be entrained 

into the Gulf Stream at the Tail of the Grand Banks (Greenberg and P etrie, 1988). Once in the 

Gulf Stream-North Atlantic Current system, the 'high 3H water of Arctic origin should mix 

into the subpolar gyre, resulting in the elevated subpolar 3 H inventories observed in the TTO 

data (Figure 3-3c). 

3.6 Discussion 

The annual (TU81N·m3 yr- 1 ) and cumulative (TU81N·m3 ) 3 H inputs for each source in 

the new model North Atlantic 3H budget are shown versus time in Figure 3-8a and 3-8b; 

the cumulative 3 H inputs to 1972 and 1981 are also listed in Table 3-3 for the individual 

source/sinks. The total predicted tritium input integrated to 1981 for the new model is also 

show!l versus latitude in Figure 3-2. The 3H input from the Arctic and southern inflows (Table 

3-3) have been evenly spread over the subpolar ( 45-64°N) and subtropical ( 15-45°N) gyres 

respectively; in addition, a 3 H inventory equal to the southern inflow has been subtracted from 

the equatorial region. 

The major differences between the new 3 H model (Figure 3-8) and the Weiss and Roether 

(1980) model (Figure 3-4) lie in the higher predicted atmospheric deposition, the continued 3 H 

input after 1972 from Arctic and tropical advection , and the better match between the predicted 

and observed water column inventories in the subpolar gyre. Overall, the total delivery of 

tritium for the new model agrees within about 10% with the observed inventories in 1972 and 

1981 (Table 3-3). In contrast to the Weiss and Roether (1980) model, the new tri tium budget 

does a much better job simulating the increase in the 3H inventory between the 1972 GEOSECS 
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Figure 3-8: Model time histories of the a) annual 3 H delivery (x1016 TU81N·m3 yr-1) and the 
b) cumulative 3 H input (x1016 TU81N·m3

) for the new North Atlantic 3 H model sources: (- ) 
vapor exchange,(--) precipitation,(-.-) southern inflow,( ... ) runoff, and(--) Arctic inflow. 
The vapor exchange 3 H curve has been corrected for there-evaporation of HTO from the ocean 
surface (Equation 3-1). 
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data and the 1981-1983 TTO data, 3.9x1016 (model) versus 4.7x1016 (data) TU81N·m3
. 

The model atmospheric 3 H inputs presented in Figure 3-8 are generated using the best 

estimates, based on the sensitivity analysis in Section 3-4, for the parameters affecting vapor 

and rainfall 3 H deposition: Cv fCp of 0. 7 rather than isotopic equilibrium; mutually consistent 

relative humidities and evaporation rates; Cp(t) function from Doney et al. (1991); and seasonal 

cycles for Cp(t), E, P, and h . The resulting atmospheric input, lp + Iv +lev - lRevap, is 

approximately 19% larger than the comparable input computed from Weiss and Roether (1980). 

In fact, one could argue that the new model results (Figure 3-8 and Table 3-3) place an upper 

bound on the vapor 3 H input because Isemer and Hasse's (1985) North Atlantic evaporation 

rates are higher than other reported values (Schmitt et al., 1989) and because the Cv fCp ratio 

may have been lower than 0.7 during the early portion of the bomb-tritium transient . It is 

important to note, however, that the limited water vapor 3 H field data (Ostlund and Mason, 

1985) do not support vapor 3 H fluxes as low as Koster et. afs (1989) work would suggest. 

The error estimates for the model vapor 3 H input (Table 3-3), and t hus the model a tmo

spheric deposition as a whole, are large, about 24%, and are primarily driven by the uncertainties 

in the Cv f Cp ratio and the downward water vapor flux (Equation 3-3). A better est imate of 

the Cv fCp ratio is, at this point, almost impossible to constrain using field measurements; 

an improvement in this direction will have to depend on future atmospheric modeling work. 

Currently, the systematic error in oceanic evaporation rate estimates may be as high as 20% 

(Schmitt et al., 1989). Better estimates for the air-sea exchange fluxes would lower the error 

in the model 3 H budget results, allowing for a closer comparison between the model and field 

data. 
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Chapter 4 

Ventilation of the Abyssal North 

Atlantic: Estimates from Transient 

Tracer Distributions 

4.1 Introduction 

A major pathway for the ventilation of the abyssal ocean is via the formation of North 

Atlantic Deep Water (NADW). T he precursors of NADW, initially created by winter cooling 

and convection in the high latitude, marginal seas of the North Atlantic (Swift et al. 1980; 

Swift and Aagaard, 1981), spill over the Greenland-Iceland-Scotland ridge system through 

the Denmark Straits , the Faroe Bank Channel, and gaps in t he Iceland-Faroes Ridge (Swift, 

1984; Saunders, 1990) (see Figure 1-7) . Although modified by entrainment and mixing during 

overflow, the distinctive chemical signature of N ADW-low nutrients, high oxygen and high 

transient tracers-acquired at the surface of the Iceland, Greenland, and Norwegian Seas can 

be traced throughout the deep western basin of the Atlantic (Swift, 1984). South of the sills, 

the two major overflow water masses, Denmark Straits Overflow Water (DSOW) and Iceland

Scotland Overflow Water (ISOW), combine in a narrow southward flowing boundary current 

along the eastern margin of North America (Warren , 1981). The water mass characteristics 

associated with recently ventilated water in the Deep Western Boundary Current (DWBC)-
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high oxygen, low nutrients, and high transient tracer values-are mixed into the interior of the 

western basin by turbulent exchange, recirculation, and interaction between the DWBC and 

the abyssal circulation field ( cf. Hogg et al., 1986; Olson et al., 1986); the boundary current 

source is reflected in the large-scale chemical distribution observed in the deep western Atlantic 

(Kuo and Veronis, 1973; Swift, 1984). 

The injection of anthropogenic tracers such as tritium, radiocarbon, and the chlorofluorocar

bons into the deep North Atlantic provides a unique opportunity for studying the mechanisms 

involved in abyssal ventilation over decadal time scales. In this chapter, I use the tritium and 

3 He data collected during the Transient Tracers in the Ocean-North Atlantic Study (TTO/NAS, 

Brewer et al., 1985) to constrain the rates of NADW production, DWBC transport, and bound

ary current/interior exchange. Sections 2, 3, and 4 deal with the behavior of tritium in the 

Greenland, Iceland, and Norwegian Seas (referred to as the Nordic Seas) and the incorporation 

of tritium into the overflow waters . Two different approaches, one based on the overall tritium 

budget for the Nordic Seas and the other on the observed tracer values in the overflow waters 

downstream of the sills, are used to create model estimates for the 3 H and 3 He input into the 

deep North Atlantic. The distributions of 3 H and 3 He in the abyssal North Atlantic are dis

cussed in the second half of the chapter (Section 5 ). In Section 6, I develop a simple model that 

uses the tracer gradients in the DWBC and the abyssal tracer inventories to constrain abyssal 

ventilation and boundary current recirculation rates. Finally, four detailed sections across the 

DWBC south of Newfoundland and Nova Scotia are presented in Section 7. (Hogg et al., 1986). 

The TTO/NAS tritium data set presented in this chapter is a combination of data from the 

University of Miami Tritium Laboratory (Ostlund and Grall, 1987) and the Helium Isotope 

Laboratory, Woods Hole Oceanographic Institution (Jenkins et al., 1989). Additional tritium 

and 3 He samples from other cruises in the North Atlantic have been included in my analysis 

where appropriate (see Table 3-1, Chapter 3). 

4.2 Nordic Seas Transport Estimates 

A schematic of the important circulation features for the Nordic Seas is shown in Figure 

4-1. Volume transports (Table 4-1) have been assigned based on literature estimates for the 

important surface inflows (Norwegian Atlantic Current and East Greenland Current), outflows 
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(West Spitsbergen Current and East Greenland Current), and deep overflows (Denmark Straits 

Overflow water, DSOW and Iceland-Scotland Overflow Water, !SOW). The reported transports 

are based primarily on heat, mass, and salinity balance considerations; many of the surface 

flows in the region are mostly barotropic with strong topographic coupling making geostrophic 

transport estimates problematic (Quadfasel et al., 1987). The model circulation outlined in 

Table 4-1 has been chosen based on two criteria: broad consistency with literature values and 

mass conservation. 

According to Worthington (1970; 1976), the transport of Atlantic Water (6-8°C 35.1-35.3 

PSU) through the Faroe Straits is 9 Sv (1Sv = 1x106 m3 s- 1 ). A similar value (8 Sv) for the 

Atlantic inflow has been reported by Gould et al. (1985) based on current meter measurements 

in the Faroe-Shetland Channel. In contrast, McCartney and Talley's (1984) Nordic Sea heat 

model suggests a much smaller northward transport (4.7 Sv) of warm water (8.5°C 35.35 PSU). 

Their model uses observed surface heat loss estimates for the Nordic Seas to constrain the 

amount of Atlantic water converted into overflow water, but by applying larger heat flux values, 

McCartney and Talley (1984) found that the northward transport could be increased to 8.5 Sv. 

The Atlantic inflow in the model is set at 7±1 Sv; this value is slightly below Worthington's 

(1970) estimate, but as discussed below is more consistent with transport values for the overflow 

waters and West Spitsbergen Current. 

A portion of the inflowing Atlantic water by-passes the Nordic Seas and enters the Arctic 

Ocean as the West Spitsbergen Current (WSC). Aagaard and Greisman (1975) found that the 

WSC transport of Atlantic water is about 7.1 Sv. However, the West Spitsbergen Current 

bifurcates at the Yermak Plateau at about 80° N just off the northern tip of Spitsbergen 

(Aagaard et al., 1987), and little if any of the offshore branch penetrates north of 80-81 °N 

(Bourke et al. , 1987; Bourke et al., 1988). About 5 Sv of Aagaard and Greisman's (1975) WSC 

transport does not enter t he Arctic, but rather turns west (Return Atlantic Current) and then 

south as the 'warm' portion of the East Greenland Current (Quadfasel et al., 1987). Other 

WSC transport estimates from salt and heat balance calculations give a range between 2-4 Sv 

(Anderson et al., 1983 ; Dorsey and Peterson, 1976; Stigebrandt, 1981; Worthington, 1976). A 

value of 2.5±.5 Sv is used in the Nordic Seas model. 

The East Greenland Current transport is also difficult to estimate. However , the Arctic basin 
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is essentially closed except for a small inflow from the Pacific through the Bering Sea ("" 1.5Sv; 

Anderson et al., 1983) and another outflow through Jones and Smith Straits (collectively called 

the Canadian Arctic Archipelago) is about 2.0 Sv ( cf. Aagaard and Greisman 1975, Anderson 

et al., 1983; Stigebrandt, 1981). Mass conservation for the Arctic Basin then requires that the 

East Greenland Current balance the West Spitsbergen Current to within about 0.5 Sv. A value 

of 2.0±0.5 Sv is used fro the EGC transport in the Nordic Seas model (Table 4-1). 

Intermediate water overflows the Greenland-Iceland-Scotland sill at three locations: the 

Denmark Straits (Denmark Straits Overflow Water, DSOW), along the Iceland-Faroe Ridge, 

and through the Faroe Bank Channel-collectively known as the Iceland Scotland Overflow 

Water (ISOW) ( cf. Swift et al., 1980; Swift, 1984). Worthington (1970; 1976) reports that the 

DSOW and ISOW transport are 4 Sv and 2 Sv :respectively. Swift and Aagaard (1981) estimate 

the volume of overflow water from the seasonal volume changes in Arctic Intermediate Water. 

Their total transport value (4-5 Sv) is lower than Worthington's estimate, and McCartney and 

Talley's (1984) model overflow for their low heat flux case is even smaller (1.7 Sv). The DSOW 

and ISOW transports in the Nordic Seas model are taken as 2.5 and 2.0 Sv. These values are 

slightly lower than the overflow transports reported by Dickson et al. (1990) of 2.9 Sv and 

2.5-2.9 Sv for the Denmark Straits and Iceland-Scotland overflows. 

4.3 Nordic Seas 3H Budget 

The overflow waters from the Nordic Seas provide a mechanism for rapid communication 

between the ocean surface and the deep North Atlantic (Swift et al., 1980) and are an impor

tant conduit for the introduction of artificial radionuclides into the abyssal ocean (Livingston, 

et al. 1985). In this section I combine estimates for atmospheric deposition and advective 

redistribution to create a time-dependent 3 H budget model for the Nordic Seas and overflow 

waters. Unlike the North Atlantic basin (Chapter 3), advective 3 H inputs to the Nordic Seas 

are comparable to or larger than the direct 3 H sources from precipitation and vapor exchange. 

Conceptually, the Nordic Seas can be viewed as a reverse estuary converting warm, surface 

water flowing north in the Norwegian Atlantic Current into cold intermediate waters that 

contribute to the overflows (Worthington, 1970). Denmark Straits Overflow Water (DSOW) 

is drawn from shallow, recently ventilated Arctic Intermediate Water (AIW) formed in the 
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Figure 4-1: Schematic of a) Nordic Seas surface circulation and b) Nordic Seas 3 H box model. 
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(adapted from Smethie and Swift, 1989) 
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Table 4-1: Volume transports, temperatures, and salinities for the major currents in the Nordic 
Seas tritium budget model. See Appendix A for references and for further discussion on the 
model transports. 

Current Transport Temperature Salinity 
(Sv) (OC) (PSU) 

Norwegian Atlantic Current NAC 7.0±1.0 6-8 35.1-35.3 
West Spitsbergen Current wsc 2.5±0.5 2-3 34.9-35.0 
East Greenland Current EGC 2.5±0.5 -1.4 33.0-34.0 
Denmark Straits Overflow DSOW 2.5±0.5 0-2 34.88-.90 
Iceland-Scotland Overflow !SOW 2.0±0.5 2-3 35.0-35.1 

Iceland and Greenland Seas (Swift and Aagaard, 1981). The pool of AIW in the Nordic Seas 

is replenished on time scales of less than five years and, therefore, is both well ventilated 

with respect to the atmosphere and sensitive to short term climatic variability (Swift et al., 

1980). In contrast, Iceland-Scotland Overflow Water (ISOW) is derived from less well-ventilated 

Norwegian Sea Deep Water found at 800- 900 meters depth in the Norwegian Sea (Swift, 1984). 

Other processes that may affect the Nordic Seas 3 H balance include the formation of Greenland 

Sea Deep Water by deep convection in the Greenland gyre (Aagaard et al., 1985) and southward 

transport of high-tritium polar water from the Arctic in the East Greenland Current (EGC) 

(Dorsey and Peterson, 1976) . 

The delivery of bomb-tritium from precipitation and vapor exchange is discussed in detail 

in Chapter 3 (see also Weiss and Roether, 1980). The total atmospheric deposition of 3 H can 

be expressed as: 
h 1 

Datm = P · Cp + E 1 _ h Cv- E a(1 _h) Cs. ( 4.1) 

where P, E, and h represent the climatological values of precipitation, evaporation, and rel

ative humidity, a is the isotopic fractionation factor, and Cp(t), Cv(t), and Cs(t) represent 

the tritium concentration time history in rainfall, water vapor, and surface water (Chapter 3, 

Equation 3-1). The evaporation and precipitation values for the Nordic Seas model (Chapter 3, 

Table 3-6) are from Baumgartner and Reichel (1983), and the average relative humidity value of 

83±3% used in the model calculations is from Gatham (1986) . The precipitation time history 

Cp(t) from Doney et al. (1991) (Chapter 2) is used in Equation 4-1. Based on the results in 

Chapter 3, I have assigned the Cv /Cp ratio in the model a value of 0.7 rather than the isotopic 

equilibrium value (0 .89) . The vapor exchange andre-evaporation 3 H fluxes (Equation 4-1) are 
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Figure 4-2: Annual model tritium input (x 1015 TU81N ·m3 yr - l) to the Nordic Seas from(-) 
atmospheric deposition, (- -) advection from the Atlantic, and ( -.-) coastal runoff. 

reduced by 38% to correct for the annual average ice cover in the Nordic Seas (Parkinson and 

Cavalieri, 1989). The annual atmospheric 3 H input (TU81N ·m3 yr-1 ) integrated over the area 

of the Nordic Seas is shown versus time in Figure 4-2. T he continental runoff 3 H input, cal

culated using freshwater flux estimates from the Norwegian coast (Baumgartner and Reichel, 

1983), is also presented in Figure 4-2; runoff from Greenland is assumed to be trapped inshore 

of the East Greenland Current and does not reach the interior of the gyres. 

The 3 H concentration time history for the North Atlantic surface water feeding the Norwe

gian Atlantic Current can be estimated from historic 3H and 90Sr surface data (Dreisigacker 

and Roether, 1978; Doney and Jenkins, 1988). The upper 600-800 meters of eastern subpolar 

gyre is well ventilated by deep winter convection (McCartney and Talley, 1982; Meincke, 1986) 

and the 3H profiles at subpolar TTO/NAS stations# 132, 136, 138, and 140 are almost ho

mogeneous from the surface to 1000 meters. The average tritium-3 He age over the same depth 

range is about 2-3 years, and similar results have been found for other tracer systems (e.g. 

3 H-8 5 Kr; Smethie and Swift, 1989). As an estimate for the 3 H time history of t he Atlantic 

inflow, I use the surface water 3 H function from Doney and Jenkins (1988) (see also Chapter 

5) corrected using a box-mixing model (Jenkins, 1980) for an apparent age of three years. The 

89 



Table 4-2: Model tritium budget for the Nordic Seas. The cumulative tritium input (export) 
(x1015 TU81N-m3 ) is listed for each source (sink) in the Nordic Seas model.The individual 
transports integrated from 1950- 1972 (hgn) and from 1950- 1981 (h9s1)· 

;,sH Source /1972 /1981 
Precipitation 1.85±0.37 2.05±0.41 
Vapor Exchange 3.44±0.69 3.82±0.76 
Reevaporation -0.17±0.05 -0.27±0.07 
Runoff 0.47±0.17 0.63±0.23 
Atlantic Inflow 6.26±0.70 11.04±0.90 
Denmark Straits Overflow -4.06±0.63 -7.33±1.21 
Iceland Scotland Overflow -1.74±0.52 -3 .35±0.67 
Model Total 6.05±0.70 6.59±0.70 
Observations 5.78±0.60 7.46±0.73 

annual Atlantic 3 H input, computed by multiplying the time history by the net inflow of 4.5 

Sv (1 Sv=1 X106 m3 s-1 ) (Table 4-1), is presented in Figure 4-2. The cumulative 3 H inputs 

integrated from 1950 to 1981 for the atmospheric and Atlantic sources are 5.60 and 11.04 x 1015 

TU81N·m3 respectively (Table 4-2). 

The cumulative 3 H transport in the East Greenland Current (EGC) for the same time 

period is 27x 1015 TU81N·m3 (Chapter 3). However, most of the high 3 H, low salinity polar 

water flowing in the EGC is isolated along the western boundary of the Nordic Seas and thus 

does not greatly influence the Arctic domain, the formation region for Arctic Intermediate 

Water (Dorsey and Peterson, 1976; Swift and Aagaard, 1981 ). As demonstrated in Figure 

4-3, the 3 H-salinity relationship for TTO/NAS stations in the Arctic domain is clearly distinct 

from that found in the polar boundary current. The extrapolated freshwater (zero salinity) 3 H 

concentration for the Arctic domain water is significantly lower than the EGC end-member; 

this result holds true for other time periods as well (Table 4-3). Since Arctic Intermediate 

water is less saline than Atlantic water, the formation of AIW from Atlantic water requires an 

additional freshwater flux from either the EGC or local precipitation and sea-ice melting. The 

Arctic domain 3 H-salinity relationship can be explained by a mix of Atlantic surface water and 

local precipitation alone (Dorsey and Peterson, 1976; Swift and Aagaard, 1981). Based on the 

3 H data, I estimate a maximum polar water contribution to the Arctic domain freshwater flux 

of 15%, in contrast with Aagaard and Carmack's (1989) results that suggest that 50 to 85% of 

the freshwater involved in converting Atlantic water into Arctic Intermediate Water is derived 
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Table 4-3: Fresh-water end-member tritium concentrations calculated from tritium-salinity cor
relations for samples from the surface 250 meters in the Nordic Seas and Irminger Sea. Samples 
from each cruise are divided into two groups: those along the western boundary influenced 
by Polar Water (EGC) and those in the interior or Arctic Domain. The EGC samples from 
the TTO /N AS program are from sections crossing the East Greenland Current south of the 
Denmark Straits. 

Cruise 

GEOSECS (1972)l 

TTO/NAS (1981)§ 

Meteor 61 (1982)t 

Polarstern 5 (1984)t 

t Ostlund and Brescher (1982) 
t Schlosser (1985) 

Date 

7-8/72 

7-8/81 

6/82 

8/84 

Arctic Domain EGC 
(TU81N) (TU81N) 

296±26 622±31 

50±3 222±5 

80±20 

207±11 

§ Tritium data from Ostlund and Grall (1987) and tritium and 3 He data from Jenkins et al. 
(1989) 

from the EGC. However, the tritium data do not rule out a net freshwater flux into the overflow 

source region from the melting of Arctic sea-ice advected south in the EGC because the 3 H 

concentration of sea-ice is similar to the 3 H value of the sea water from which it forms (20- 40 

TU81N for 1980, Ostlund, 1982). 

The model atmospheric Datm and Atlantic Dati 3 H fluxes (Figure 4-2) are used as the tritium 

input for t he surface box in the Nordic Seas box model (Figure 4-1b). Seperate equations can 

be written for the tri tium inventories for each of the three boxes in the Nordic Seas model 

(Figure 4-1a): 

dTs (Fos fl) dt = Datm + Dati - ATs - Vs + Vs · Ts ( 4.2) 

d1\ ( Foi F1) dt = - >..1\ - Vi - Vi ·1\ (4 .3) 

( 4.4) 

where the subscripts s, i, and d refer to t he shallow, intermediate, and deep boxes. Tritium is 

removed from the surface box both by volume exchanges with the deep (Fd) and intermediate 

(F1) boxes and through the overflow of shallow water at the sills (F05 ) . The only other tritium 

sink for the Nordic Seas, the advection of Greenland Sea Deep Water (GSDW) into the deep 

Eurasian basin , is small because of the low volume transport and low 3 H concentration of GSDW 
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(Aagaard et al., 1985; Smethie et al., 1986). The boundary between the deep and intermediate 

box in the 3 H model is 1700 meters, chosen to coincide with the water mass boundary marking 

the top of Greenland Sea and Norwegian Sea Deep waters (Smethie et al. 1986). The depth 

of the model surface box (500 meters) is more arbitrary, but is loosely associated with the 

bottom of the well-ventilated surface region reflected in the tracer data. Box volumes (Vs, Vi, 

Vd) are based on reported Nordic Seas hypsographic curves (Aagaard et al., 1985). The overflow 

water is drawn from both the model surface (Fos) and intermediate (Foi) boxes in an effort to 

simulate the formation of rapidly ventilated Arctic Intermediate Water and poorly ventilated 

Norwegian Sea Deep Water. The AIW transport (2.5 Sv) is taken entirely from the surface 

box and the NSDW transport (2 Sv) is divided between the two boxes (Table 4-1); the total 

overflow transport (Fos+Foi) sums to 4.5 Sv, equal to the Atlantic inflow. The volume exchange 

between the surface and intermediate boxes ( .fl) is set equal to the overflow transport out of 

the intermediate box. The two free parameters in the model are the exchange rate between 

the surface and deep box (Fd) and the partitioning of the ISOW transport from the surface 

and intermediate boxes. Model inventories and overflow 3 H transports have been computed for 

a range of these parameters by stepping the box model forward numerically from 1950 using 

annual time steps. 

The amount of 3 H and 3 He data available to verify the Nordic Seas model is quite limited 

(Table 4-4); in several cases there are only a handful of stations in the region from any particular 

cruise. For each cruise, I have calculated the 3 H and/or 3 He inventories for the model surface 

(0-500 meters), intermediate ( 500-1700 meters) , and deep ( > 1700 meters) boxes. The observed 

inventories are plotted in Figure 4-4 along with the best estimate from the model of the 3 H 

and 3 He inventories for each box. The ISOW overflow in the model run shown in Figure 4-4 

is divided equally between the surface and intermediate boxes. The resulting model residence 

times for the two boxes are 7 and 60 years, slightly larger than the tracer based ventilation age 

estimates for the two overflow components (Smethie and Swift, 1989; Section 4). The model 

estimate for the volume flux into the deep box is 0.35 Sv, lower than the value of 0.65 Sv found 

by Smethie et al. {1986) (see also Peterson and Rooth, 1976). However, the Nordic Sea model 

does not differentiate between the Norwegian and Greenland Sea Deep Water and thus may 

be expected to predict a lower deep water exchange flux compared to Smethie et al.'s (1986) 
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Table 4-4: Tritium and excess 3 He inventories ( x 1015 TU81N ·m3 ) for the Nordic Seas . The 
depth of the three model domains are surface (0-500 meters), intermediate (500-1700 meters) , 
and deep (>1700 meters). The hypsographic volume data are taken from Aagaard et al. (1985). 

Tritium Inventory (x1015 TU81N·mJ) 
Deep 

Volumes (1015 m3 ) 1.4 

GEOSECS (1972) t 0.54±.09 

Meteor 42 (1977)+ 

Meteor 52 (1979)+ 0.83±.09 

TTO (1981)§ 0.88±.26 

Meteor 61 (1982)+ 0.96±.11 

Polarstern 5 (1984)+ .. 
t Ostlund and Brescher (1982) 
f Schlosser (1985) 

Intermediate Shallow 
1.9 0.8 

2.17±.28 3.07±.23 

3.55±.31 

2.53±.46 3.72±.37 

2.88±.29 3.70±.18 

2.34±.20 3.54±.22 

2.88± .24 3.42±.31 

3 He Inventory (x1015 TU·m3 ) 

Deep Intermediate 
1.4 1.9 

1.53±.05 1.79±.10 

1.46±.08 1.90±.12 

1.52±.05 2.01±.08 

§ Tritium data from Ostlund and Grall (1987) and tritium and 3 He data from Jenkins et al. 
(1989) 

model. 

The model appears to simulate adequately the total 3 H inventory for the Nordic Seas (Figure 

4-4a), the 3 H and 3 He inventories for the intermediate box (Figure 4-4c), and the deep 3 H levels. 

Note, however, that the model is not constrained by any data prior to 1972. The deep 3 He 

inventory is under-predicted by a factor of two by the model, which may reflect a hydrothermal 

source of primordial 3 He into the deep water of the Greenland and Norwegian basins. A 

primordial 3 He input from the ridge system in the Greenland and Norwegian Basins of 6x 1012 

TU·m3 yr-1 or 1.2x 1016 3 He atoms s-1 would balance the excess in the model. For comparison, 

Vogt (1986) estimates from model calculations that the hydrothermal heat flux from the Nordic 

Seas' ridges is roughly 15,000 MW. Using the Jenkins et al. (1978) heatj3He ratio of 7.6 x 10-8 

cal per atom, the resulting 3 He input would be 4.7x l016 3 He atoms s- 1 , which is in accord 

with the model results. 

The model also does a poor job fitting the 1972 GEOSECS 3 H data in the surface and 

intermediate boxes (Figure 4-4b and c) al though the total tritium inventory predicted by the 

model for 1972 is close to the observed value. One explanation for the poor fit of the 1972 

could be that the 1972 Nordic Seas inventory data are based on only three stations and are 

thus not representative of the true 3 H invento ries . In addition, the offsets between the model 
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curves and the data could be explained by more rapid exchange between the intermediate and 

shallow boxes prior to 1972 followed by a slowing of the intermediate ventilation rate after 1972 

( cf. Schlosser et al., 1991 ). The overall preformance of the model is acceptable because the goal 

of the modeling exercise is not to simulate specific details of the Nordic Seas tracer data but 

rather to predict the cumulative 3 H transport into the deep North Atlantic. The cumulative 3 H 

fluxes from the two overflows (Figure 4-4 and Table 4-3) approximately balance the Atlantic 

3H inflow, and the total 3H input via the overflows to the deep North Atlantic up to 1981 has 

been 10.7±1.4 x1015 TU81N·m3 . 

4.4 Overflow Waters and Entrainment 

The Nordic Seas 3H model results (Figure 4-4) present only part of the story for the overflow 

water. An approximately equal volume of water is entrained into the deep overflow currents near 

the sills, and, in the case of ISOW, entrainment provides the primary source for the transient 

tracers found in the final overflow water (Smethie and Swift, 1989). The 3 H input resulting 

from mixing and entrainment can be evaluated using the hydrographic and tracer data from 

the Nordic Seas and overflow currents downstream of the sills. I follow a method similar to 

that outlined by Smethie and Swift (1989) for the TTO/NAS 3H and 85 Kr data: identify end

member water mass properties (0, S, Si04 ) for each source, calculate mixing proportions for the 

overflow water from the end-member water mass properties, estimate the end-member 3H and 

3 He concentrations for discrete time periods, and finally generate overflow 3 H and 3 He source 

functions by applying a simple box-mixing model (Jenkins, 1980) to the tracer observations. 

This source function approach also creates a second estimate for the tritium transport out of 

the Nordic Seas that can be compared with the previous budget model results. 

The TTO /N AS hydrographic data for the two overflow currents has been analyzed in detail 

by Smethie and Swift (1989). Iceland- Scotland Overflow Water (ISOW) is a mixture of upper 

Norwegian Sea Deep Water (-0.5°C, 34.92 PSU), found at approximately 800-900 meters in the 

Norwegian Sea, and ambient Atlantic water (8°C, 35.25 PSU) entrained near the sill depth of 

900 meters (Swift, 1984). Based on the hydrographic properties, ISOW downstream of the Faroe 

Banks Channel appears to be a mixture of 59% NSDW and 41% Atlantic water (Swift, 1984). 

The 3 H and 3 He concentrations in 1981 for the NSDW, ISOW, and Atlantic end-members have 
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Table 4-5: End-member compositions in 1981 for Nordic Seas source waters, entrained wa
ter, and overflow waters for DSOW and ISOW. End member water properties are listed by 
TTO /NAS station number. See text and Smethie and Swift (1989). 

Salinity 0 Si04 02 3H 3 He 
Water Mass (PSU) (oC) (J.Lmol kg- 1

) (TU81N) (TU) 
DSOW(168) 34.835 0.86 7.3 307 3.97 1.05 
GFZW(164) 34.950 3.10 12.9 275 1.55 1.47 
GFZW(124) 34.970 3.01 13.0 275 1.81 1.37 
UAIW(159) 34.754 -0.46 4.8 355 4.70 0.13 
LAIW(159) 34.905 -0.20 7.3 301 2.70 1.90 

ISOW(161) 34.990 2.54 9.6 287 2.61 1.36 
NSDW(142) 34.908 -0.56 10.0 301 1.60 1.54 
Atlantic(141) 35.250 8.00 8.0 250 4.20 0.50 

been assigned respectively using data from TTO /N AS station 142 in the Faroe Bank Channel, 

station 161 on the Icelandic slope, and station 141 in the northeastern subpolar gyre (Table 

4-5). Additional tracer data from the GEOSECS program (Ostlund and Bresher, 1982) and 

several Meteor cruises (Schlosser, 1985) are also included in Table 4-6. 

The 3 H and 3 He data for the NSDW and Atlantic end-members can be fit using surface 

water 3 H time histories (Dreisigacker and Roether, 1978; Doney and Jenkins, 1988) and a simple 

box-mixing model (Jenkins, 1980). The box model residence times for the NSDW and Atlantic 

source waters, 4±1 and 35±5 years, are calculated by matching model curves to the observed 

3 H and 3 He concentrations (Table 4-6). The predicted 3 H and 3 He time histories for NSDW and 

Atlantic water are shown along with the observations from Table 4-5 in Figure 4-5; the ISOW 

t ime history curve has been computed by adding the two end- member curves weighted by the 

mixing percentages from Swift (1984) . Note that because of the much longer apparent residence 

time for NSDW, also reflected in the older t ritium-3He age (Table 4-3), about two-thirds of the 

3 H transport in the !SOW current is derived from the entrainment of Atlantic water (Smethie 

and Swift, 1989). 

Smethie and Swift (1989) identify three water masses that could contribute to the Denmark 

Straits overflow: Arctic Intermediate Water and Norwegian Sea Deep Water, both found in the 

Iceland Sea, and Gibbs Fracture Zone Water (GFZW), found in the Irminger Sea. GFZW is 

derived from ISOW that has entered the western basin through the Gibbs Fracture Zone. It 

has been heavily modified by cross-isopycnal mixing and is less dense and poorly ventilated 
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Figure 4-5: Model 3 H (TU81N) and 3 He (TU) concentration time histories predicted by the 
overflow water source function model. Observed end-member tracer data (Table 4-5 and 4-6) 
are also plotted. The model curves and observed tracer concentrations for the entrained Atlantic 
water(-- and x), Norwegian Sea Deep Water(.- . and o), and Iceland-Scotland Overflow Water 
(-and*) are shown in Figure 4-5a and 4-5b. 
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Table 4-6: Tritium and 3 He observations and estimated box-residence times for each component 
in overflow water source fun ction model calculations. See Table 4-5 for data references. 

Tritium JHe Residence 
Water Mass Cruise Year (TU81N) (TU) Time 
Atlantic GEOSECS 23 1972 6.7±.3 3.0±1 

TTO/NAS 141 1981 4.2±.2 0.5±.2 
NSDW GEOSECS 19 1972 2.1±.3 40±5 

Meteor 42 Sta. 815-816 1976 2.0±.3 
Meteor 52 Sta. 364 1979 2.0±.2 1.5±.1 
TTO/NAS 142 1981 1.6±.1 1.5±.1 
Meteor 61 Sta. 284 1982 1.8±.2 1.7±.2 

ISOW TTO/NAS 161 1981 2.5±.1 1.3±.1 
UAIW GEOSECS 15 1972 7.9±.8 1.5±1 

TTO/NAS 159 1981 4.7±.2 0.14±.05 
GFZW TTO/NAS 164 1981 1.6±.1 1.5±.1 
DSOW TTO/NAS 168 1981 4.0±.3 1.0±.2 

compared to DSOW (Swift, 1984). Using 0-S and S-Si04 relationships, Smethie and Swift 

(1989) eliminate Norwegian Sea Deep Water as a potential source for DSOW (Swift et al. , 1980) 

and find that the water properties of the DSOW core can be adequately modeled as a mixture 

of about ~ entrained GFZW and ~ Upper AIW. The end-member water mass properties (0, 

salinity, silicate, oxygen, tritium, and 3 He) are listed in Table 4-5. The AIW, DSOW, GFZW 

end-members are taken respectively from TTO /NAS station 159 in the Iceland Sea and stations 

167 and 165 from a section about 460 km south of the Denmark Straits. Tracer end-member 

data are also shown for GFZW at station 124, which is near the Gibbs Fracture Zone on the 

Mid-Atlantic Ridge (Figure 4-1a). The predicted oxygen, tritium, and 3 He concentrations from 

a ~ GFZW and ~ upper AIW mixture are lower than the observed DSOW values, suggesting 

that either the end-member tracer values or the mixing proportions have not been perfectly 

identified; the apparent errors in the DSOW tracer values are small, however. 

As expected, based on the tritium-3 He age for AIW, the box-model residence time predicted 

for upper AIW is quite short, less than two years. Based on the winter-to-summer variation in 

AIW volume in the Iceland and Greenland Seas, Swift and Aagaard (1981) argue that AIW has 

a residence time of less than 3-4 years. In addition, other transient tracer data also demonstrate 

rather conclusively that the AIW component flowing through the Denmark Straits is ventilated 

on a time scale of a few years or less (Livingston, et al. 1985; Smethie and Swift, 1989). The 
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box-model 3 H and 3 He curves for upper AIW are shown in Figure 4-Sc and 4-Sd. 

The GFZW tracer time histories can not be calculated directly but can be estimated by 

altering the !SOW model curves (Figure 4-5) to account for 3 H decay, 3 He in-growth, and 

dilution along the path from TTO /NAS 161 to the Denmark Straits. Following Smethie and 

Swift (1989), I assume that ISOW parcels mix with tracer-free water. The travel time to 

the Denmark Straits can be computed by extrapolating the observed GFZW tritium-3He age 

back in time until it intersects the model ISOW tritium-3 He curve. From this procedure, I 

estimate that ISOW takes about 8.5 years to travel from the Iceland-Scotland Ridge to the 

Denmark Straits overflows and that only 56% of the water is original ISOW; the remainder is, 

by assumption, tracer-free water. The estimated travel time ( 4 years) and dilution factor (77%) 

computed for GFZW near the fracture zone (TTO/NAS 124) are about half that of the GFZW 

found at the Denmark Straits. These estimates are similar to the values found by Smethie 

and Swift (1989). The model-predicted 3 H and 3 He time histories for GFZW and DSOW are 

also shown in Figure 4-5. Note that the model DSOW 3 H and 3 He concentrations in 1981 are 

slightly lower and higher respectively than the observed values (Figure 4-5 ), the result of the 

small difference between the observed and predicted tritium and 3 He values mentioned earlier. 

The overflow and entrainment 3 H transports from the source function model (Figure 4-5) 

can be quantified using the volume transports for the overflow currents from Appendix A. 

Taking the NSDW, AIW, Atlantic, and GFZW transports to be 2.0 Sv, 2.5 Sv, 1.4 Sv, and 1.25 

Sv respectively, the cumulative 3 H input up to 1981 from the overflow and the overflow plus 

entrainment are 10.5±1.8 and 13.0±2.1 x1015 TU81N·m3 (Table 4-7). Note that the predicted 

3 H flux from the entrainment of GFZW into the DSOW is not actually a new source of 3 H to 

the abyssal North Atlantic since GFZW is already considered deep water. The total 3He input, 

i. e. the integrated 3 He flux plus the cumulative 3 H flux that has subsequently decayed into 

3 He, for each of the model sources is also listed in Table 4-7. In addition, I have calculated a 

model estimate for the 3 H and 3 He transport through the Gibbs Fracture Zone using the model 

time histories for TTO/NAS station 124; the GFZW volume transport into the western basin 

is set at 3.4±0.8 Sv (Table 4-1 ). The similarity between the total predicted overflow 3 H input 

for the source function model and Nordic Seas 3 H budget model (Table 4-7) is encouraging 

and suggests that the important mechanisms controlling the 3 H input into the abyssal North 
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Table 4-7: Cumulative tritium and 3 He inputs to the deep North Atlantic from the Nordic Seas 
model and overflow water source model. The tracer transports (x1015 TU81N·m3

) are given for 
each individual component in both models integrated from 1950- 1972 (h972) and from 1950-
1981 (h981 ) . The observed tracer inventories computed for 1972 and 1981 are also presented. 
The deep water is defined as all water below 37.00 a 2 • 

3 H Input ~3He 

h972 h981 h 972 11981 

Source Function Model 
NSDW 0.60±0.16 1.57±0.42 0.56±0.16 1.91±0.53 
Atlantic 1.44±0.39 2.50±0.68 1.11±0.32 2.48±0.71 
UAIW 5.54±1.11 8.92±1.79 3.90±0.81 8.32±1.73 
GFZW Entrainment 0.10±0.03 0.64±0.20 0.16±0.05 0.87±0.27 
Inter-Basin Transport 0.88±0.28 2.39±0.76 0.92±0.29 2.92±0.93 
Overflow 6.14±1.12 10.49±1.84 4.46±0.83 10.23±1.81 
Overflow + Entrainment 7.58±1.24 12.99±2.10 5.57±0.94 12.71±2.13 
Tritium Budget Model 
DSOW 3.31±0.63 7.33±1.21 2.27±0.48 5.73±1.15 
ISOW 1.74±0.52 3.35±0.67 1.03±0.35 2.78±0.87 
Total Overflow 5.05±0.82 10.68±1.38 3.30±0.59 8.51±1.44 

Abyssal North Atlantic Observations 
;jH Inventory Excess ;jHe Inventory 

11972 h981 h972 h 981 

European Basin 0.58±0.20 1.50±0.40 3.43±0.60 
Labrador Basin 2.25±0.52 5.83±0.73 4.92±0.70 
North American Basin 1.39±0.35 4.89±0.84 20.6±2.4 
North African Basin 0.40±0.15 0.66±0.15 13.1±1.8 
Total 4.62±0.65 12.91±1.20 42.1±3.1 

Atlantic via the overflows have been adequately described. Compared with the 3 H budget 

model , the source function calculation predicts that a larger fraction of the 3 H input occurs via 

the Denmark Straits Overflow. Since the partitioning of overflow waters in the budget model 

is rather crude, the source function approach may provide a better estimate for this aspect of 

the 3 H transports. The 3 H and 3 He source functions developed in this section are used as the 

upstream boundary condition for an abyssal tracer model in section 5. 

4.5 Tracer distributions in the abyssal North Atlantic 

The influence of the Denmark Straits and Iceland-Scotland overflows can be seen clearly in 

the chemical water properties of the abyssal North Atlantic (Swift, 1984). Figure 4-6 presents 
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contour maps of the average oxygen, silicate, tritium, 3 He, and tritium-3 He age values from 

the TTO /N AS data set for the deep North Atlantic, defined as all water below the 37.00 a2 

potential density surface. The 37.00 a 2 surface passes through a vertical tritium minimum 

found over much of the subpolar gyre and marks an approximate boundary between Labrador 

Sea Water and deep water originating from the Nordic Seas. The overflow currents appear in 

the property maps (Figure 4-6) as well-ventilated halos of high oxygen, high tritium, and low 

tritium-3He age along the western boundary of each basin. The ISOW boundary current passes 

through the Mid-Atlantic Ridge at the Gibbs Fracture Zone (53°N 35°W) and the eastern basin 

south of this point is poorly ventilated with very low transient tracer concentrations (Ostlund 

and Rooth, 1990; Chapter 6). The ISOW that has entered the Irminger and Labrador Seas 

appears as an oxygen and tritium minimum (Swift, 1984). The deep Labrador Sea and adjacent 

western basin north of 50°N are well ventilated, characterized by high oxygen (> 280J.Lmol kg- 1
) 

and tritium (> 1.5 TU) concentrations and low tritium-3 He ages. 

The oxygen and tritium concentrations in the deep water decrease significantly south of the 

Grand Banks (Figure 4-6). The tracer signal associated with the recently ventilated water in 

the DWBC extends about 1000 km from the western boundary in the subtropical basin and 

does not reach the Mid-Atlantic Ridge. The track of the GEOSECS tritium section, which 

shows the penetration of tritium in the deep water to about 45°N, left the western boundary 

at the Grand Banks (Broecker et al., 1976). Although the GEOSECS program did not sample 

the boundary current south of this point, tritium values as high as 0.8 TU were observed near 

the Blake-Bahamas Ridge (30°N) by 1977 (Jenkins and Rhines, 1980). The low tritium and 

oxygen values in the eastern half of the western basin reflect the northward flow of Antarctic 

Bottom Water along the western flank of the Mid- Atlantic Ridge (Warren, 1981; Whitehead 

and Worthington, 1982; McCartney, 1991). The transition to the southern water in the eastern 

half of the basin is marked by the high silicate concentrations (30-40 J.Lmol kg- 1 ) in this region 

(Metcalf, 1969; Needell, 1980). 

The abyssal distribution of 3 He (Figure 4-6d) is more complex and is controlled by the 

competition between ventilation, 3 He formation from in-situ tritium decay, and injection of 

primordial 3 He. Close to the sills, 3 He concentrations are low because excess 3 He is 'reset' to near 

zero during overflow water formation . South of the Grand Banks and away from the boundary, 
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Figure 4-6: Contour plots of the average deep water (below 37.00 cr2 ) tracer concentrations 
calculated from TTO/NAS: a) oxygen (pmol kg- 1) and b) silicate (pmol kg- 1 ) 

105 



70"w 50"'11 30"'11 1 O"w 1 O"E 

' I ~ I 

' .• 
' ' 

. ' 

10°N 10°N 

o• o• 
90"'11 70"'11 50"'11 JO"w 10"'11 10°[ 

30"w I O"w 1 0°E 

o··~----~--~r---------f----------r----------r----------ro• 
90"'11 JO"w IO"w 

Figure 4-6: Cont. c) tritium (TU81N) and d) excess 3 He (TU ) 
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Figure 4-6: Cont. e) tritium-3He age (years) 

3 He values are also low because bomb-tritium has not penetrated that far into the deep basin; 

in the region with essentially no detectable tritium, 3 He values approach an approximately 

uniform value of 0.7-0.9 TU. In between these extremes, a 3 He maximum develops in the sub

polar gyre where tritium concentrations are large. The background level of 3 He (0.7- 0.9 TU) 

is thought to be caused by primordial 3 He injection from the Mid-Atlantic Ridge (Jenkins and 

Clarke, 1976). 

The abyssal North Atlantic t ritium and 3 He inventories computed from the TTO/NAS 

data set are shown in Table 4-7. For this calculation, the deep North Atlantic is defined as the 

volume of water with a potential density greater than 37.00 a2, the same criteria used in Figure 

4-6. Separate abyssal tracer inventories are also reported for the four sub-regions of the North 

Atlantic- the Labrador, European, North American, and North African basins-outlined by 

Wright and Worthington ( 1970) in their volumetric survey of the North Atlantic. The bomb

tritium inventory for the deep North Atlantic in 1981 is almost equally divided between the 

Labrador and North American Basins with a small component from the European Basin. The 

107 



deep water in the North African Basin has almost no bomb-tritium. In contrast, the North 

African and North American Basin inventori es of excess 3 He are about equal. Note that the 

total inventory of excess 3 He for the abyssal North Atlantic is a factor of four larger than the 

bomb-tritium inventory. As I discuss in section 5, the expected 3 He inventory from tritium 

decay accounts for only about a fourth of the observed value; the remainder is primordial in 

origin. 

The abyssal tracer inventories for earlier time periods are difficult to estimate because of 

the sparse station coverage for earlier data sets . The 1972 abyssal 3 H inventories listed in Table 

4-7 have been computed using data from the GEOSECS program (Ostlund and Bresher, 1982) 

and other cruises from the same time period (see Table 3-1, Chapter 3). The estimated tritium 

inventories may be slightly low because of the poor sampling of the boundary region during 

GEOSECS, but the magnitude of the increases in the Labrador and North American Basins are 

generally in line with the changes found at the reoccupied GEOSECS stations (Ostlund and 

Roath , 1990; Chapter 3, Figure 3-1). The excess 3 He invent.ory has not been computed from 

the limited GEOSECS data (Jenkins and Clarke, 1976). However, a comparison of the 3 He 

profiles for individual stations shows a distinct increase, on the order of 50% in the subpolar 

gyre, in the excess 3 He concentration for the stations north of the Grand Banks. 

The TTO /NAS program conducted a number of hydrographic sections across the western 

boundary that can be used to examine the structure and evolution of the tracer properties in the 

boundary current itself (Figure 4-7). Contour sections of the tritium and 3 He concentrations 

for each of the TTO/NAS sections are shown in Figure 4-8. Detailed sections of four crossings 

through the boundary current south of Nova Scotia and Newfoundland from a 1983 cruise are 

presented in Section 7. In most of the sections, the DWBC appears as a small core of high 

tritium water either abutting the continental slope or along the bottom of the section. The 

boundary current is not well resolved in some of the sections. The boundary current is both a 

vertical and horizontal 3 H maximum. The lower 3 H water found above the boundary current in 

the subpolar gyre is predominantly ISOW from the Gibbs Fracture (Ostlund and Roath, 1990). 

The boundary current switches from being a local minimum in excess 3 He in the subpolar gyre 

to a local maximum south of the Grand Banks where tritium values are low in t he interior of 

the western basin. 
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Table 4-8: Maximum tritium, 3 He, and tritium-3He age anomalies in the core of the DWBC 
section. Distance is the integrated distance along the DWBC section from the Denmark Straits. 
The reported errors for 3 H, 3 He and Tritium-3He age have been estimated from the variability 
of the bottle data in the DWBC core (Figure 4-8). 

Distance Station Oxygen Tritium 3 He T- 3 He Age 
(km) (J.Lmol kg- 1 ) (TU81N) (TU) (years) 

460 TTO/NAS 167 306±1 3.85±.20 1.1±.15 4.6±0.6 
1100 TTO/NAS 179 305±1 3.56±.15 1.3±.15 5.6±0.8 
1700 TTO/NAS 191 300±1 3.45±.15 1.5±.15 6.5±1.0 
1980 TTO/NAS 194 298±1 3.45±.15 1.7±.15 7.2±1.1 
2250 TTO/NAS 201 300±1 3.36±.15 1.6±.15 7.0±1.2 
3090 TTO/NAS 214 293±1 3.08±.20 1.8±.15 8.2±1.2 
3540 TTO/NAS 225 289±1 2.88±.20 1.7±.15 8.3± 1.3 
5410 OC134 64 281±1 13.3±1.8 
5800 TTO/NAS 246 280±1 1.35± .15 1.6±.15 14.0±1.8 
6070 OC134 34 278±1 14.1±2.0 
6550 OC134 26 276±1 14.7±2.1 
6760 TTO/NAS 3 276±1 0.87±.15 1.3±.15 16.4±2.3 
6790 OC134 4 278±1 15.3±2.2 
7040 NATS 8 277±2 0.77±.15 1.4±.15 18.6±2.2 
7700 TTO/NAS 11 274±1 0.48±.15 1.0±.15 20.2±2.3 
8325 TTO/NAS 15 0.45±.15 1.1±.11 22.2±2.7 
8470 NATS 235 269±1 0.50±.20 1.1±.20 20.9±2.8 
8770 TTO/NAS 16 271±1 0.38±.15 1.0±.15 23.1±3.2 
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Figure 4-7: Map of TTO /N AS and N ATS station locations for sections crossing the western 
boundary. 
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Figure 4-8: Cont. j) TTO/NAS 16- 22 
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Following Swift (1984), I have created a composite section along the boundary current 

by combining the vertical profiles from one station from each TTO /N AS section across the 

boundary. The station information, distance along the path from the Denmark Straits, and 

the maximum tracer values for the DWBC section are recorded in Table 4-8. Contour plots 

of salinity, oxygen, silicate, tritium, 3 He, and tritium-3He age versus a3 are presented for the 

DWBC section in Figure 4-9. The tracer extrema associated with the boundary current in 

Figure 4-9 decrease gradually with distance in the northern half of the section. The densi ty 

also decreases with distance along the section. Water with the density and tracer characteristics 

of DSOW is not found south of the Grand Banks (about 5000 km in Figure 4-9) , and the water 

found in the boundary current south of this point is predominantly more saline, less dense 

ISOW (Swift, 1984). The bottom water in the North American Basin (i.e. water with 8 less 

than 2.0°C and a3 greater than 41.54) has low oxygen and low tritium values and is derived 

from high silicate Antarctic Bottom Water (Broecker et al., 1976; Needell, 1980) . The large 

tritium anomalies associated with the dense DSOW in the boundary current in the Irminger 

and Labrador Seas is mixed into the interior of the deep sub-polar gyre contributing to the 

large observed concentration of tritium in that region (Figure 4-6). 

4.6 Modeling the DWBC and recirculation 

The tritium, 3 He, and steady-state tracer concentrations in the DWBC evolve along the 

path of the boundary current as the result of verti cal and horizontal mixing, entrainment and 

detrainment of water, and aging of the water parcels in the current . Previous tracer studies 

have focused on using the tracer concentrations in the current to estimate the average velocity 

for the DWBC. If we assume for the moment that the only mechanism involved in the DWBC 

tritium and 3 He balances is tritium decay, a velocity estimate for the current can be computed 

from the downstream tritium-3 He gradient (Table 4-9 and Figure 4-10). Tritium-3He age 

increases approximately linearly with distance and the velocity calculated from a least-squares 

fit is 1.7±.1 em s- 1 . This value is similar in magnitude to previous tracer velocity estimates for 

the DWBC (Table 4-9). Using CFC-11/CFC-12 ratios, Weiss et al. ( 1985) calculate that the 

velocity of the plume of Labrador Sea Water found along the coast of South America is about 

1.4 em s- 1 . Smethie (1991) uses CFC-11/CFC-12 ratios and the observed increase in CFC-11 

121 



n 
I 

<( 

2 
0 
(f) 

n 
I 

<( 

2 
0 
(f) 

41.2 

41.4 

41 .6 

~~&o: . \ ... .. ........ ~ ... , .. : :; . ~ ·. ~ §:2900: : ;> ::;:,----~·? 

41 .8 +-+-+--+----l---+---+--+---t---+---r 

41 .2 

41.4 

41.6 

0 0.2x10' 0.4x10' 0.6x10' 0.8x 10' 1.0x 10' 

DISTANCE (KM) 

~: . . <. 

\ . . . : 
~ 
~~ ·: 

'----:.___~: : 
. :._J . ~ 

Js. ;,::~ 

·.:. o.s 

..... ; '0.5 :·- ~ . 

0 0 .2x10' 0. 4x1 0' 0 .6x10' 0.8x10' l .OxlO' 

DISTANCE (KM) 

Figure 4-9: Composite Deep Western Boundary Current contour sections versus a 3 for a) oxygen 
(J..Lmol kg- 1 ) and b) tritium (TU81N) 

122 



n 
I 

<( 
2 
C) 

(f) 

n 
I 

<( 
2 
C) 

(f) 

41.2 

41.4 

41 .6 

_.,. 
.. \J'. 

:-~ 

:~61 : . D. 

: : I : : . : 

; /\~ 
1-25 

0 0.2x 10' 0.4x10' 0.6x10' 0.8x10' 1.0x10' 

DI STANCE (KM ) 

-~ : . . . ~-a-:. ~-? 
~>~: ;I,'?:----:- ·- · · · ---... ~~--:l_..-; ' . 

~~;J~ • . ~--------( 
_} _ : . :,.~·;·-~-~-~ ~ ~ : _· 2s "-
·· .. . __ ~-; .'.§ ___/ . '/ . :· 
.. __ _ o~--- ........ :s1 : ; 

'·. ~ ·· .. .. 
. :····-.__, : : 

. ; . ·.s 

0 0.2x10' 0.4x10' 0.6x10' 0 .8x10' lOxl O' 

DISTANCE (KM) 

Figure 4-9: Cont. c) excess 3 He (TU) and d) tritium-3 He age (years) 

123 



Table 4-9: Transient tracer estimates of Deep Western Boundary Current velocity. 

Velocity 
1.7±.1 ems ·1 

1-2 em s-1 

1.3-1.8 em s-1 

2.6-3.6 em s-1 

"'2 em s-1 

"' 3.5 em s-1 

"' 5-10 em s-1 

5-10 em s-1 

Method 
Tritium- 3He gradient 
CFC-11/CFC-12 ratio 
CFC-11/CFC-12 ratio 
annual % change in CFC-11 
CFC-11/CFC-12 ratio 
w / overflow model 
w / overflow and DWBC mixing models 
direct velocity estimates 

Reference 
present work 
Weiss et al. (1985) 
Smethie (1991) 
Srnethie (1991) 
Pickart et al. (1989) 
Pickart et al. (1989) 
Pickart et al. (1989) 
Joyce et al. 1986 
Hogg et al. 1986 

concentration over time to bracket the DWBC velocity between the Denmark Straits and Nova 

Scotia (41°N) in the range of 1.3 to 3.6 ern s-1 . 

However as Pickart et al. (1989) point out, the effects of mixing and dilution on the boundary 

current cannot be neglected. The apparent 'velocities' calculated from the transient tracers 

(Table 4-9) are significantly smaller than more direct velocity estimates (e.g. from current 

meters), which give values closer to 5-10 ern s-1 (Warren, 1981; Hogg et al., 1986; Joyce et al., 

1986). Two processes that contribute to the older tracer ages (slower velocities) are mixing and 

entrainment during deep water formation in the Nordic Seas and mixing between the DWBC 

and a surrounding halo of non-zero tracer concentration that builds up over time. Pickart et 

al. (1989) recalculate the DWBC tracer velocity using Smethie's (1991) CFC data, including a 

simple deep water formation/ overflow model and t he effects of horizontal and vertical mixing 

on the boundary current; as a result , the apparent tracer velocity for the boundary current 

increased from 2 ern s-1 to 5- 10 em s-1 (Table 4-9). The velocity estimate from the tritium-

3He gradient (Figure 4-10) is also biased toward lower velocities because a large fraction of the 

excess 3He in the North American Basin is not tritiugenic (Jenkins and Clarke, 1976). 

Other factors that complicate the interpretation of tracer data in the DWBC arise because 

the DWBC core defined by the maximum tracer anomalies does not necessarily correspond 

with the velocity maximum (Jenkins and Rhines, 1980; Hogg et al., 1986) and because the 

interaction of the boundary current with the abyssal circulation results in substantial recir

culation of low tracer interior water in the boundary current (Olson et al., 1986; McCartney, 

1991 ). Entrainment and detrainment of water parcels from the boundary current appears to be 
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most intense near topographic and dynamic features such as t he tail of the Grand Banks and 

the DWBC- Gulf Stream crossover. Mixing and recirculation produce dilution factors as large 

as 5- 10 times for the DWBC at mid- latitudes (Jenkins and Rhines, 1980) and tropics (Weiss 

et al., 1985; Fine and Molinari, 1988). As a result, a tracer derived velocity estimate for the 

DWBC is an ambiguous and ill- defined quantity. 

The distribution of t ransient tracers in the boundary current, however, does provide impor

tant constraints on the recirculation rate and effective spreading rate for the boundary current 

system. An outline of a simple abyssal ventilation model is shown in Figure 4-11. The model 

attempts to account for three important observations: the gradient in tracer properties along 

the DWBC, the inventories and distribution of bomb-tritium in the deep basins, and the ob

served increase in tritium and 3 He in the deep water between 1972 and 1981. The model must 

also be consistent with the nutrient and oxygen balances for the boundary current and deep 

basins. The model consists of a continuous boundary current and an interior reservoir ; the inte

rior reservoir is divided into two separate regions, the Labrador Basin and the North American 

Basin, for inventory calculations . The boundary current transport and velocity in the model 

are held constant , and recirculation and eddy mixing between the boundary current and the 

interior reservoir are treated by a single exchange term, K (m3 s-1 ) . The time derivative for 

the tritium concentration in the boundary current Tbc and reservoir Tres are: 

8Tbc 8Tbc K ( 
-!::!- = -v -!::1- - 'TF Tbc - Tres)- .ATbc 

ut uX Vbc 
( 4.5) 

8Tres K ( 
-!::!- = -V: Tbc - Tres) - .ATres 

ut res 
( 4.6) 

where v is t he velocity in the boundary current and .X is the tritium decay coefficient ( .055765 

years- 1 
). Model solutions are generated numerically by dividing t he boundary current and 

reservoir into a series of boxes and running the model forward in time using finite difference 

methods and t he DSOW 3 H and 3 He time histories from section 3. Vbc, Vres, and Kin Equations 

4-2 and 4-3 are the boundary current volume, the reservoir volume, and boundary / reservoir 

transport for a single model box. The volume of the off-shore reservoir in the model changes 

between the Labrador Basin and North American Basin. 

The model has been run over a range of boundary current velocities (1-10 em s- 1 ) and values 

of the exchange parameter K (0- 18 Sv integrated over the length of the boundary current) . The 
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DWBC 

labrador 
Basin 

Western Atlantic 
Basin 

Figure 4-11: Schematic of the abyssal circulation model discussed in the text. The model has 
two components : a continuous boundary current and an interior reservoir. The model reservoir 
has been divided into two sections, the Labrador Sea basin and North American basin , for 
comparison with the measured tracer inventories (Table 7) . 
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model DWBC transport has been held constant at 4 Sv, the DSOW transport value from the 

overflow model. The cumulative tritium transport from ISOW in the boundary current is small 

relative to the DSOW transport and is left out of the model. Above a velocity of 2 em s-1 , the 

model values for both the tracer gradients in the boundary current and the tracer inventories 

in the two basins are relatively insensitive to velocity. This is a result of the fact that the decay 

corrected 3 H curve for DSOW remains about constant for the decade prior to 1981 (Figure 

4-5b) . However, the model results vary dramatically with the value of K. The model results 

for v=10 em s-1 and a range of K (0-18 Sv total exchange) are presented in Figure 4-12. As 

K increases, the 3 H concentration in the boundary current decreases with distance from the 

sill and the 3 H inventories in the two off-shore boxes increase. Beyond a total exchange of 8 

Sv, the 3 H and 3 He inventories in the southern basin begin to decrease, reflecting the removal 

of the tracers from the boundary current into the northern box. The model replicates the 

characteristic hump in the DWBC 3 He observations; the 3 He maximum in the model becomes 

more pronounced as the exchange between the boundary current and the interior is turned 

up. The magnitude of the model 3 He inventories and concentrations in the North American 

Basin are much lower than the observed values because the model does not account for the 

background of primordial 3 He. 

It should be pointed out that the model (Figure 4-11) oversimplifies several aspects of the 

boundary current system and could be improved using a more realistic circulation scheme. First, 

the boundary current probably does not flow at a steady velocity, but rather the velocity may 

fiucuate and even reverse direction with time (Pickart and Watts, 1990). Second, the transport 

in the real DWBC appears to increase downstream ( cf Warren, 1981; Dickson, 1990). The 

downstream entrainment of fluid required to increase the downstream t ransport would act 

to elevate the apparent exchange rate by lowering the tracer concentrations in the boundary 

current. Third, the entrainment/detrainment of fl uid from the boundary current most likely 

occurs more abruptly at topographic and dynamic boundaries; this effect was discussed earlier 

in relation to change in boundary current properties across the Tail of the Grand Banks. A 

large exchange or loss of the most dense, tracer rich components of the boundary current near 

the Tail of the Grand Banks may be reflected in the apparent break in the boundary current 3 H 

data (Figure 4-12a). Fourth , the tracer properties in the North American Basin in particular 
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are not uniform, but rather show a distinct east-west gradient (Figure 4-6) . And fifth, the model 

negelects the inflow of Antarctic Bottom Water from the south (Whitehead and Worthington, 

1982; McCartney, 1991) and the loss of tracer from the interior reservoir via upwelling and 

vertical advection; these three terms are important for determining the off-shore concentration 

of steady state tracers (e.g. oxygen, silicate, primordial 3 He) over longer time scales. 

Nevertheless, the model highlights two first order effects for the ventilation of the western 

basin: first, that the exchange of properties along the boundary current is rapid, with a volume 

equal to the boundary current transport being lost /gained over about 5000 km, and second, that 

about half of the DSOW formed since the mid-1960's resided in the Labrador basin in 1981. The 

transient tracer velocities calculated for the boundary current (Table 4-9) should be thought of 

not as boundary current velocities pre se but as estimates of the boundary current spreading 

rate- the downstream propagation speed of a chemical or physical anomaly introduced at the 

overflows. The spreading rate is influnced both by the actual boundary velocity and by the 

magnitude of the exchange between the boundary current and the interior. 

4. 7 3H and 3He Data from Oceanus #134 

The detailed structure of the tracer distributions in the DWBC can be examined using tri

tium, 3 He, and chlorofluorocarbon samples collected during R/V Oceanus cruise # 134 (June, 

1983), which included four high resolution sections across the DWBC and Northern Recircula

tion Gyre south of Nova Scotia and Newfoundland (Hogg et al., 1986). The oxygen, salinity, 

and nutrient sections for Oceanus # 134 (OC134) have been previously published by Hogg et 

al. (1986), and the CFC-11 and CFC-12 data can be found in Pickart (1987). In this sec

tion, I present the OC134 tritium and 3 He data and compare the new tracer data with t he 

chlorofluorocarbons and the hydrographic data. 

The locations of the four sections, labeled section 1 through 4 starting from the south, are 

shown in Figure 4-13, and contour plots for tritium, 3 He, CFC-12, and oxygen are shown for 

each section in Figure 4-14. Although the details vary slightly from section to section, each 

section contains the same basic features: a well-ventilated (high oxygen and high transient 

tracers) DWBC core several hundred meters thick and "'150 km wide abutting the continental 

slope between 3000-4000 dbars; a tracer rich, relatively homogeneous zone extending off-shore 
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of the core; a mid-depth transient tracer minimum at about 2000 dbars; and a sharp decrease 

in the oxygen and tracer concentrations at the very off-shore edge of the section. 

Hogg et al. ( 1986) discuss evidence for a deep, cyclonic circulat ion cell-the Northern Re

circulation Gyre (NRG)- located south of Newfoundland and Nova Scotia between the DWB C 

and the deep Gulf Stream. The homogeneous region of high oxygen and chlorofluorocarbon 

values off-shore of the boundary current in the OC134 sections is thought to reflect the exchange 

of water between the DWBC and the recirculation gyre (Hogg et al., 1986; Pickart and Hogg, 

1989). Contour plots of oxygen, CFC-12, tritium, and 3He interpolated on the 45.875a4 surface 

are shown in Figure 4-15; the 45.875a 4 surface approximately follows the depth of the off-shore 

oxygen plumes (Figure 4-14). The reci rculation gyre appears in t he property maps (Figure 

4-15) as a broad region of relatively uniform tracer values separated by strong property fronts 

from the DWBC to the north and poorly ventilated water of southern origin to t he south. T he 

extent of the gyre as defined by the tracer data approximately matches that outlined by Hogg 

et al. (1986) using current meter data. Hogg et al. (1986) attribute the generally uniform 

tracer concentrations in the interior of the gyre to the expulsion process described by Rhines 

and Young (1983). The transition to low tracer values on the southern edge of the gyre marks 

a boundary with northward flowing water of southern origin (McCartney, 1991 ). 

The tritium and 3 He data are well correlated with the chlorofluorocarbon data throughout 

both the DWBC and recirculation gyre. In contrast, the OC134 transient tracer distributions 

match the oxygen distributions in-shore near the boundary current and far off-shore, where 

tracer and oxygen values drop dramatically, but the oxygen and tracer data are not well cor

related in the recirculation region. This effect is most clearly apparent in the layer below 4500 

dbars where oxygen decreases with depth but the transient tracer values increase to the bottom. 

The oxygen decrease in this layer is small , about 0.1-0.2 mll - 1 . The low oxygen layer is denser 

than the DWB C core and has silicate values greater than 30J.Lmol kg-1
, which is characteristic 

of southern wa ter influence (Needell , 1980). One explanation for the lower oxygen val ues along 

the bottom could be that oxygen and the t ransient tracers are all tr ansported into the dense, 

bottom layer by diapycnal mixing from the boundary current, but that oxygen is removed by 

high respiration rates at the sediment-water interface (Jahnke and Jackson, 1987). The appar

ent oxygen deficit for the layer below the oxygen maximum {300- 500 meters thick ) is abou t 
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Figure 4-14: Cont. f) Section 3: excess 3 He (TU) and CFC-12 (pmol kg-1 ) 

138 



Figure 4-14: Cont. g) Section 4: oxygen (ml l- 1) and tritium (TU8 1N) 
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3-Sx 105 ml m-2, and reported benthic oxygen consumption rates for the Northwest Atlantic 

over the appropriate depth range are about 0.06 ml 02 m-2 h-1 (Smith, 1978). At this rate, 

the residence time for water in the recirculation gyre would have to be about 75±20 years to 

account for the observed oxygen decrease. Higher benthic oxygen consumption rates have been 

observed at shallower depths (0.24 ml 0 2 m-2 h-1 at 3500 meters; Smith, 1978), resulting in 

a lower residence time of about 20 years. Another possibility is that the transient tracers have 

not yet reached a steady-state distribution. 

4.8 Conclusions 

The TTO /NAS tritium and excess 3 He data sets have been used to explore the formation 

of North Atlantic Deep Water precursors in the Nordic Seas and the abyssal ventilation of the 

western basin of the North Atlantic. The introduction of tritium and excess 3 He from the Nordic 

Seas overflows has been estimated from both a model of the atmospheric and advective tritium 

delivery to the Nordic Seas and the measured tracer concentrations in the overflow currents 

downstream. The tritium concentrations are quite high in the low salinity, East Greenland 

Current, but very littl e of this water reaches the regions where the overflow waters form in the 

Nordic Seas. Although there are differences between the tracer transports in the two models, 

the total tritium inputs into the deep North Atlantic predicted by the two methods agree within 

about 10%. The incorporation by entrainment of a significant fraction of Atlantic water from 

the well-ventilated sub-polar gyre increases the ISOW 3H transport into the deep North Atlantic 

by a factor of about 2.3. In contrast, the tritium burden in DSOW comes almost entirely from 

the Nordic Seas itself. The transient tracer data along the boundary suggest that the overall 

southward spreading rate for North Atlantic Deep Water is on the order of 2 em s-1 . This 

is an important quantity for understanding the penetration of greenhouse C02 into the deep 

ocean and the appearance of deep water temperature and salinity shifts resulting from surface 

climatic variability (Brewer et al., 1983). The magnitude of recirculation between the DWBC 

and the interior of the western basin has been estimated from a simple abyssal circulation 

model to be about twice the DWBC transport over a distance from the Denmark Straits to the 

Blake-Bahama Rise. Approximately half of the DSOW introduced into the northern boundary 

current since the mid-1960's resided in the Labrador Basin in 1981. 
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The effect of boundary conditions on tracer estimates of 
thermocline ventilation rates 

by Scott C. Doney1 and William J. Jenkins 1 

A BSTRACT 
Using a simple box mixing model, we show t hat ventila tion ra te estima tes obtained from 

tracer box mode ls may be significa ntly s ma ller tha n flu id replacement ra tes. The degree to 
whic h a tracer ventilation estimate a pproaches the actua l (fluid) ventila t ion ra te depends on the 
surface boundary cond it ion for that tracer. Ventila tion ra tes for ra pidly exc ha nging tracers (e.g. 
1 He) arc close to the flu id ventilation ra te while tracers with limited surface excha nge (e.g. 
trit ium) ventila te more s lowly. For box m ixing models, the ratio of ventil a tion rates for lim ited 
surface excha nge tracers to ra pidly excha nging t racers a pproaches the ra t io of summer to winter 
mixed layer depths. Furt her, the d is tri bu t ion of rapidl y equil ibra ti ng tracers more accura tely 
tracks climatological fl uc tua t ions in wa ter mass fo rmation ra tes. Limited surface excha nge 
tracers show a da mping proportional to the rat io of summer to winter mixed layer depths. 

To compa re model results with observa tions, we ca lcula te 1He a nd tri t ium vent ila tion ra tes 
from data ta ke n in 1979 in the eastern s ubt ropica l North At la nt ic. In ca lcula ting the tritium 
ventila t ion ra tes, we modify a North A tl a ntic t rit ium " source fu nction" (time history of surface 
water t r it ium concent rations), ex tending previous work using recent da ta . On s ha llow density 
surfaces (u, < 27.0) , the computed t ri tium vent ilat ion ra tes a re 2- 3 ti mes slowe r tha n those fo r 
1 He, in agreement with cl ima tologica l ra tio of summer to winter mixed layer depths. Deeper in 
the thermocline, the two t racer est imated ventila tion ra tes conve rge. This tre nd ma y be rela ted 
to the decreasing effectiveness of 1 He gas excha nge in equili bra ti ng the deeper wi nter mixed 
la yers of the more northerly isopycna l outcrops. We conc lude that box models using limited 
surface excha nge tracers (e.g. 1•C a nd t r it ium) ca n underpred ict oxygen util iza t ion ra tes (OU R) 
by up to 3 t imes d ue to differe nces in tracer bounda ry cond it ions, while a tracer like 1Hc may 
overestima te O U R by 10- 20%. 

I. Introduction 

Ocean venti la tio n, th e im printing of surface conditio ns on subsurface wa te rs, is 

tho ught to occur in the subtropics through winte rtime convective mixing followed by 

geost roph ic flow a nd mixing a long isopycna l s ur faces into the gy re interior (c f 

S tommel, 1979; W oods, 19 85) . The ra tes a nd mecha nisms by whic h th is takes place 

are impo rta nt for unde rsta nding the upta ke by the ocea n of gases suc h as col as we ll 

as subsur face oxygen ut il iza tion ra tes. Dist ribu tio ns o f tra nsient tracers. in part icular 

I . Chem istry Depa rtment. Woods Hole Oceanogra phic I nsli tution. Woods Hole. Ma ssac huse tts. 02543, 
U.S.A . 
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tnuum (Sarmiento, 1983a) and tritium-3He (Jenkins, 1980) have been used with 

simple box-mixing models to estima te ven tilat ion rates for the North Atlantic main 

the rmocline. However, beca use tritium and 3He have different boundary conditions at 

the winter outcro ps, their calculated ventilation rates may differ. Whereas the tritium 

"signal " is diluted with subsurface water during mi xed layer deepening, a ir-sea gas 

exchange can substantia lly lower the 3H e concentration in the winter mixed layer 

towa rd atmospheric equilibrium. This lead s to a greater ventila tion ra te for 3 He-like 

tracers compared to tritium a nd other non-gaseous tracers. 
The role of boundary cond itions in determining venti la tion ra tes is illustrated by the 

following simple conceptua l model. Consider two well mixed boxes, corresponding to a 

summer m ixed layer and a su bsurface isopycnal (see Fig. Ia). By isopycnal, we refer 

not to a specific surface, but rather to a volume bounded by two isopycna ls centered on 

the isopycna l surface of choice. The deeper box is further divided into an interior box 

( l) a nd a "winter" box ( W) correspondi ng to the portion of the isopycnal wh ich 

outc rops during the winter. For this example, we choose the volume ratios of these 

boxes to be S:W :I - I :2: 18. S uc h a choice might correspond to summer and winter 

mixed layer depths o f 50 and I SO m respectively, and an isopycnal which has I 0% of its 

vol ume o utc ropping in winter. We furthe r assign initia l concentra tions of tritium e H ) 

and excess 3He as H, = 7, He, - 0 a nd H , = H w = 4, He, - Hew - I trit ium units (TU) 

for the surface (S) a nd deeper (I + W) boxes. 

Ventilation occurs in this ca lcu lation as the two-step process out lined in Figures I b 

and l c. In the winter, we simulate the entrainment of su bsurface wa ter during m ixed 

layer d eepening by a llowing the surface box (S ) to mix with the winter box (W) o f 

subsu rface water (Fig. I b) . During this winter convection, tritium is diluted with the 

older, underlying interior water ( W) , reducing the mixed layer concentrat ion from 7 to 

5 TU. In this example, we further specify that vigorous winter a ir-sea exchange resets 

the water column excess 3He to zero (i.e. to atmospher ic equilibr ium). In addition, we 

a lso assume tha t during the period of winter convection (- I month) there is negligible 

excha nge between the winte r mixed layer (S + W) and the interior (/). Thus our 

definition of "winter" refers sole ly to the brief per iod o f deep convection which occurs 

near the end of the cooling season. Following spring restra t ification, the surface box is 

isolated, a nd the inte rior and winter boxes a re mixed, producing final tr it ium and 3He 

concentra t ions of 4.1 and 0.9 TU respectively (Fig. I c). During this "seasonal cycle," 

the interior 3He con tent has been reduced by I 0%, correspond ing to a ventilat ion time 

scale o f 10 years. The tritium concen tra t ion, however, has been increased on ly 3% of 

the way toward surface va lues, corresponding to a tr itium ventilation timescale of 30 

years. That is , because of dilution with older subsurface waters, the effective 

ventilation rate o f t rit ium has been red uced by a factor of three, the ratio of summer to 

winter mixed layer volumes (or thicknesses). 

In the more genera l case, different tracer boundary conditions can be introduced 

into the calculation by adjust ing the effect ive equ ilibration of surface characteristics 
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Figure I. (a) Schematic diagram of the conceptual th ree-box ventilation model described in the 
text. (b) and (c) are two steps wh ich describe ventilation: (b) the mixing of surface and 
subsurface waters during winter convection and (c) the homogenization of the outcropped 
isopycnal following restratiticat ion. 

dur ing winter mixing. Two extreme cases exist; maximum ventilation occurs when the 

ent ire winter mixed layer is forced to surface concentration , wh ile min imum vent i la

tion results from the complete absence of any air-sea exchange duri ng winter mixing. 

T he first case, the resetting of surface concentration to a fixed va lue, is like tha t of 3He 

in the example above. and will be referred to as the ' fixed concentration' case. W e do 

not cla im, however, that 3H e behaves everywhere as a perfect exchanger across th e 

ai r-sea in ter face, on ly that in the limit of infinitely rapid exchange, 3He would 
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approach this case (cf Fuchs eta! .. 1987) . The second case, no nu x of tracer across the 

surface, appears most appropriate for tritium. Here aga in, trit ium does no t a lways 

a pproach the ideal, s ince some exchange of tracer occurs across the a ir-sea su rface. For 

diffe rent tracers, the boundary conditions will fall somewhere between these two 

extremes, controlled by the rela tive time scales of ai r-sea exchange (or surface forcing) 

to water subduction. Indeed, for a given tracer, geographic a nd temporal variations in 

winter mixed layer depth and persistence may result in behavior ra nging from one 

extreme to the other. The usefulness of tracer ventilat ion rate estimates thus rests on an 

understanding of how these rates are influenced by tracer bo undary conditions. In the 

remai nder of this paper, we explore a more genera l boundary condition model, analyze 

existing 3He a nd tritium da ta in lig ht of the model, a nd finally ra tionali ze the patte rns 

evident in the results with what is "known" about ventilation and ci rcu lation. 

2. Box-mixing model 

Our goa l is to develop a scheme for incorporating the effects of tracer boundary 

condit ions encountered above into the more genera ll y used two-box model. C learly box 

models do not incorporate a ll of the physics associated with gyre venti la tio n and 

c ircula tion. but they do provide a "zeroeth order" description oft he entry of substances 

into th e ma in thermocline. As such, they embody a usefu l conceptual framework to 

compare tracers and the time evolution of their inventories in the ocean. Moreover , 

such simple models have been employed extensively in the past (e.g. Sarmiento. 1983a; 

J enkins, 1980) and thus merit exploration. 

The time history of a tracer C in a finite difference t wo box model is: 

( I ) 

where t is the time (in annual steps), the subscripts S a nd I sta nd fo r surface and 

interior box , J includes any source-sink terms for the tracer, and Tis the "replace

ment" ventilat ion time scale or fluid residence time (measured in yea rs) for the 

interior box . That is, Tis inversely re la ted to the fract ional volume of water mass which 

participates in wintertime convective mix ing (T - Vd Vw) during each model step ( I 

year) a nd is tracer independent. 

To account for tracer specific ventil a tio n processes, we briefl y return to the three box 

calcula tion. Le t us exami ne the tracer concentra t ion in the winter box at the end of the 

a nnua l convection event, since it is thi s water which is exchanged with the interior. 

Recalling the two extreme cases ( ignoring nonconservative terms) : 

Cw(t) = Cs(t) (2) 

(3) 
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where V is the volume, Cis the tracer concentration, and the subscripts S, W , a nd I 

stand for surface, water a nd interior. VML - V5 +- V w is the total mixed layer volume 

during the winter convection event. The first equation, the "fixed concentration" case 

reduces to Eq . I for the two box system because the winter water is indistinguishable 

from surface waters. The second equation, the "no flux" case, can be substituted into 

Eq. I to obtain 

C1(t) = I --- C1(t - I) + C5 (t) -- + J. ( 
V5 I ) V5 I 

VML T Vm T 
(4) 

In the intermediate case, where the tracer reaches pa rtia l equilibrium during winte r 

convection, the winter mixed layer concentration is expressed as 

( 5) 

a nd the tracer equation becomes 

(6) 

where we introduce¢, a measure of the " tension" of the tracer boundary condition to 

s urface forcing . A tracer which is ra pidly reset to surface values by a ir-sea excha nge or 

other processes (e.g. biological uptake) would be considered to have a tense bounda ry 

condition. Tension can range from </> - I (tense) for the fixed concentra tion bounda ry 

condition to</> - V5 f VML (elastic) for the no flux boundary condition . The effective 

tracer ventilation time scale is then T f </J, a func tion of both the fluid renewa l time scale 

a nd the tracer bounda ry tension . For elastic tracers </J is less tha n one a nd this new time 

sca le is larger than the time scale for a perfectly ventila ted tracer (</> ~ I) du e to 

dilution of the surface "signal" by older subsurface wa ter. 

For the tracers tritium and 3He, we write equa tions based on (6) but including the 

tritium decay a nd source-sink terms: 

3H 1( t) - (I - <~>; )3H1(t - I )e->.A' + 3Hs (t) <~>; 

3He1(t) = (I - </J; e)(3He1(t - I) + (I - e - AL>') 3H1( t - I) 

(7) 

( 8) 

where X is the decay consta nt for tritium, 6.t is a one year time interval, and ¢Hand </J 1 ~e 
a re the tritium and 3He tensions respectively. T he tritium and 3He ventilat ion time 

sca les a re TH = T f<P H and THe - T /¢He· We ca nnot sepa rate the fluid venti la t ion age 

<n from the tracer specific effects without a priori assumptions concerning the 
behavior o f the tracers at the boundary. We ca n, however, determine the tracer 

ven tila t ion time scales, a nd th rough their ratios, the ra tio of tracer tens ions. For 3He 

a nd tritiu m, th is ratio (<I>Hci<I>H) reaches a maximu m when 3He is perfectly tense (¢He -
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I) and tritium is pe rfectly elast ic (cf>H - V5/VML) g iving; 

(9) 

The m101mum value for this ra tio, is of cou rse I when both t racers a rc perfectly 

elastic. 
In reality, these two extremes are unattainable. On the one hand, the assumption of 

no mass flu x of tritium during winter subduction is not s trictly true; during the ea rly 

period of the tritium transient, the flux of tritium into the winter mixed layer from 

precipitation a nd vapor exchange may have been significa nt (Weiss and Roether, 

1980), despite the expected brevity of the winte r convection event (-I month). For 
3He, on the othe r ha nd , pa rticula rly deep winter mixed layers may not reach 

atmospheric equilibrium. We show evidence of the la tter in comparing t rit iu m and 3He 

ventilation ages computed from tritium and 3He data in the North Atlantic. 

3. A tritium source function 

In order to use Eq. 7 to extrac t es timates of tritium vent ila tio n ages from the 

observations, we need to construc t a "source fun ction"- a time history of surface 

water tritium concentrations- and its uncertainty for the outcro p regions of the 

isopycna ls being studied . We build on the Dre isigacker a nd Roether ( 1978: hereafter 

re ferred to as "DR") source func tion, which estimated Nor th Atlantic average surface 

water tritium concentra tions for the pe riod 1950- 1974. In this sect ion we extend the 

DR source function in time using a n empirical func tion, incorporate a weak latit udina l 

dependence, and make a small correction for the revised (U nterweger et at .. 1980) 

tritium half li fe . 

We first ma ke a small correct ion to the DR fun ction and available literatu re data for 

the revised tritium ha lf life (cf U nterweger et at .. 1980; T aylor and Roethe r, 1982). 

For most of the curve, the cha nge is less than 2%. We then compiled a nd corrected 

reported surface triti um values for the period afte r 1972 for the win ter outcrop region 

of the thermocline isopycna ls (a8 = 26.30 - 27.50 , 30- 60N a nd 10- SOW) a nd 

summarize them in T able I . In th is compilation. surface values were obta ined by 

averaging samples sha llower than 50 m depth . Reported values with low salini ties (five 

sa mples with S < 34 per mil) were deemed unrepresen ta tive o f open ocea n waters since 

tritium concentrations were probably e leva ted due to continental runoff (cf Weiss a nd 

Roether, 1980). 

S u rface tritium concentra tions ex hibit a statis tically significant lat itud inal gradien t 

in the North A t lantic. Th is is evident in Figure 2a, a plot vs. lati tude of surface tritium 

concentra tions measured during the 1981 TTO (T ransient T racers in the Ocean) 

expedi tion. To account fo r this trend, a ll of the data sets a re collapsed to an a rbit ra ry 
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Table I . Tritium North Atlant ic surface observa tions ( 1972- 198 1 ) . 

Data set 

GEOSECS 
Ostlund ( 1982) 
NAGS Cruise GS7608 

Ostlund (1 984) 

Sargasso Sea 1974 

Sargasso Sea 1975 

Panulirus 1977 
Jenkins eta/. ( 1979) 
.TTOTest 
TTO 
(Jenkins et al .. 1988 ) 

S tation numbers 

5, 27, 30, 11 7, 120 

22. 24, 25, 26, 27. 
28, 29 

33, 36, 39, 40, 43, 
48, 50, 70, 72 

542,546,548,550. 
552,554 

615,6 17, 61 9,62 1, 
623,625,626 

I, 2, 3 

3, 4, 5, 13, 15 
43, 99, 109, 110, 

Ill , 117, 118, 
121. 122, 123, 
124, 127, 130, 
134, 138, 14 1, 
173,177, 179. 
193, 202. 205. 
21 4, 227,228. 
230, 233 

reference latitude, J2.5 N using the relationship 

Mean 3H0 (TU) 

7.05 :t .08 

5.07 :t .05 

5.88 :t .07 

6.23 :t .06 

5. 16 :t .08 

3.94 :t .07 
3.85 :t .09 

Da tes 

7/28/72-3/27/73 

9/2/76- 10/ 15/76 

I 1/ 18/74- 11/20/74 

3/27/75- 3/3 1/75 

3/30/77- 6/)0/77 

10/23/80- 1 1/2/80 
5/ 18/81 - 10/ 4/8 1 

( I 0) 

where t.y is the difference in la titude with respect the reference lat itude, 3H0 is the time 
dependen t reference lati tude tritium value, and the subscri pt TTO indicates evalua tion 
from the TTO data (see Fig. 2a). A surface tritium concentration for a specific la titude 
and time may then be recovered from the above relat ionshi p coupled wi th the time 
dependent fun ction developed below. This approach rests on the assum ption tha t the 
la titudina l gradient has been proportiona l to th e mean tritium concentrat ion th rough
out time. One would ex pect that proportionally stronger gradi ents ex isted during the 
early stages of delivery of tritium to the ocea n surface; but in the absence of more 
complete in format ion. the approach taken here is a first approximation. This formula
tion may thus lead to an und erprediction of ea r ly surface tritium concentrations for the 
deeper (more northerly ou tcropping) isopycnals, and hence to an overprediction of 
trit ium vent ila tion rates for those sur faces. 

The issue of seasona l bias in the data used to construct the source function must be 
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Figure 2. (a) Plot of T TO sur face trit ium concentra tion versus lat it ude. The sol id line is a 
least-squares fit used to account for latitudina l trends in the tritium source funct ion. This 
relationship is used to normalize litera tu re data to a " reference latitude" in order to (b) extend 
the Dreisigacker and Roet her ( 1978) t riti um source function . The hollow ci rcles are data 
compi led in this study, and the fi ll ed c irc les are results reported by Dreisigacker and Roether 
( 1978 ). The dotted lines a re the 5% uncertain ty envelope on the source function, and the 
das hed line is the DR curve between 1969 and 1974. 
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considered as well. The formulation of the model embodied in Eq. 7 requires that the 

sou rce function represent summer surface concentrations. By "summer," we mean any 

time excluding the period of time when deep convection modifies sur face concentra

tions by mixing with older waters below. Incorporation of data from the winter 
(convect ive) period would generally lead to a n unde resti ma te of the "true" source 

fu nction, a nd hence an overestimate of the tritium vent ila tion ra te. About half o f the 

data used by DR were for the period June-November. Of the rema inde r, two thi rds 

were from the period December-May, a nd one third "an nua l average." Recognizing 

that the deep convection pe riod is a small fraction of the December-May time frame, 

a nd a llowing for a possible "fair weather" bias, we would argue that the derived 
function is not significan tly influenced by data from the convective period. 

For each of the data sets listed in Table I , a mean 3H0 va lue and standard deviation 

about the lati tudina l t rend are ca lcula ted. These seven da ta sets are then least-squares 

spline connected to the DR function a t 1969 using the empirical functi on 

3H (t) - 3 H0 R(t) I ::; 1969 
3 H(t) - 3H 0 R(I969)[e"6

' ) + b6. t I > 1969 

6.1 - I - 1969 (I I) 

where a - - 0 . 115 ± .0017, b - 0. 11 2 :t .008 and 3H 0 R ( 1969) 10.0. The hollow 

c ircles in Fig ure 2b are the mean surface data set values used in this study whi le the 

filled c ircles a re some of the reported observationa l val ues from DR. The tritium 

concentrations used in this s tudy and the DR annual values are lis ted in Table 2. The 

DR function, the broken dashed line in Figure 2b, diverges from ou r relation a fter 

1969. This difference arises in part d ue to our reject ion of the low salinity, high tritium 

data, and in part because we accou nt for latit udinal trends. The dotted lines in Figure 

2b a re the e rror estimates computed from the deviations o f observed data from ou r 

em pir ica l curve. The standa rd deviation from the cu rve is 2.6%, and we use 5% error 

bars as a 2u estimate of the u ncertainty in the tritium source fu nction. 

4. Comparison with observations 

The sou rce function developed above is then used with the ventilation box model, 

integrating over the per iod 1950- 1979 to obtain a 3H , 3He, Tf¢H, T!¢Hc• and ¢Hc/¢H 

nomograph for the observation time ( 1979) for a range of e lasticity ratios and 

ventilation timescales. T hese model curves are used to obtai n estimates for the latter 

three parameters. For exa mple, Figure 3 is a plot of 3H and 3He versus trit ium 

ventila tio n age (T/¢H) for three val ues of ¢Hc/<I>H - I, 2 a nd 3. For a n observed 3H a nd 
3He point, we obta in a tritium ventilation age from the T/¢H vs. 3H curve, and the 

tension ratio from the 3He concentration. In this case, having 3 H - 4 TU and 3 He = 

1.4 TU would correspond to a tritium ventilation age of 15 years and ¢ Hc /<I>H = 2. 

We use data from the Beta Triangle region in the eastern subtropical North Atlantic 

(J enkins, 1987; Armi and S tommel. 1983) . At each station, the trit iu m and 3He data 
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Table 2. Tritium source func tions. 

Dreisigacker Dreisigacker 

a nd This and This 

Year Roethert study Year Roet her study 

1950.5 0.2* 0.20 1966 .5 14.8 15.07 

1951.5 0.2 0.20 1967.5 12.7 12.94 

1952.5 0.2 0.20 1968.5 10.9 I 1.1 I 

1953.5 0 .3 0.30 1969.5 9.8 10.00 

1954.5 0.8 0.81 1970.5 9.0 9.02 

1955.5 1.2 1.21 1971.5 8.5 8.17 

1956.5 1.2 1.21 1972.5 7.9 7.42 

1957 .5 1.3 1.32 1973.5 7.4 6.76 

1958.5 2.2 2.23 1974.5 7.0 6. 18 

1959.5 3.3 3.34 1975.5 5.68 

1960.5 3.4 3.45 1976.5 5.25 

1961.5 2.9 2.94 1977.5 4.88 

1962.5 4.4 4.46 1978.5 4.56 

1963.5 I 1.7 11 .89 1979.5 4.28 

1964.5 17.4 17.69 1980.5 4.05 

1965.5 16.9 17.07 1981.5 3.86 

*Tritium in tritium units. 
tDrcisigacker and Roether ( 1978) . 

(Jenkins et a/ .. 1985) a re linearly interpola ted onto six isopycna l surfaces. Each of 

these su rfaces (a, = 26.35, 26.50 , 26.62, 26 .85, 27. 15* a nd 27 .45*) 2 is then regressed to 

a pla na r surface to obtain mea n trit ium a nd 3He values ( referenced to triangle center) 

a nd th ei r respective uncertain ties for each horizon. A sepa rate no mogra ph must be 

generated for each isopycnal, using the Levit us ( 1982) wintertime o utcrop posit ion and 

th e la titude dependence of the tritium source fu nction (Eq I 0). T he results a re given in 

Table 3, a nd summarized in Figure 4 vs. density. For reference, we include in the fi gure 

Sar miento's ( 1983a) estimates o f box model ventila tion ages obtained from \972 

t rit ium data. Although the latter were obtained for large scale, gyre average t ritium 

concentrations, the agreement be tween the two tritium ages is good . T his is a t fi rst 

unexpected, since the advective age of the waters in the Be ta Tria ng le region, based on 

pictu res of the gy re c irc ulation, should be younger than the gyre as a whole. However, 

exa mina t ion of trit ium-3He age maps for the Nor th Atlant ic (Jenkins, 1988 ) reveal 

that the Beta Triangle a rea mean ages a re not much different from the gyre mea n 
va lues. 

The calcula ted 3He ventila t ion ages, on the other hand , s how a ma rked difference 

2. For the two deepest surfaces. a,- 27.15 and 27 .45, we actually use a reference pressurea t theaveragc 
depth of the isopycna I (cf Armi a nd S tommel. 1983 ). correspond ing to a621 - 29.90 and a900 - J 1.50. 
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Figure 3. Plot of 3H and JHe versus T /cb11 for three va lues of the tens ion ratio cb11./</111 - I , 2 and 
3. This figure is part of the model genera ted nomograph described in the text. Note that 
tritium values are insensitive to the tritium ventilation age below 5 yea rs while 3Hc increases 
strongly with age in this region. The effect of increasing the tension ra tio from I to 3 
(equiva le nt to increasing gas exchange rate or decreas ing mixed la yer depth) is to depress the 
overall accumula tion of JHe from tritium decay. 

(up to a factor of three sma ller) rela tive to the tritium ages on the shallowest surface. 

The two converge on the deeper horizons. Sarmiento ( 1983a) in comparing his tritium 

ages to Jenkins' (1980) tritium- 1 He ages attribu ted this offset to regional differences. 

W e. however, a rgue tha t much o f the offset a rises from geographic trends in cf>tie/¢11 , 

that is in the tracer boundary conditions discussed above. 

5. Discussion 

a. Geographic trends. Variation in the tension of 1He, ¢He• should relate to the 

geography of the isopycnal surfaces. Figure Sa shows the positions of the wintertime 

Table 3. Ventilation age estimates for tritium and 1He for the Beta Tria ngle region. 

lsopycnal 
Observed values Ventila tion ages (yr) 

surface Tritium 1H e Predicted 3 He Tritium 1He 

26.35 4.54 :!: .03 0.63 :!: .04 2.0 :!: .4 6.5 :!: 2.5 2.2 :!: 1.0 
26.50 4.SI :!: .04 1.02 :!: .06 2.4 :!: .2 8.6:!: 1.8 3.S :!: 1.0 
26.62 4.4 2 :!: .03 1.31 :!: .OS 2.S :!: .3 9.9 :!: 1.9 4.S :!: 1.2 
26.85 4.26 :!: .04 1.9 1 :!: .04 2.6 :t . I 12. :!: 1.6 7.6 :!: 1.4 
27 .1S 3.24 :t .OS 2.25 :t .OS 2.3 :t . I 23. :!: 2.0 20. :!: 4.0 
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Figure 4. Plot of model estimated tracer ve nti lation ages vs. density for both 3H e (T/¢l11c, filled 
triangles) and triti um (Tjl/J", hollow circles). Included for reference (solid line) is the basin 
wide tri tium ventilation age c urve calculated by Sarmie nto ( 1983a) . 

ou tc rops used in this study (from Levitus, 1982). T he pattern apparent in the tension 

ratio, i.e. decreasing <f>~tei<I>H with increasing density , may be the result o f la titudinal 

g radients in isopycnal surface outcro p bounda ry conditions . ¢He will be a fu nction o f 

comple teness of a tmospheric equilibration of the mixed layer; tha t is, how quickly the 
water column with excess 3He approaches atmospheric equil ibr ium through gas 

excha nge and vertica l mixing compa red with the d uration of wintertime convection. 

With increasing densi ty, the trend in t he extent of equil ibration results from a 

competition between northward increas ing gas exchange ra tes (due to northward 

increasing mean winte rtime wind speed) a nd northward increasing winter mixed layer 

depths (see Fig. 5b, taken from Levit us, 1982 using t:.a = 0 . 125 c riteria) . The observed 

t rend in tension ra tio suggests to us that the latitudinal trend in winter mixed layer 

depths dominates. 

To examine the relat ionship between tension, gas-excha nge ra tes and winter mixed 

layer depth, we calcu late air-sea exchange rates for 3He in the thermoc line outcrop 

region. Using a wind speed vs. piston velocity relatio nship s uggested by Jenkins ( 1988) 

a nd winter monthly wind speed data from the Bunker Atlas (Isemer a nd Hasse, 1982), 

we compute 3 He piston velocities for the corresponding isopycnal outcrop regions. By 

using the climatological mean wind speeds, we do to some extent underestima te the 

mea n piston velocity, due to the nonlinear nature of the piston velocity-wind speed 

relationship. Considering the nature of o ur calcu la tions here, however, this is not a 

major source of error. We then compare these gas exchange velocities (v) to win ter 
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Table 4. Gas excha nge pa rameters a nd elasticity est ima tes. 

1He gas 
1He Pis ton equilibration 

lsopycnal velocity Winter Mixed t ime constant 
surface <I>H./<f>u (m/day) layer (m) ( 'Yuc) 

26.35 2.9 :!: .7 7.2 :!: 1.0 120 :!: 20 17 :!: 4 
26.50 2.5 :!: .5 9 .3 :!: 1.0 160 ± 30 17 :!: 4 
26.62 2.2 :!: .4 10.7 :!: 1.0 200 :!: 30 19 :!: 4 
26.85 1.6 :!: .2 12.5 :!: 1.0 300 :!: 40 24 :!: 4 
27.15 1.14 :!: .2 12.0 :!: 1.0 400 :!: 40 33 :!: 4 
27.45 0.9 :!: .2 13.6 :!: 1.0 500 ± 50 37 ± 5 

•calcula ted using a piston velocity-(Sc) - ' ' 2 rela tionship (Ledwell, 1984) with 4 He dilfusivity 
a nd isotope fractiona tion data from J a hne eta/. ( 1987) . 

convection depths (h) through a n air-sea equilibration timescale -y - h fv in T a ble 4 . 

This in turn should be compared to the time available for equilibration (i .e. the 

dura tion of convection), a time which may ra nge from severa l days to a few weeks, but 

for which we have no direct estima te. The values of -y given in Table 4 range from times 

comparable to th is timesca le (for the shallowest surface) to values which a re proba bly 

long compared to convect ive timesca les. As expected, there a ppears to be a systematic 

trend in -y with the tensio n ra tio, as seen in Fig ure 6 . For s mall -y we find ¢ 11e/¢11 "" 3, a 
va lue close to what we would predict from V Md V5 (Eq. 9) obtained from climatologi

cal data .3 As -y becomes large, 3He becomes more e lastic (tritium-like) and the tension 

ratio ¢ 110/¢11 approaches unity. Thus, to firs t order, we see trends in the tension ra tio 

which are consistent with geographic cha nges in gas exchange ra tes and mixed layer 

depths. The degree to which this rela tionship holds up quantitatively depends both on a 

better knowledge of the details of la te winter convection and an improved model of the 

subduction process. We do, however, argue that boundary conditions may play a n 

important role in expla ining the observed differences in the two box model tracer 

ventilation ages. 

b. Temporal variations. Ventilation processes undergo temporal as well geographic 

va riations, and an important a pplica tion of tracer s tudies is to document a nd qua ntify 

these changes (cf Talley a nd Raymer, 1982; Jenkins, 1982). Druffel (1988) , for 
example, uses a simple isopycna l mixing model to caclulate a ventila tion time history of 

the Sargasso Sea based o n 14C values recorded in ba nded corals. Tracer boundary 
conditions, however, ca n con trol the amplitude of tracer response to va ria tions in 

ventilation rates: interannual varia tions in the volume of water involved in wi nte r 

convection will have a mo re pronounced effect on tense tracers than e lastic ones. 

Recall from the simple conceptual model (Fig. I ) tha t the fluid ventilation timescale 

( T ) is inversely proportional to the volume of wate r involved in deep winter convection 

3. Using the Levit us ( 1982) climatological data . we estimate an average V "'d Vs - 2.7 - 3.3 . This ratio 
appears approximately constant over the geographic region of the isopycnal outcrops. 
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F igure 6. Plot of tJ> 11./tJ>1i versus gas exchange equi lbration time -y (defi ned in text) . The two 
reference lines are tJ>ti./tPti - I and 3. 

(Vw) . If, for the given year, the re is a n increase in Vw to V~. correspond ing to deeper 

convection a nd higher wa te r mass formation ra tes, tense tracers will experience a 

proportional decrease in the ins tantaneous va lue ofT /<J>. For a n e lastic tracer, however, 

the effec t o f the increase will be damped because of increased dilution of the surface 

"signal," and hence a concomitant reduction in tension(</>) . The results of the a bove 

"climatic" fluctua t ions for tense and e lastic t racers a re thus 

T," - ( ~~) T , (tense) ( I 2) 

a nd 

r: - - T, (elas tic) (
Vw) Vs + V~ 
V~ Vs + Vw 

( I 3) 

where the subscripts t and e refe r to perfectly tense a nd per fectly e lastic tracers, Tis 

the tracer ventilation timescale, a nd the" indica tes the climatic a no maly. Thus the 

ratio of the relati ve c hange of the two tracers is 

D. T,/T , Vs 

D. T,/T, VML 
( 14) 

which we es timate to be o f order 0.3 for the subtropical North Atlantic. In genera l, 

then, one would expect to observe larger cl ima tic fl uctuations in tense tracers such as 
3He, wh ich would more closely respond to actual variations in water mass renewa l 

rates, tha n for elastic tracers such as tritium or "C. 
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Figure 7. Plot of <f>Hei<PH vs. density fo r oxygen and CFC-1 1 ca lcula ted from Eq. 15 and the Beta 
Triangle data. Piston velocities were estimated using a Se- 112 relations hip (Ledwell , 1984) a nd 
diffusivity data (Roether, 1986; Holmen and Liss, 1984). 

c. Other tracers. The discussion, to this point, has been limited to two tracers- tritium 

a nd 3He- with ext reme differences in tension. Tracers such as freons and oxygen, for 

example, will exh ibit behavior intermediate between these two. During deep winter 

convect ion, gas exchange acts to relax the gaseous tracer contents of newly entrained 

subsurface waters toward solubility equi libri um with the a tmosphere. If we treat this 

exchange as a simple, first order process, we can use the two "observed" extreme tracer 

tensio ns (here chosen as 3He and trit ium) to estimate that of a third, unknown tracer 

by their gas exchange equ ilibration timescale -y. 

cl>c = 1 + ( ¢ H - 1) • . [
¢H - 1 ] hH,/'rcl 

¢H- 1 
( 15) 

As an exam ple, we compute the tension rat ios (¢c/¢H) for CFC- 11 and oxygen, and 
present them in Figure 7. The figure clearly shows that on the sha llowest surfaces, the 

oxygen tension (a nd hence vent ilation rate) is quite close to that of CFC-11 and within 

a bout 20% oft hat of 3He, but rather far from that of triti urn. In contrast, a tracer with 

ve ry slow surface excha nge such as 14C wi ll behave like tritium. 

The above results have profound impl ications for box model estimates of oxygen 

utiliza tion rates (OUR). Box models wh ich employ elastic tracers such as tritium or 
14C could underpredict OURs by as much as a factor of 2 or 3 on shallow isopycnals in 

the subtropics. On the other ha nd , using 3He inventory evolution for estimates of 
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venti la tion rates will overestima te O U R by o nly a bo ut 20%. We sho uld. however, 

reite rate that the a bove caveat a pplies to box model estimates, a nd not to calculations 

based o n inte rior g rad ients and advec tive-diffusive ba lances (e.g. Jenkins, 1982, 1987) 

or to models which to models explicitl y account fo r t racer behavio r at the a ir-sea 

interface . 

6. Conclusions 

T he purpose of this pa per is to point out tha t tracer bound ary condit ions {behavior a t 

the a ir-sea interface) can play a role in de termining interior su bsurface inventories, 

a nd hence must be accounted for when those inventories a re used to estima te 

venti la tion rates. Using a simple numerical box model to examine some tritiu m a nd 
3H e da ta in the sub tropical North Atla nt ic, we come to the conclus ions listed below. 

(I) Ventilat ion ra tes estima ted from tracer distributions may depend strong ly on 

s urface boundary condit ions. Tracers with tense s urface bounda ry conditions 

(due to stro ng su rface forc ing, e.g. gas excha nge fo r 3He) have ventilation ra tes 

approaching the fluid ventila tion ra te. Elas tic tracers (those which a re weakly 

affected by surface fo rc ing, e.g. trit ium ) have ventila tion rates sma ller tha n the 

fluid vent ila t ion ra te by a factor equa l to the ra t io of summer to winter mixed 

layer depths. In the s ha llow eastern subtropical N o rth Atlantic, trit iu m 

ventil a tion ages a re 2-3 times larger tha n 3He ages, i.e . c lose to cl imatologica l 

mixed layer depth ra tios. 

(2) There exist geogra ph ic varia tions in tension for some tracers. The ra tio o f 

tritium to 3H e ventila tion ages decreases with depth, a pproaching unity for u6 ~ 

27.45. T h is may in part be explained in terms o f the northward increase in 

winte r mixed layer depths of outcropping isopycna ls making 3H e behave more 

as a n c las t ic tracer. 

(3) C limatic va ria t ions in water mass renewal ra tes wi ll be mo re readi ly observed in 

tense t racer inventories. The response of e las tic tracers to such perturbatio ns 

will be da mped a fac tor eq ua l to the rat io o f summer to win te r m ixed layer 
depths. 

(4) Comparison o f box model vent ila t ion rates obta ined from di fferen t tracers 

requires considera tion of the ir respect ive bounda ry conditio ns. Box model OUR 

estimates based on t rit iu m or 14C dist ributions may underp redict true values by 

a factor of two o r more. Box model OU R estima tes based on tense t racers such 

as 3H e or C FC- 11 more closely approximate true O U Rs. 
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Chapter 6 

A Chlorofluorocarbon Section in 

the Eastern North Atlantic 1 

6 .1 Introduction 

Transient tracers such as tritium, 14C, and the chlorofluorocarbons have gained an impor

tant role in the study of the large-scale circulation of the ocean . The tritium and radiocarbon 

results from the Transient Tracers in t he Ocean Study (TTO/NAS and TTO/TAS; Brewer et 

al., 1985), in particular, highlight the major pathways of North Atlantic ventilation occurring 

on decadal time scales ( cf. J enkins 1988; Ostlund and Roath, 1990). We present in this pa

per the chlorofluorocarbon (CFC) data from a 1988 section along 20°W in the eastern North 

Atlantic (Tsuchiya et al., 1991) . The data is interpreted in light of the water mass structure 

and the other available transient tracer data for the eastern basin. Where appropriate, CFC 

and traditional hydrographic observations are combined with simple process models to quantify 

the ventilation time scales of the individual water masses in the eastern basin. To date, few 

CFC measurements have been reported for the eastern North Atlantic outside of the tropics 

( cf. Warmwassersphere Program; Thiele et al., 1986). We compare our data with CFC samples 

collected south of 20°N as part of TTO/TAS (Weiss et al., 1985), thus providing a "snapshot" 

of the CFC penetration into the tropical Atlantic over the five year period between 1983 and 

1This chapter presents part of a manuscript by the author and John L. Bullister accepted for publication in 
Deep-Sea Research. 
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1988. 

Section 2 of the paper includes a brief description of the analytical methods used to measure 

CFCs and an overview of the CFC data from the cruise. In the following sections we focus in 

more detail on the CFC concentrations in specific water masses, examining the role that bound

ary conditions, water mass transformations, and wind-driven and thermohaline circulation play 

in determining the large-scale CFC distribution in the eastern basin . Section 3 focuses on the 

surface boundary conditions for CFCs and the interplay between air-sea exchange and convec

tion as it affects the CFC values in the subtropical and subpolar mixed layer. The CFC data in 

the main thermocline are used in Section 4 to estimate the ventilation time scales and oxygen 

utilization rates in the subtropical thermocline and to constrain the transport across the 15°N 

tracer front into the oxygen minimum zone off North Africa (Sarmiento et al., 1982; Thiele et 

al., 1986). In section 5 we show how the mid-depth CFC concentrations are strongly influenced 

by Mediterranean Water and Labrador Sea Water, and in section 6 we discuss the southward 

penetration of CFC tagged overflow water from the Norwegian Sea into the deep eastern North 

Atlantic basin. 

6.2 Methods and Data 

The two chlorofluorocarbons, CFC-12 (CChF2 ) and CFC-11 (CChF), were measured as 

par t of R/V Oceanus cruise 202 (OC202), a hydrographic section carried out during July and 

August of 1988. The cruise track , shown in Figure 6-1, was nominally along 20°W in the 

eastern North Atlantic, starting at 63°N on the Iceland shelf and ending just south of the 

equator at station 124 (3°S). Stations were occupied every 50 km with higher resolution near 

the margin and the equator . At each station , CTD measurements of temperature and salini ty 

were conducted, and water samples for nutri ent and oxygen analysis were collected with a 

24 bottle, 2.4 l Niskin rosette (cf Tsuchiya et al., 1991). Oxygen profiles generated by an 

oxygen electrode probe on the CTD instrument package have been calibrated using the bottle 

oxygen values (Tsuchiya et al., 1991 ). Contour sections of potential density anomaly ( ae ), 

salinity, potential temperature (0), nutrients, and oxygen for the OC202 section can be found 

in Tsuchiya et al. (1991). Apparent oxygen utilization (AOU), defined as the difference between 
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oxygen solubility (Weiss, 1970) and the observed oxygen concentration: 

(6.1) 

has also been calculated for each 02 sample. 

Full water column profiles of CFC-12 and CFC-11 were measured roughly every other sta

tion; water samples were also collected and stored for later tritium and 3 He analysis (Doney 

and Jenkins, in prep.). Sea water and air samples were analyzed for CFC-11 and CFC-12 at 

sea using an electron capture gas chromatography system similar to one described by Bullister 

and Weiss (1988). CFC concentrations in pmol kg-1 have been calculated from chromatograph 

peak areas, corrected for system blanks and variations in the sensitivity of the detector, using 

calibration curves generated from multiple injections of a CFC gas standard traceable to the 

1986a SIO calibration scale (Bullister, 1984; Weiss et al. 1985). Based on 66 pairs of dupli cate 

samples, we estimate that the precision of the measurement technique on OC202 was rv2% 

and rv3% of the CFC-12 and CFC-11 concentration respectively. At low CFC concentration, 

the error approaches the background or blank levels of .005 proal kg-1 for CFC-12 and .015 

pmol kg-1 for CFC-11. The quoted error for CFC-11 is higher because of persistent, low-level 

contamination from the syringes used to store the seawater samples before analysis. Of the 

rv1300 CFC samples collected on OC202, 16 (1%) of the CFC-12 and 38 (3%) of the CFC-11 

samples have been removed because of contamination or analytical problems. The CFC-12 and 

CFC-11 observations are contoured versus pressure in Figures 2a and 2b on an approximately 

logarithmic scale except near the surface where extra contours have been added for clarity. The 

smallest CFC contour intervals are close to the precision of the measurements. 

The solubilities of CFC-11 and CFC-12 in seawater vary greatly with temperature, and the 

temperature dependence of the CFC distributions (Figure 6-2a and· 6-2b) can be removed by 

converting the CFC concentrations into equilibrium partial pressures. For example, over the 

temperature range of 25°C to 2°C at a salini ty of 35 PSU the solubilities increase by a factor 

of 2.9 for CFC-12 and 3.3 for CFC-11. The equilibrium partial pressure (PcFc) is the mixing 

ratio of CFC in parts per trillion (ppt) dry air that would be at solubility equilibrium with the 

observed CFC seawater concentration: 

P, _ CFCseawater 
CFC- F(0, S) (6 .2) 
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700W soow 300W 1 oow 

Figure 6-1: Station locations for R/V Oceanus cruise #202 ( o) and for selected stat ions from 
the TTO/TAS program (x) (Weiss et al., 1985). The 2000 meter isobath is also out lined. 

166 



The solubility coefficient F for CFC-12 and CFC-11 has been reported by Warner and Weiss 

(1985) as a function of temperature and salinity. In their equations the gas sample is assumed 

to be saturated with water vapor, and the variation in water vapor partial pressure with tem

perature has been included in F. In general, the transformation from CFC concentrations to 

PcFcs increases the contrast between the warm surface and the cold bottom water because 

CFC solubility is lower at higher temperatures (Figure 6-2c and 6-2d). 

Potential vorticity is a dynamic tracer that complements the CFCs. Its distribution is 

maintained by wind and buoyancy forcing at the ocean surface, and it is a natural link between 

observational and theoretical studies of ocean circulation (Holland et al., 1984). If we neglect 

the contribution of relative vorticity, potential vorticity (q in cm-1 s-1 ) is proportional to the 

vertical derivative oflocal density: 

,...., J op ,...., J t:J.p 
q- -----

- p oz - p 6.z' 
(6.3) 

where p is in-situ density (kg m-3 ), f is the Coriolis parameter (s-1 ), and z is depth (m) 

(McDowell et al., 1982). 6.pf 6.z is calculated directly from CTD temperature and salinity 

profiles using a three point, least-squares fit through the local potential density referenced 

to the pressure at the center point (Talley and McCartney, 1982). The computed potential 

vorticity profiles are smoothed with a gaussian, moving-average filter. A filter width of 10 dbar 

above 200 dbars and 50 dbar for the rest of the water column was chosen based on two criteria: 

the removal of negative potential vorticity values, which are physically unrealistic outside of 

the mixed layer, and the retention of potential vorticity features that are coherent from station 

to station. Potential vorticity is not calculated south of 5°N because f vanishes at the equator 

(Figure 6-3). 

A detailed discussion of the hydrographic and CTD data from the OC202 section can be 

found in Tsuchiya et al. (1991); we include only enough material to lay the framework for 

our interpretation of the CFC data. The distributions of CFC-12 and CFC-11 along the 20°W 

section (Figure 6-2a and 6-2b) are controlled by and reflect both the atmospheric source for 

CFCs and the large scale ventilation pathways of the eastern basin . North of 45°N in the 

subpolar gyre, large CFC values are observed throughout the convectively formed, low potential 
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Table 6-1: Water mass characteristic 0 and salinity 

0 (OC) Salinity 
SPMW Subpolar Mode Water 7- 12 35.1-35.5 
NACW North Atlantic Central Water 10-24 35.6-37.2 
SACW South Atlantic Central Water 7-26 34.8-36.2 
LSW Labrador Sea Water .-v3.5 .-v34.90 
MW Mediterranean Water 8-12 35.6-36.2 

AAIW Antarctic Intermediate Water 4.5-7 34.4-34.8 
ISOW Iceland Scotland Overflow Water 2.2-2.5 .-v34.975 
EEBW Eastern Basin Bottom Water 1.8-2.5 34.85-34.95 
AABW Antarctic Bottom Water 0.0-2.0 34.75-34.90 

vorticity, Subpolar Mode Water (SPMW)2 and intermediate depth Labrador Sea Water (LSW). 

The North Atlantic Central Water (NACW) in the subtropical thermocline ( <600 dbars, 15-

450N) is also enriched with CFCs. CFC concentrations in the thermocline decrease dramatically 

on the southern edge of the subtropical gyre (15-20°N) and are low through the tropical oxygen 

minimum, recovering partially at the equator where oxygen values also increase. The strong 

salinity front at 15- 20°N marks the transition between North Atlantic and South Atlantic 

Central Water (Worthington, 1976). 

The mid-depth water in the eastern basin is influenced by high salinity Mediterranean Water 

(MW) (.-v1000 dbars, 20-40°N) and fresh, high oxygen Labrador Sea Water (LSW) (1200-2000 

dbars, north of 40°N). The CFC concentrations in LSW are 3-5 time larger than MW values, 

and the boundary between the two water masses ( .-v41 °N) appears as a CFC front. A CFC 

minimum is formed near 1000 dbars ( 40- 45°N) where MW :flows over the better ventilated LSW. 

The strongest CFC signal in the deep waters below 2000 db is the CFC maximum associated 

with the boundary layer of high oxygen, high salinity Iceland Scotland Overflow Water (ISOW) 

in the Iceland Basin. CFC levels south of the Rockall Plateau (53-58°N) in the Eastern Basin 

Bottom Water (EBBW) are much lower than in the Iceland Basin and decrease to the detection 

limit at .-v35°N. The boundary between water with and without measurable CFCs rises rapidly 

south of this point, and the CFC penetration depth in the tropical eastern North Atlantic is 

only "' 700 dbars. Both Antarctic Intermediate Water (AAIW), which penetrates as a plume 

of low salinity water from the south at 750-900 dbars, and Antarctic Bottom Water (AABW), 

2see Table 6-1 for the abbreviations and locations of the major water masses discussed in the text. 
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which is observed south of the Mid-Atlantic Ridge below 4000 dbars, have CFC levels that are 

at or below the detection limit . 

Prior to 1975-76, the CFC-11/CFC-12 ratio in the atmosphere increased with time, and as 

a result the CFC-11/CFC-12 ratio of a water sample can be used to quantify the 'age' or length 

of time since a water parcel was last exposed to the atmosphere. Figure 6-4 shows a contour 

plot of CFC-11/CFC-12 ratio age calculated from the OC202 data and a model atmospheric 

CFC-11/CFC-12 curve, corrected for solubility effects, developed in the next section. The 

CFC ratio ages are only contoured in regions where the CFC-11 and CFC-12 concentrations 

are above .02 pmol kg-1 ; at lower CFC levels, the combined error in the CFC-11 and CFC-

12 measurements prevents us from calculating meaningful ratio ages. Since the late 1970's, 

the atmospheric CFC-11/CFC-12 ratio has remained approximately constant; therefore the 

minimum CFC ratio age shown in Figure 6-4 is 12 years. Two caveats to the CFC ratio age 

method must be mentioned. First, CFC ratio ages mix non-linearly-more recently ventilated 

water has higher absolute concentrations and therefore disproportionately contributes to t he 

apparent age. And second, at low CFC concentrations where dilution is important, the age 

estimates only apply to a small percentage of the water. Based on the data in Figure 6-4, we 

can infer an upper bound of "'12 years on the ventilation age of the subtropical thermocline 

and most of the subpolar water column. CFC-11/CFC-12 ratio dating, widely used to reduce 

the problems resulting from dilution and mixing, is no longer feasible in this region, and we are 

forced to use the CFC concentration data alone in our interpretation. This is a strong reminder 

that future field programs must include more exotic CFC compounds (e.g. CCl4 and CFC-113) 

in order to constrain processes occurring on short time scales. 

6.3 Mixed layer and seasonal thermocline 

The CFCs in the surface ocean are maintained near their saturation levels with the at

mosphere by gas exchange. The atmospheric CFC-11 and CFC-12 mixing ratios measured on 

OC202 are plotted versus latitude in Figures Sa and Sb. The atmospheric values are approxi

mately uniform within the mid-latitudes and tropics, with a 5-7% difference between the mixing 

ratios in the two regions. The asymmetry across the Intertropical Convergence Zone reflects the 
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predominant northern hemispheric source for CFCs and the slow ("' 1 year) inter-hemispheric 

exchange time for the atmosphere (Gammon et al., 1982). We have created model atmospheric 

curves for CFC-12 and CFC-11 for the Atlantic north of 20°N (Figure 6-6). The early part 

of the model record (pre-1973) has been reconstructed ( cf Bullister, 1984) using integrated 

CFC release estimates (Chemical Manufacturers Association, 1985) adjusted for removal due 

to photolytic decomposition in the stratosphere (Cunnold et al., 1986). After 1973, the model 

is based on atmospheric data (Rasmussen and Khalil, 1986) collected at monitoring stations. 

The curves are normalized to the average atmospheric CFC levels of CFC-11 (259.1±3.8 ppt) 

and CFC-12 ( 452.8± 1.8 ppt) measured during the OC202 cruise in the summer of 1988. The 

atmospheric CFC-12 and CFC-11 mixing ratios increased approximately exponentially after 

the introduction of CFCs in the 1930's and 1940's (Figure 6-6). During the decade prior to 

1988, the annual growth rates stabilized at "' 4-5% year-1 , and the CFC-11/CFC-12 ratio in 

the atmosphere has remained about constant. 

The PcFC values for samples in the mixed layer are also plotted in Figure 6-5. Both CFC-

12 and CFC-11 are 4-6% undersaturated in the equatorial mixed layer where upwelling brings 

old, subsurface water with low transient tracers to the surface (Broecker et al., 1978). In the 

mid-latitudes, the mixed layer PcFc-12 values scatter within rv2% of atmospheric saturation 

while PcFC-ll values are rv4% higher than the predicted CFC-11 solubility. The solubility 

data of Warner and Weiss (1985) used to convert CFC concentrations into PcFC values have 

reported errors of± 1.5%, and another one to two percent of the deviations of mixed layer PcFcs 

from the atmospheric mixing ratios may result from fluctuations in atmospheric pressure. CFC 

concentrations below the mixed layer increase with depth to a maximum between 50-150 dbars 

in the subtropical seasonal thermocline, the region defined by a shallow potential vorticity 

maximum (q >500x10-14 cm-1 s-1 , see Figure 6-3). Despite the rv0.15 {CFC-12) and rv0.4 

pmol kg-1 (CFC-11) difference in concentration between the subsurface maximum and the 

mixed layer, PcFC values in the subtropics are nearly uniform from the surface to the base of 

the seasonal thermocline, suggesting that the CFC concentration maximum is an artifact of 

both the seasonal thermal cycle and the variation of CFC solubility with temperature. 

We can crudely estimate the gas exchange time scale for the summer mixed layer (15-
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Figure 6-5: The atmospheric CFC mixing ratios ( •) and surface mixed layer equilibrium partial 
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50 meters)3 using the Liss and Merlivat (1986) piston velocity-wind relationship applied to 

the climatological winds for the eastern subtropics (Isemer and Hasse, 1985). The Liss and 

Merlivat (1986) piston velocities, reported for C02 at 25°C (Sc=600) , are scaled to CFC-12 

and CFC-11 using the ratio of the square root of the C02 and CFC Schmidtt numbers (Ledwell, 

1984). The CFC Schmidtt numbers are calculated from empirical CFC diffusion coefficients 

(Wanninkhof, 1990). The residence time for CFCs in the mixed layer ranges from 7-22 days 

during the summer to 30- 65 days during the winter when convection deepens the mixed layer 

to 100-200 meters in the eastern subtropics (Levitus, 1982). The gas exchange time constant 

is small enough that the winter mixed layer CFC and PcFC values are probably near solubility 

equilibrium. When the winter mixed layer stratifies in the spring and summer, the mixed layer 

warms and becomes supersaturated with CFCs because of t he temperature dependence of CFC 

solubilities. As the mixed layer depth shoals, gas exchange acts to progressively decrease the 

mixed layer CFC concentration while keeping the mixed layer PcFc near its saturation value, 

similar to the seasonal cycle of argon observed at Bermuda by Spitzer and Jenkins (1989). The 

3 Computed using l::..u = .125 (Levitus, 1982) 
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subsurface CFC maximum in Figure 6-2a and 6-2b is just a remnant of the winter mixed layer 

that has been isolated from gas exchange. 

The larger CFC-11 versus CFC-12 supersaturations in Figure 6-5 have been noted before 

(Warner, 1988) and may come about because of a difference between the relative gas exchange 

rates and solubility temperature dependencies for the two CFCs. The change in solubility with 

temperature is .-..-14% larger for CFC-11 than for CFC-12, and CFC-11 piston velocities, based 

on Wanninkhof's (1990) empirical diffusion coefficients, are 4.3% lower than those of CFC-12. 

Both of these trends would contribute to larger CFC-11 supersaturations, but it is unclear if 

their magnitudes are large enough to account for the observations. We can also not rule out 

analytical interference, for example a co-eluting peak with CFC-11 on the chromatogaph, as a 

possible cause of apparent CFC-11 supersaturations in surface waters that are highly enriched 

in dissolved organic matter. 

The subsurface CFC maximum is much less pronounced or absent in subpolar stations, which 

generally have thick layers of Subpolar Mode Water (SPMW) below the seasonal thermocline. 

Winter convection penetrates to 400-600 meters depth in the subpolar Atlantic (McCartney 

and Talley, 1982), producing uniform vertical tracer distributions and the potential vorticity 

minimum ( q :s;40x10-14cm-1 s-1 ) between 43 and 63°N (Figure 6-3) . At most stations the 

profiles of AOU and PcFc are homogeneous over the depth range spanned by the potential 

vorticity minimum (Figure 6-7). T he base of the uniform tracer layer is a good proxy for the 

maximum penetration depth of recent convection (Reid, 1982), and in general the convective 

depth estimated from the tracer data coincides with the convective depth indicated by the 

potential vorticity profile. Occasionally the oxygen and CFC data show a layered structure, 

suggesting that the mode water layer is actually the result of multiple convection events. The 

low oxygen and low CFC water near the base of the q minimum records the oldest event that 

has been partially erased by more recent , shallow convection. The predicted winter mixed layer 

depths (400 to 700 meters) and densities (o-e =27.1 to 27.5) computed from the tracer and 

potential vorticity profiles agree quite well with Levitus' (1982) and McCartney and Talley 's 

(1982) maps for the subpolar gyre. 

The average PcFC-12 and PcFc-u values in the SPMW are 85±3% and 83±2.5% of the 

atmospheric mixing ratios, the result of isolation of the SPMW from recent convection as well 
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as the boundary condition for CFCs in regions of deep convection (Doney and Jenkins, 1988). 

The saturation values should be adjusted upward by rv3% to account for the 6 months since 

the last winter convective period, but the SPMW samples would still be significantly out of 

equilibrium with the atmosphere. Similar undersaturations have been observed for 85Kr in the 

subpolar gyre ( rv85%; Smethie and Swift, 1989) and for CFCs in the Norwegian/Greenland 

Sea (75%; Bullister and Weiss, 1983). In addition, Meincke (1986) has shown that the deep 

convective layers west of Britain are supersaturated with 3 He produced by in-situ tritium decay. 

The disequilibrium of the CFCs in the SPMW can be used to describe the recent convective 

history in the subpolar gyre. Some fraction of the observed CFC undersaturation may result 

from the intermittent nature of deep convection; the water column may not overturn every 

winter at every station, and the PcFC values would then reflect the atmospheric mixing ratio 

at the time of convection. Using this approach the isolation age of the SPMW would be 2.5 to 

4.5 years. However, the degree of saturation of a gas in a mixed layer following a convective 

event is a complicated function of the initial gas concentration, the gas exchange rate, the 

duration of convection, and the magnitude of entrainment (Doney and Jenkins, 1988). The 

deep mixed layers formed in the subpolar gyre probably do not reach CFC saturation relative 

to the atmosphere, and therefore, these age estimates are an upper bound on the true age. 

Future work on the 3 He samples collected in the SPMW may help us to separate the effects of 

these different processes (Doney and Jenkins, in prep.). 

6.4 Main Thermocline 

South of the subpolar-subtropical gyre boundary ( 42-45°N; Krauss, 1986), the dominant 

water masses in the eastern thermocline are North Atlantic Central Water (NACW) and South 

Atlantic Central Water (SACW) (Harvey and Arhan, 1988). The front (15-20°N) separating 

the saline, oxygen rich NACW from the fresh, oxygen poor SACW is a prominent feature 

in the Atlantic distributions of salinity, oxygen, potential vorticity, and transient tracers ( cf 

Worthington, 1976; Kawase and Sarmiento, 1985; McDowell et al., 1982; and Sarmiento et al., 

1982). The primary ventilation mechanism for the NACW in the subtropical thermocline is 

thought to be isopycnal advection and mixing from the winter outcrops along the northeast 
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edge of the subtropical gyre (Stommel, 1979; Luyten et al., 1983). In contrast, the SACW 

in the tropical oxygen minimum is not directly ventilated from the north and is only weakly 

ventilated from the outcrops in the South Atlantic (Kawase and Sarmiento, 1985). 

The transition between the two water masses in the thermocline, above 27.2 <Te, is clearly 

seen in Figure 6-8 a-d, contour plots of salinity, q, AOU, CFC-12, and PcFc-12 for the OC202 

section versus <Te, and in Figure 6-10a and 6-10b, plots of the same properties interpolated 

on 26.8 <Te. The 0 -S relationship and other water mass properties of NACW are set at the 

winter outcrops and propagate into the interior (Harvey and Arhan, 1988). Salinity and q 

are approximately uniform on each isopycnal surface between the outcrop latitude and the 

NACW /SACW boundary at 15-20°N. AOU and PcFC values are near atmospheric equilibrium 

in the seasonal thermocline, and the PcFcs gradually decrease and AOU increases south of the 

winter outcrops. The latitudinal CFC gradient on isopycnals in the subtropics is similar to that 

of an earlier CFC section in the eastern basin (Thiele et al., 1986) and is consistent with the 

gyre-scale patterns of tritium- 3He age (Jenkins, 1988) in the subtropics. The oxygen minimum 

streches from the southern end of the section to about 20°N, and the AOU values reach as high 

as 5.0 (mll-1 ). The CFC values on the isopycnal surfaces in the mid-thermocline drop by a 

factor of 2- 5 from the subtropical gyre to the oxygen minimum and increase slightly within a 

few degrees latitude of the equator. 

Enhanced productivity and organic regeneration in the coastal upwelling off North Africa 

both play a part in creating the tropical oxygen minimum in the eastern North Atlantic (Kawase 

and Sarmiento, 1985). But the very low CFC values in the thermocline south of 20°N (Fig

ures 2 and 8d) clearly demonstrate that biological activity is not the only cause; the oxygen 

minimum must also be physically isolated from direct ventilation from the atmosphere. The 

NACW /SACW salinity front is an advective feature created by the convergence of NACW in 

the southwestward return flow of the Azores current and SACW in the westward North Equato

rial Current (Stramma and Siedler, 1988). The nearly zonal flow from 10- 20°N (Stramma and 

Seidler, 1988) advects low oxygen water westward from the coastal upwelling sites (Kawase and 

Sarmiento, 1985) and inhibits any direct ventilation of the oxygen minimum from the North 

Atlantic except by eddy mixing (Thiele et al., 1986). The major pathway for ventilation of the 

SACW in the oxygen minimum involves a circuitous route along the northwestward arm of the 
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South Atlantic subtropical gyre followed by eastward advection in the equatorial undercurrent 

(Reid, 1989), and the CFC data for the oxygen minimum suggest that the time scale of this 

process is on the order of several decades. 

The OC202 and TTO /TAS cruise tracks overlap in the sub tropics (22-27°N) and in the 

tropics ("' 10°) (Figure 6-1 ), providing us with a view of the penetration of CFCs into the 

subtropical and tropical thermoclines over time. Compare the CFC-12 data versus pressure 

and cre from nearby TTO/TAS and OC202 stations (Figure 6-9a-d). The OC202 CFC-12 

concentrations in the subtropical profiles down to 27.0 cre ( rv600 dbars) are higher by 0.2- 0.3 

pmol kg-1 relative to the TTO /TAS data (Figure 6-9a and 6-9b) at the same density. In 

contrast, the tropical CFC-12 data are only slightly offset below the mixed layer ( .-v50 dbars, 

26.0 cre, see Figure 6-9c and 6-9d). The larger growth rates for CFCs in the sub tropics versus 

the tropics are also evident in the CFC-12 and CFC- 11 column inventories (Table 6-2) . The 

CFC inventories are calculated by integrating the CFC concentrations from the surface to the 

depth of significant CFC penetration, 1000 meters for the subtropical stations and 600 meters 

for the tropical stations. The tropical inventories are a factor of three lower than those at the 

northern stations, and about half of the t ropical column inventories are located in the mixed 
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Table 6-2: Integrated CFC-11 and CFC-12 water column inventories for TTO/TAS (R. Weiss, 
per. comm.) and OC202 stations. Also shown are the percentage increases in the atmospheric 
mixing ratios and CFC inventories over the time period between the two cruises. 

CFC-12 (pmol kg 1 m) CFC-12 (pmol kg ·1 m) 
TTO/TAS OC202 ~% TTO/TAS OC202 ~% 

Subtropical (0-1000 m) 334 496 48.5% 682 1099 61% 
Tropical (0-600 m) 117 132 13% 213 286 35% 

Tropical (80-600 m) 66 72 11% 113 159 40% 
Atmosphere 28% 33% 

layer (Table 6-2). We have recomputed the tropical inventories from 80 meters rather than the 

surface to remove the effect of the mixed layer. On a percentage basis the CFC-11 and CFC-12 

inventories in the subtropical Atlantic between TTO /TAS (January and February, 1983) and 

OC202 (July and August, 1988) increased two to three times faster than the tropical inventories 

(Table 6-2). This result further supports the conclusion that the ventilation time scale for the 

tropical thermocline is much longer than that of the subtropical thermocline. The subtropical 

inventories also grew at approximately twice the atmospheric growth rate over the same time 

period. This may be explained by the arrival of water from earlier in the CFC transient when 

annual growth rates were 10- 15% rather than "'5% as they were in the 1980's (Figure 6-6). 

This reasoning is also consistent with the faster increase in CFC-11 over CFC-12; water with 

older, lower CFC-11/CFC-12 ratios has been replaced by water with modern CFC-11/CFC-12 

ratio. 

Ideally, we would like to use the CFC data in the thermocline to estimate velocities in the 

directly ventilated region of the subtropical gyre, but this task is made almost impossible by 

the lack of information on the two dimensional CFC ·fields on isopycnal surfaces ( cf. Thiele et 

al., 1986; Jenkins, 1987). We can, however, make some qualitative inferences about circulation 

time scales. The CFC distribution in Figures 8d and lOb contains a distinct gradient across 

the subtropical gyre in contrast with salini ty, potential vorticity (Figure 6-8a-c and 6-10a), and 

tritium whose distributions are nearly homogeneous on density surfaces within the subtropical 

gyre (Harvey and Arhan , 1988; McDowell et al. 1982; Jenkins, 1988). Mixing and gyre circula

tion acts to push the fields of these other tracers towards a steady state, uniform distribution on 

density sufaces in the gyre because the boundary forcing of the tracer is either absent (tritium 
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kg-1 yr-1 ). The PcFc model ages in c) are calculated by comparing the PcFC values with the 
atmospheric CFC time history curves in Figure 6-6. 

post-1970) or varies on time scales longer than the homogenization time scale of the gyre ( cf. 

Rhines and Young, 1983; Musgrave, 1990) . The isopycnal CFC gradients in Figure 6-8d result 

from the growing CFC levels in the atmosphere, the aging of water parcels advected away from 

the outcrops, and the dilution with older, low CFC water recirculating in the gyre. The effects 

of mixing and recirculation remain difficult to separate without better knowledge of the flow 

field and the CFC boundary condition for the recirculating water (Thiele et al., 1986). 

There exists a strong inverse correlation between PcFC and AOU on isopycnal surfaces 

through the thermocline (e.g. Figure 6-10b ), and perhaps we can use model ages derived from 

the PcFc data to estimate oxygen utilization rates (OUR) in the thermocline. Figure 6-lOc 

shows the CFC-12 and CFC-11 model age curves for the 26.8 ae surface. The model ages 

have been computed by projecting each PcFc value onto the atmospheric mixing ratio curves 

(Figure 6-6) and subtracting the date where the PcFc data point matches the atmospheric 

curve from the date of the OC202 cruise. The OUR values are then computed by dividing the 

AOU values by the average of the CFC-12 and CFC-11 model ages (Figure 6-lOc). In carrying 
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Table 6-3: Oxygen Utilization Rate (OUR) estimates based on CFC concentration ages and 
Apparent Oxygen Utilizations (AOU). The outcrop latitude refers to the approximate location 
of the isopycnal winter outcrop derived from the base of the seasonal thermocline in Figure 
6-8c. 

0"8 Outcrop Latitude # of Stations OUR (!Lmol kg-1 yr- 1) 

26.0 19 19 8.3±1.4 
26.2 22 24 8.8±1.6 
26.4 23.5 27 8.9±1.6 
26.6 33.5 34 8.0±1.8 
26.8 40.5 39 7.0±1.3 
27.0 45 37 5.8±0.8 
27.2 56 38 5.4±0.7 
27.4 62 37 5.1±1.1 

out this calculation, we have implicitly assumed that: 1) water parcels leave the surface with 

zero AOU and equilibrium PcFcs, 2) isopycnal and diapycnal mixing do not alter the AOU

PcFC relationship, and 3) the non-linear aspect of the PcFc-time curve is unimportant. In fact 

because the PcFC versus age curve is non-linear, mixing of water from early in the CFC transient 

with very recent water leads to a small underestimate of the age and thus an overestimate in 

the OUR (cf. Sarmiento et al., 1990). By contrast, the CFC-11/CFC-12 ratio age is much more 

sensitive to mixing since it is an average of the CFC-11/CFC-12 ratios weighted by the CFC 

concentrations. The CFC ratio age can dramatically underestimate the true water age reflected 

in t he linearly mixed AOU. This explains why CFC concentration ages (Figure 6-8c) occasionally 

exceed the 10-12 year limit set by the CFC ratio data in the subtropical thermocline (Figure 

6-4). With these points in mind, we have interpolated the AOU and PcFc- 12 bottle data onto 

a series of isopycnal surfaces through the thermocline and have calculated mean OURs for each 

of the surfaces using all stations south of the winter outcrops (Table 6-3). The OUR profile, 

plotted versus 0"9 in Figure 6-11, is at a maximum at 26.4 0"9 and decreases with depth. The 

OUR estimates from the PcFC data are 20-40% lower than Jenkins' (1987) estimates for the {3 

triangle region, which were computed from the horizontal gradients of AOU and tritium- 3 He 

age (Figure 6-11). Considering spatial and temporal variability and the simplicity of the PcFc 

calculation, the relative agreement between the two techniques suggests that the CFC data 

provide reasonable estimates of OUR for the thermocline. 
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6.5 Intermediate Waters 

The three intermediate water masses in the eastern North Atlantic-Labrador Sea Water, 

Mediterranean Water, and Antarctic Intermediate Water-are formed by distinctly different 

processes which control both t he ventilation of and the CFC distribution in the mid-depth 

waters. Labrador Sea Water, the end-product of cooling and freshening of the SPMW which 

circulates around the cyclonic subpolar gyre (Talley and McCartney, 1982), is produced in 

deep, convective chimneys that penetrate to "'2000 meters depth in the center of the Labrador 

Gyre (Clarke and Gascard, 1983). The convective origin of LSW results in its characteristic 

water mass properti es: low salinity (S"-'34.86 PSU) and temperature (0 "'3.3°C), high oxygen 

(02 >6.3 mll-1 ) and transient tracers (Wallace and Lazier, 1988) , and low potential vorticity 

(q "'4x10-14cm- 1 s- 1 ) (Talley and McCartney, 1982). The strongest LSW signal along 20°W 

is found at "'1650 dbars in t he Iceland Basin (Figure 13), and the influence of the low salini ty, 

high oxygen LSW plume extends to rv42°N south of the Rockall Plateau. The OC202 section 

lies near the eastern margin of the LSW distribution outlined by Talley and McCartney (1982), 

190 



and the LSW salinity and potential vorticity minima (34.9<8<34.95 and q rv12x10-14 cm-1 

s-1 , Figure 6-13) are significantly weaker than the anomalies at the source region because of 

mixing with Mediterranean Water. 

The highest CFC-12 and CFC-11 concentrations in the LSW (Figure 6-13) are about 0.80 

and 1.85 prnol kg-1 , and, like the steady state tracers, the CFC values decrease southward to 

""0.50 and ......,1.20 pmol kg-1 by 42°N. Wallace and Lazier (1988) report that CFC-11 and CFC-

12 values were uniform over a 1600 meter column of recently ventilated LSW observed during 

the winter of 1986. The average CFC values for the LSW were 1.32 pmol kg-1 (CFC-12) and 

3.05 prnol kg-1 (CFC-11), rv60% of saturation equilibrium with the atmosphere. Wallace and 

Lazier (1988) suggest that the CFCs were undersaturated in the newly formed LSW because 

the convection had entrained low CFC water that had not been renewed for several winters 

and because the ventilation rate of the thick, convective water mass was limited by the CFC 

gas exchange rate. The CFC concentrations observed at 20°W are a factor 1.65 lower than the 

CFC concentrations measured by Wallace and Lazier {1988) in the Labrador Sea in 1986. If 

we assume that a 60% saturation boundary condition holds for CFCs in the Labrador Sea, the 

apparent age of the LSW core at 20°W would be rv10- 11 years which is consistent with the 

CFC-11/CFC-12 ratio age data (Figure 6-4). We stress that this type calculation is sensitive to 

many factors including mixing, the CFC boundary condition, and the episodic nature of LSW 

renewal, but it does place a rough upper bound on the age of LSW when it reaches the Iceland 

Basin. 

The Mediterranean Water salinity maximum (S >35.5 PSU) is centered above the LSW 

plume at rv1000 dbars between 35 and 39°N, but the influence of the MW high salinity can be 

observed to at least 2200 dbars (Harvey and Arhan, 1988). Mediterranean Water oxygen and 

CFC values are significantly lower than those of LSW of comparable density (Figure 6-8c and 

6-8d). The CFC-12 and CFC-11 values in the highest salinity samples are "".27 and ....., .58 pmol 

kg- 1 respectively, and the CFC concentrations decrease to less than 0.05 and 0.10 pmol kg- 1 

by 2500 dbars. Elevated CFC values, relative to neighboring stations, are also found in two 

' rneddies' (OC202 stations 77 and 79 at 25°N), lenses of anomalous salinity and MW properties 

(Arrni and Stommel, 1983). The 12 year CFC-11/CFC-12 ratio age contour passes just below 

the MW core, and the ratio ages for the deep MW range from 12- 20 years . 
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The low CFC values associated with the MW overflow plume are consistent with both its 

formation mechanism and with CFC data collected in 1986 as part of the Gibraltar Experiment. 

Very dense, saline water (S>38 PSU) from intermediate and deep levels in the Mediterranean 

Sea flows over the sill in the Straits of Gibraltar where it mixes with and entrains Atlantic 

thermocline water; the plume of MW continues to entrain Atlantic water as it sinks down the 

continental slope until it reaches a depth of rv1200 meters and a final salinity of rv36.2 PSU 

(Ambar and Howe, 1979). The MW then spreads across the Atlantic as a wedge of saline water 

at mid-depth (Worthington, 1976). The mixing and entrainment processes near the sill can 

be followed in 0-S and CFC-12 - S plots of the Gibraltar Experiment bottle data (Figure 

6-12a and 6-12b). The entrainment at the sill produces a mixing curve between very saline 

Mediterranean water (13°C 0 S>38 PSU) and warm, shallow thermocline water (14- 16°C 0 

and 36.0-36.3 PSU, Figure 6-12a). As the overflow plume moves away from the sill and down 

the continental slope however, the overflow plume progressively mixes with colder water from 

deeper in the thermocline (14 to soc 0) (Figure 6-12a). According to Ambar and Howe (1979) 

the entrained Atlantic water contributes rv50% of the end-product MW found in the Atlantic, 

and most or all of the mixing occurs upstream of the westernmost (S0 W) stations shown in 

Figure 6-12. 

The high CFC-12 concentrations ( rvQ .S pmol kg-1 ) in the Mediterranean Sea intermediate 

water that overflows the sills (Figure 6-12b) reflect the rapid ventilation, also observed in 

tritium distributions, of the deep western Mediterranean by convective deep water formation in 

the MEDOC region (Andrie and Merlivat, 19SS). The effect of mixing in and close to the sill 

with the warm (>l4°C 0) thermocline water is to raise the CFC concentration in the overflow 

plume. But as the depth of the plume increases and the potential temperature and CFC level of 

the thermocline water decreases, the plume becomes a CFC maximum and mixing lowers both 

the salinity and CFC level of the overflow water (Figure 6-12b). The low CFC concentrations 

in the MW overflow plume relative to LSW can be explained by the entrainment of a large 

component of low CFC, lower Atlantic thermocline water (0 rvS°C and CFC-12rv0.2 pmol 

kg-1
, Figure 6-12b ). The CFC-12 -salinity data from the MW core at 20°W and the two 

meddie stations plot on top of the data from the western end of the Gibraltar Experiment 

(Figure 6-12b ), and we can infer from the similar CFC concentrations that the travel time from 
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8°W to the OC202 section is no more than a few years . This is consistent with what is known 

about the translation and decay speeds of meddies (Armi et al. 1989). The salinity anomaly 

in the Atlantic that is found below the overflow depth is thought to result from the vertical 

transport of salt through salt fingering ( cf Kawase and Sarmiento, 1986). Based on the CFC 

concentrations and CFC-11/CFC-12 ratios (Figure 6-4) in the deep MW, the time scale for the 

ventilation of this region is significantly longer than that of the MW core or of t he meddies. 

The transition between the deep, saline MW and fresh, well ventilated LSW on OC202 

occurs abruptly at a sub-surface salinity front near 41°N (Harvey, 1982), in good agreement 

with the location of the LSW /MW boundary from Talley and McCartney's (1982) maps. CFC 

values drop by a factor of two over two degrees of latitude and are well correlated with salinity 

across the front-the CFC concentrations in the frontal region appear to result from simple 

mixing between the two end-members. The shallow MW tongue, which is advected north above 

the LSW in the Mediterranean Undercurrent (Reid, 1978; Reid, 1979), forms local minima in 

the CFCs and local maxima in salinity and AOU. The upper edge of the MW intrusion intersects 

low salinity water, possibly of AAIW origin (Tsuchiya, 1989), and creates a potential vorticity 

maximum, q > 100x10- 14 cm- 1 s-1 (Figure 6-8c). The CFC minimum is slightly deeper than 

the salinity maximum ("' 1100 dbar versus 950 dbars ), and does not penetrate as far north ( 4 7°N 

versus 52°N). The CFC-12 and CFC-11 concentrations in the Mediterranean Undercurrent are 

about 0.1 and 0.2 pmol kg- 1 lower than the underlying LSW, and the advection of poorly 

ventilated MW helps to accentuate the CFC maximum in the LSW. 

The MW salinity and CFC signals decrease southward from 35-40°N as the result of mixing 

with AAIW (Kawase and Sarmiento, 1986). The tongue of low salinity ( <35 PSU) AAIW is the 

least dense of the three intermediate waters, and is found between 800-900 dbars at r-v27 .2- 3 ae 

(Figure 6-8a). AAIW properties appear to penetrate as far north as "'21 °N (Tsuchiya, 1989). 

As discussed earlier, the penetration depth of CFC-11 and CFC-12 in the tropics is shallow, not 

much greater than 700 dbars (Figure 6-2a and 6-2b ). The CFC concentrations in the AAIW 

itself are at or below the blank levels, except near the equator where CFC-12 and CFC-11 values 

interpolated onto 27.2 ae rise to 0.05 and 0.10 pmol kg- 1
; AOU values on the 27.2 ae surface 

also go through a minimum at the equator (Figure 6-8c and 6-8d). Warner ( 1988) has mapped 

the CFC distributions on 27.2 ae in the tropical and South Atlantic using data from the SAVE 
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and TTO/TAS programs. Distinct CFC minima (CFC-11 <""0.015 pmol kg-1 ) are associated 

with the tropical oxygen minimum that abuts the African coast in each basin, and the low CFC 

pools are separated by an equatorial ridge of higher CFC values (CFC-11 rv0.05 pmol kg- 1 
). 

According to Warner's (1988) interpretation, the AAIW circulation pattern is similar to that of 

the South Atlantic thermocline waters above (Reid, 1989); the AAIW flow splits at the equator 

with one branch following the equator and the other moving north along the western boundary. 

Ostlund and Roath (1990) also note that tritium and 14C profiles in the western basin have 

distinct minima at 27.3 ae, which they attribute to older AAIW at that depth in the North 

Atlantic (Tsuchiya, 1989). 

Beneath the AAIW at the equator, small but detectable CFC-11 and CFC-12 concentrations 

reappear at 1400-2250 dbars (Figure 6-2a and 6-2b ). The CFC-12 ( .010-.015 pmol kg-1 ) and 

CFC-11 (.015-.020 pmol kg-1 ) concentrations in this feature are 1-2 a above our blank levels 

and are at the very lower limit of our contouring ability, but we feel they represent a real signal 

of the mid-depth, equatorial circulation. The strongest indication of the maximum are found 

within two degrees of the equator, but elevated CFC values are observed from 5.5°N to 3°S, the 

end of the section. The CFC maximum is coincident with the equatorial tongue of upper North 

Atlantic Deep Water (NADW), outlined by a mid- depth silica and AOU minima (Si04 <20 

J.Lmol kg-1 and AOU<l.75 mll-1) and the salinity maximum (S>34.95) (Weiss et al., 1985). 

The upper NADW originates in or near the Labrador Sea, where it is tagged with CFCs, and 

travels south to the equator in the deep western boundary current. Using TTO jN AS and 

TTO/TAS CFC data, Weiss et al. (1985) estimate that the transit time for upper NADW to 

reach the equator is about 23 years and that the boundary current water is diluted 5 fold with 

CFC free water. A comparison between the OC202 (25°W) and 1983 TTO /TAS (28°W, Sta. 

110-118; Figure 6-1) equatorial sections show only a small increase in the CFC-11 concentrations 

from .015 to .020 pmol kg- 1 and no discernible increase in CFC-12. The predicted increases 

from 1983-1988, based on an extrapolation of the Weiss et al. (1985) age and dilution factor 

estimates are rv60% for CFC-12 and .-v80% for CFC-11 ( "'0.005 and "'0.010 pmol kg- 1 
), too 

close to the accuracy of our blank levels to report any significant difference between the data 

of the two cruises. The CFC-12 measurements may indicate another, deeper lobe penetrating 

from the western boundary south of the equator at 2750- 3500 dbars. The levels of CFC-12 and 
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CFC-11 in the four samples in this region are only "-'.005 pmol kg-1
, however. 

6.6 Deep Waters 

The primary source for the high CFC concentrations in the Iceland Basin and south of 

the Rockall Plateau is Iceland-Scotland Overflow Water (ISOW) (Figures 6-2 and 6-13). The 

remainder of the deep eastern basin, below about 2500 db, is filled with poorly ventilated 

EBBW (Kawase and Sarmiento, 1986; Harvey and Arhan, 1988). EBBW is a mixture of ISOW 

and two other water masses: low salinity (S<34.94) Antarctic Bottom Water (AABW), which 

enters the eastern basin through the Romanche and Vema Fracture Zones (Broecker et al., 

1985), and deep, saline components of Mediterranean water. Both the AABW and deep MW 

have essentially no detectable CFCs, and the deep di stribution of CFCs reflects the mixing and 

advection of ISOW into a 'CFC free' eastern basin . The water mass characteristics of ISOW, 

high salinity, high oxygen and high CFC, are restricted to the north-west corner of the deep 

eastern basin, north of about 50°N (Swift, 1984; Broecker et al., 1985; Harvey and Theodorou, 

1986). Most of the ISOW flows south as a boundary current along the Mid-Atlantic Ridge and 

leaves the eastern basin through the Gibbs Fracture Zone (52° N) (Swift, 1984); some fraction 

of the ISOW may recirculate in a cyclonic gyre in the Iceland Basin (Harvey and Theodorou, 

1986). 

The CFC-12 concentrations in the deep water south of the Rockall Plateau are low, CFC-

12<.06 proal kg-I, and decrease to near-zero levels by "'35°N (Figure 6-2a). The CFC ratio 

ages south of the plateau also rise to 20-30 years south of the Plateau indicating the older age 

of the ISOW that has been mixed south . The deep CFC section from OC202 agrees quite well 

with the tritium and 14C distributions measured in the eastern basin during the TTO program 

in 1981 ( cf. Ostlund and Roath, 1990). The deep eastern basin appears to be broken into two 

regions, the Iceland Basin and the northwest rim, which are flushed by ISOW on a decadal 

time scale, and the remainder of the basin, which is ventilated over much longer time scales of 

several hundred years by southern source water entering from the western basin. As of 1981, 

there is little CFC, bomb radiocarbon or tritium in EBBW. The long ventilation time scale for 

the EBBW is also supported by radiocarbon and 39 Ar measurements from F /S Meteor cruise 
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56, leg 5 (Schlitzer et al., 1985); their six, deep 39 Ar values south of 45°N are quite uniform, 

falling between 45-49% of modern, atmospheric levels. 

The !SOW boundary current stands out clearly as a tongue of high salinity (S>34.975 PSU), 

low potential temperature (0 <2.5°C), and high CFC water along the slope and bottom of the 

Iceland Basin (Figure 6-13). The average CFC-12 and CFC-11 values in the !SOW layer, defined 

as water colder than 0=2.5°C, are 0.78 and 1.80 pmol kg-1 respectively. CFC concentrations 

increase up the slope towards Iceland, and there is a strong CFC minimum (CFC-12'"".38 pmol 

kg-1 and CFC-11'"".86 pmol kg-1) centered at 2200 dbars between the !SOW plume and the 

large lens of low salinity LSW (1700 dbars) in the southern half of the basin. The precursor of 

!SOW, water from '""900 meters depth in the Norwegian Sea, enters the Iceland Basin through 

the Faroe Bank Channel and over the Iceland-Faroe Rise where it is modified by mixing with 

ambient Atlantic water (Swift, 1984). Based on an analysis of the hydrographic data from TTO 

stations in the eastern subpolar gyre, Smethie and Swift (1989) calculate that !SOW away from 

the sills is a mixture of '""59% Norwegian Sea Deep Water ( -0.5°C, 34.92 PSU) and .-v41% mid

depth Atlantic water (8°C, 35.2 PSU) from the sill depth of 850 meters. Most of the tritium, 

85Kr, and by correspondence, the CFCs in ISOW is supplied by the Atlantic fraction entrained 

during near-sill mixing. 

From Smethie and Swift's (1989) mixing ratios, we can create a model CFC versus time 

curve for !SOW that can be compared with observations. The CFC-12 and CFC-11 profiles 

in the Iceland Basin are relatively uniform from the surface down to the 7°C isotherm, the 

result of deep winter convection in the SPMW discussed earlier (Smethie and Swift, 1989), and 

we take average values of 1.6±.1 and 3.5±.2 pmol kg-1 CFC-12 and CFC-11 for the Atlantic 

end member in 1988. For the Norwegian Sea overflow CFC concentration, we use Smethie and 

Swifts' estimated box model residence time of 45± 10 years and the CFC atmospheric function 

(Figure 6-6), corrected for the observed saturation levels of 75% for CFCs in the Norwegian 

Sea (Bullister and Weiss, 1982). The calculated overflow CFC values, .54±.1 and 1.3±.2 pmol 

kg-I, when mixed 60:40 with the Atlantic water give final model !SOW CFC concentrations of 

0.86±.08 and 1.96±.15 pmol kg- 1
. The close agreement with the observed values, 0.76 and 1.80 

pmol kg-1 , is probably fortuitous, but does suggest that !SOW in the OC202 section formed 

quite recently. 
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Figure 6-13: Contour plots of a) potential temperature (°C), b) salinity (PSU), c) CFC-12 
(pmol kg-1 ), and d) CFC-11 (pmol kg- 1 ) for the OC202 section across the Iceland Basin. 
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12 plots for selected OC202 stations. The symbol codes are: ( •) Iceland Slope, in the ( o) Iceland 
Basin, ( +) south of the Rockall Plateau, and (x) in Mediterranean Water plume. The CFC-
12 minimum and salinity maximum at "'3.3 0 in the Iceland Basin and south of the Rockall 
Plateau (Figure 13c) can be explained by mixing between low CFC, deep Mediterranean Water 
with Labrador Sea Water (3.5 0 and 34.89 PSU), Iceland-Scotland Overflow Water (0 <2.5°C 
and 34.975 PSU), and Eastern Basin Bottom Water (0 <2.5°C and S<34.95 PSU). 
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The 0-S and 0-CFC-12 diagrams for the deep eastern basin (Figure 6-14 a and b) provide 

clues to the origin of the CFC minimum in the Iceland Basin. The 0-S curves for stations 

in the southern half of the basin and south of the Rockall Plateau both show a broad knee 

below the LSW salinity minimum. The salinity maximum splits into two branches, a saline 

ISOW (5=34.975 PSU) end-member and a fresh EBBW (S<34.9 PSU) end-member, that do 

not appear to mix with each other. Two stations on the Iceland slope (OC202 4 and 6) exhibit 

a third warm, saline end-member reflecting the incomplete formation of ISOW during near-sill 

mixing. The CFC minimum falls at 3.1-3.3°C, slightly below the well ventilated LSW and near 

the knee of the 0-S profile (Figure 6-14a). The curvature in the 0-S curve between LSW and 

ISOW and between LSW and EBBW must result from mixing with a warm, saline water mass 

(Srv35.0 PSU and 0 rv3.3°) with low CFC concentrations. The most likely candidate is EBBW 

that has been modified by the downward mixing of salt from the MW plume and that has 

CFC-12 and CFC-11 concentrations of about 0.05 and 0.10 pmol kg-1 . The salinity maximum 

(S>34.95 PSU, 0 rv3°C) at the stations between 45-53.5°N in Figure 14a reflects the northward 

transport and mixing of this modified EBBW below the LSW low salinity plume. The CFC 

distributions and potential vorticity data also indicate that there is a westward flowing boundary 

current of low CFC water along the southern side of the Rockall Plateau (1800- 2800 dbars, see 

Figure 2 and 3). We suggest that low 14C values in the Rockall Basin (Rooth and Ostlund, 

1990) and the low CFC values at mid-depth in the Iceland Basin can both be explained by a 

boundary current of low tracer, modified EBBW which advects northward along the eastern 

margin into the Rockall Basin and then around the Rockall Plateau (McCartney, 1991 ). This 

current would be the deep counterpart to the more shallow Mediterranean Undercurrent (Reid , 

1978; Reid, 1979). 

6. 7 Conclusions 

We present the first meridional CFC section through the eastern Atlantic from the subpolar 

gyre to the equator. This section acts as a baseline for future observational programs in the 

eastern North Atlantic and provides additional information for the calibration of numerical 

models of the eastern basin ( cf. Sarmiento, 1983). Using the CFC data, we have attempted to 
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place quantitative constraints on important water mass ventilation and circulation rates in the 

eastern North Atlantic. Our results show that: 

• Outside of the equatorial upwelling region, the summer mixed layer and seasonal ther

mocline are within 4% of solubility equilibrium for CFC-12 and CFC-11. The subsurface 

CFC maximum found at 100-200 meters in the subtropics is the base of the winter mixed 

layer and is a by-product of the heating and degassing of the seasonal thermocline and of 

the temperature sensitivity of CFC solubility. 

• The CFC concentrations in the subpolar mode water are undersaturated by 12- 14% rela

tive to the atmosphere during the previous winter. The undersaturations are due in part 

to the very deep winter mixed layers in the eastern subpolar gyres. 

• The CFC concentrations in the oxygen minimum off tropical Africa are much lower than 

the concentrations in the subtropical gyre, supporting previous work that suggests that 

isolation and enhanced productivity both contribute to the formation of the tropical 

oxygen minimum. In addition, the CFC inventories at the tropical stations have increased 

between 1982-83 (TTO /TAS) and the summer of 1988 at a slower relative rate than the 

subtropical inventories have over the same period. 

• Thermocline oxygen utilization rates calculated from the CFC concentration data range 

from 5 to 10 J.Lmole kg-1 yr-1 and are in line with previous estimates for the eastern 

subtropical thermocline (Jenkins, 1987; Sarmiento et al., 1990). 

• Recently ventilated Labrador Sea Water reaches the Iceland Basin on a time scale of less 

than a decade. The CFC concentrations in Mediterranean Water are about one quarter 

those in the Labrador Sea Water because of the entrainment near the Straits of Gibraltar 

of a large component of low CFC, lower Atlantic thermocline water. 

• Based on the CFC and other transient tracer distributions, the deep eastern basin can be 

divided into two regions: the Iceland Basin and surrounding area .infiunced by Iceland

Scotland Overflow Water that is ventilated on a decadal time scale, and the area south of 

rv50°N that has little or no CFC and that is ventilated from a southern source on a much 
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longer time scale. A northward flowing boundary current oflow CFC, deep Mediterranean 

Water is also found along the Rockall P lateau and in the Iceland Basin. 
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