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ABSTRACT

The simulated chlorofluorocarbon CFC-11 and 29 geographically defined CFC-11 tracers, as well as
29 geographically defined idealised tracers, are used to quantify the regional contribution to the ventilation
of the North Atlantic Ocean in a global version of the Miami Isopycnal Coordinate Ocean Model (MICOM)
driven by the daily NCEP/NCAR forcing. Age tracers attached to 29 idealised tracers are also used to estimate
the timescales for the water masses’ transports. Our results show that the simulated overturning circulation
matches the available observed data for both intensity and variability, and the simulated distribution of CFC-
11 concentration in the subtropical North Atlantic Ocean is in good agreement with the observations,
particularly above 800 m in depth. We found that the sandwich-like distribution of CFC-11 concentration in
the subtropical North Atlantic in both the observations and simulations is mainly caused by subduction
from the western and eastern subpolar North Atlantic, but the contribution of the former (56.0%) is almost
four times larger than that of the latter (15.7%). We demonstrated that the ocean dynamics, instead of the
source function, determine the annual and inter-annual variability in both dynamically active tracer (such as
water temperature and salinity) and passive tracer (such as CFC-11 and idealised tracer) concentrations in the
deep North Atlantic. The ‘apparent age’ distribution shows that the surface water in the western subpolar
North Atlantic takes about 12 yr to reach the Nordic Seas and takes 20 yr from the Nordic Seas to the
subtropical deep North Atlantic. The transit-time derived by ‘optimum time lag’ approach shows a 9.3-13.6 yr
lag for the signals propagating from the western subpolar North Atlantic to the subtropical North Atlantic,
which is generally consistent with that of about 10 yr derived from the ‘apparent age’. The study suggests that
geographically defined tracers can be used as an efficient tool to investigate the source and spreading pathway
of water, and to forecast the spreading and spreading time of environmental accidents such as the radioactive
waste in the world’s oceans.
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1. Introduction into the role of the oceans in moderating climate change.

) ) Ocean ventilation, here understood as the rates, pathways,
The world ocean plays an important role in the Earth and timescales for the surface water to enter the ocean
interior, is closely associated with water mass formation

and is one of the most important processes related to

climate system because of its large capacity to store and
redistribute heat (Levitus et al., 2001; Barnett et al., 2005;

Levitus, 2005), and to absorb and therefore regulate
atmospheric greenhouse gases, such as CO, (Siegenthaler
and Sarmiento, 1993; Keeling and Garcia, 2002). Thus, the
rate of the ocean’s uptake of heat and CO, sheds insight
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the role of the ocean in climate. Furthermore, ocean
ventilation is also a key element to forecast the fate of
ocean pollution (Gao and Drange, 2004; Gao et al., 2005,
2009) and to better understand the ocean biogeochemical
system (Gnanadesikan, 2004).

Despite the crucial role of ocean ventilation in cli-
mate, there is still a limited knowledge of the temporal
and spatial distribution of ocean ventilation properties.
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Physical processes that influence ocean ventilation, such
as deep convection, vertical/lateral mixing and deep ocean
currents, are very difficult to measure directly. Commonly
observed and simulated hydrographic parameters (e.g.
temperature and salinity) are not the best diagnostics for
ocean ventilation since they can offer only limited informa-
tion on where and when water mass was formed.

Chemical tracers can provide an independent method
to understand the processes of ocean ventilation (e.g.
Smethie et al., 2000) and provide detailed information on
the pathway and rates of water mass renewal (e.g. Rhein
et al., 2002; LeBel et al., 2008) when observed data of
the chemical tracer are available. However, the temporal
and spatial samplings through the large international
campaigns so far conducted, such as the World Ocean
Circulation Experiments (WOCEs) and the Geochemical
Ocean Section Study (GEOSECS), are far from sufficient
to fully understand the world’s ocean ventilation. There-
fore, numerical simulations of chemical tracers have been
widely used to complement the study of ocean ventilation
(e.g. England, 1995a). Chlorofluorocarbons (CFCs), owing
to their well-documented atmospheric histories (Walker
et al., 2000), have often been used to estimate ocean
ventilation on decadal and inter-decadal timescales (e.g.
Dutay et al., 2002; Gao et al., 2003).

However, it is difficult to quantify at any location
the contributions from different global water masses due
to the nature of the source functions for the chemical
tracers (either from the atmosphere or ocean bottom or
specific ocean sites). Furthermore, natural and anthropo-
genic tracers have been used to estimate the ventilation
timescales of ocean interior. The ‘ages’ constructed from
tracers, generally, can provide complementary information
about ocean ventilation (e.g. Stuiver et al., 1983; Broecker
et al., 1991; Smethie, 1993).

In this study, geographically-defined CFC-11 tracers,
representing the global surface water masses in different
areas of the world ocean, are simulated and used to reveal
the transport pathways of ventilated water and quantify
the remote contributions to the water mass at a certain
location; meanwhile, geographically-defined idealised
tracers are also implemented to qualitatively illustrate the
impacts of the solubility controlled source function (e.g.
global CFC-11) and the constant idealised source function
(29 idealised tracers) on the tracer ventilation. The ‘appar-
ent age’ of a given water parcel, defined as the elapsed time
since the water left the source region, was also constructed
for idealised tracers to estimate water mass transport
timescales (Gao et al., 2005).

The surface world ocean is artificially and geographically
divided into 29 areas in our simulation, and this paper
focuses on the North Atlantic ventilation. We also investi-
gate the roles of the source function and ocean dynamics in

the variabilities of hydrographic data and passive tracers,
and assess on what timescales the anomalies propagate in
the deep North Atlantic. The paper is organised as follows:
Section 2 provides the model description and experimental
setup. Quantification of CFC-11 and idealised tracer
ventilation in the North Atlantic are presented in Section
3 and the variabilities and propagation of ocean signals
derived from different hydrographic and passive tracer data
are analysed in Section 4. Finally, the discussions and
conclusions are presented in Sections 5 and 6.

2. Model description and tracer setup

The global version of MICOM (Bleck et al., 1992) is used
in this study. MICOM is a primitive equation model
using potential density with reference pressure at 2000 db
as the vertical coordinate (o,—coordinates). The o, surface
is neutral and quasi material for fluid parcels (McDougall
and Jackett, 2005), and is favourable to reliable identifica-
tion of intermediate and deep water. The 34 isopycnic
layers from o, =30.119 to ¢, =37.800, with values chosen
to represent the range of global water masses, comprise
the ocean interior; while a bulk-parameterisation for the
dissipation of turbulent kinetic energy based on Gaspar
(1988) has been incorporated in the uppermost vertically
homogeneous mixed layer (ML) where the density varies
temporally and spatially. Temperature, salinity and layer
thickness are prognostic variables in the ML, whereas in
the isopycnic layers below, temperature and layer thickness
are the prognostic variables, and salinity is diagnosti-
cally determined using the simplified equation of state by
Friedrich and Levitus (1972).

The model employed a local orthogonal grid system with
the North Pole over central Siberia and the South Pole over
Antarctica (see Furevik et al., 2003, Fig. 1b), and it has a
coarse resolution with approximately a 1.1° x 2.4°grid by
latitude and longitude. The sub-scale eddy-induced tracer
transport is parameterised by isopycnal and diapycnal
diffusion in the model. The diffusive velocities (diffusivities
divided by the size of the grid cell) are set as 0.0035 m/s for
tracer dispersion (i.e. for temperature, salinity, and the
CFCs) and 0.01 m/s for thickness diffusion and momentum
dissipation. The diapycnal mixing coefficient K, (m?/s) is
parameterised as K; = 1.8 x 10 ~7/N, where N (s ~ ') is the
locally stratification-dependent Brunt—Visdli frequency.

The model was initialised from a state of rest with the
January salinity and temperature developed by Steele et al.
(2001), and forced with daily NCEP/NCAR atmospheric
reanalysis fields (Kalnay et al., 1996). The spin—up-phase
consisted of three full NCEP/NCAR reanalysis cycles from
1948 to 2007 with each cycle starting from the end of the
previous cycle, yielding a total of 177 yr of spin-up. During
the spin—up-phase, the ML salinity was relaxed towards the
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monthly mean climatological values of Levitus et al. (1994).
The piston velocity k(m/s) for the salinity relaxation was
parameterised as k = /i/t, where /i(m) was the typical mixed
layer depth (MLD) and 7 (s) was the relaxation timescale.
/i was set as 50 m when the simulated MLD exceeded 50 m
otherwise set as the actual simulated MLD, and t was set as
30 days. The long-term mean of diagnosed fresh water
fluxes, obtained from the 177 yr of spin-up, was applied to
the fourth cycle that was also driven by the daily NCAR/
NCEP forcing fields. The timescale for the salinity relaxa-
tion (7) was set as 300 days, yielding a weaker relaxation
compared with the spin-up phase. The diagnosed time series
of Atlantic Meridional Overturning Circulation (AMOC) of
these four cycles are similar in terms of the trend, the
decadal and inter-annual variabilities (figure not shown).
The tracer (CFC-11, CFC-12 and idealised tracers) simula-
tion started from the fifth cycle of the physical model.

To assess the regional contribution to the ventilation
of the ocean interior, the surface of the world’s oceans was
divided into 29 patches (Fig. 1), and each patch was

Table 1. Location of tracers in the Atlantic Ocean

60°E 120°E

Locations of 29 geographically defined CFC-11 tracers and 29 geographically defined idealised tracers.

represented by an independent CFC-11 tracer and an
independent idealised tracer. In total, there are 29 regional
CFC-11 tracers and 29 idealised tracers, all of which are
passive tracers. The division of the ocean surface (Indian,
Atlantic and Pacific) meridionally follows their mid-ocean
ridges. The equator, 30°N and 30°S are zonal and artificial
borders for setting up tracer areas. From 30°N poleward,
the Pacific Ocean is divided into two tracer areas with the
Bering Strait as the northern boundary. Similarly, in the
North Atlantic Ocean, the Greenland—Iceland—Scotland
ridge is chosen as the northern boundary. Further north,
the Nordic Seas, the Barents Sea and the Arctic Ocean are
selected as three different tracer areas for a better tracing of
the potential dense water formation in these areas. South
of 30°S, the surface ocean is divided into 10 areas with the
Weddell Sea and Ross Sea as two independent tracer
release areas. Tracers of the first concern (both CFCs and
idealised tracers) in this paper are also listed in Table 1.
The simulation of the multiple CFC-11 and idealised
tracers started from 1948 with zero concentration in the

Tracer 13 Tracer 14

Tracer 19 Tracer 20

Southeast subtropical
Atlantic (STA)

Southwest subtropical
Atlantic (STA)

Northwest subtropical
Atlantic (STA)

Northeast subtropical
Atlantic (STA)

Tracer 25 Tracer 26

Tracer 27 Tracer 28

Eastern subpolar North
Atlantic (SPNA)

Western subpolar North
Atlantic (SPNA)

Nordic Seas Barents Sea
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ocean. We prescribed the source functions for the 29
idealised tracers with a constant and continuous flux.
The flux of CFC-11 at the air-sea surface is expressed as:
F =K,(Csai—Csurp), Where F(mol/m?/s) is the air-sea flux;
K, (m/s) stands for the gas transfer (or piston) velocity; Cgy,
(mol/m?) is the saturated CFC-11 concentration in moist
air near the sea surface; Cy,r (mol/m?) represents the
modelled surface ocean CFC-11 concentration. The para-
meterisation and implementation of the flux follow the
protocol of the Ocean Carbon-cycle Model Intercompar-
ison Project Phase II (OCMIP-2), described in detail by
Dutay et al. (2002). The modelled surface ocean CFC-11
concentration, instead of each regional CFC-11 compo-
nent, was used to calculate the air-sea CFC-11 fluxes. The
CFC-11 flux was tagged as individual tracer component
according to the regions described above, and each of the
tracer components took part in the advective—diffusive
process independently in the ocean.

Furthermore, Eulerian age tracers were tagged to
the idealised tracers in order to map the timescales for
the ventilation. The age was set to zero at the surface in the
release area for each idealised tracer. The concept of tracer
age has been developed by Thiele and Sarmiento (1990),
England (1995b) and Deleersnijder et al. (2001) and
implemented in the Ocean General Circulation Model
(OGCM) by Gao et al. (2005) and Orre et al. (2008).
This tracer age represents concentration-weighted average
time for source waters and is dependent on an integrated
effect of advection and diffusion processes. The age tracer
in this work is similar to the mean value of early devel-
oped ocean transit-time distributions (TTDs) or Impulse
Boundary Propagator (IBP) (Holzer and Hall, 2000; Haine
and Hall, 2002) which usually, however, requires either a
prescribed ocean surface tracer concentrations or satura-
tion and a steady-state ocean circulation (Waugh et al.,
2004; Peacock and Maltrud, 2006). However, the simulated
tracer fields by the TTDs approach can hardly be
compared directly with the observed data since it is difficult
to maintain both a transient air—sea tracer flux and a
transient ocean circulation state (Haine and Hall, 2002).

Therefore, a total of 89 tracers (two global CFC-11 and
-12, 29 regional CFC-11 tracer and 29 idealised tracers plus
29 age tracers tagged with idealised tracers) were included
in our simulation. These multiple CFC-11 tracers and
idealised tracers with different source functions (transient
versus constant) can provide unique information about
the ocean ventilation including water mass composition
and transport pathways. The age tracer, which provides
information about water mass transport timescales, is
directly derived from the tracer concentration, and the
design of the age tracer does not need the assumptions as
required by the TTDs approach. These combined multiple
tracers and age tracers are expected to provide a joint water

mass composition and transport timescales on the regions
of interest.

3. Ventilation in the North Atlantic

3.1. Meridional water mass transport

The northward flowing surface and near-surface water and
the southward flowing dense water in the North Atlantic
form the so-called Atlantic Meridional Overturning Circu-
lation (AMOC). To illustrate the simulated AMOC, the
mean (1948-2009) volume transport for each isopycnic
layer across 24.5°N, and the temporal evolution of
simulated southward volume transport and available con-
tinuous measurement of AMOC are shown in Fig. 2.

In the subtropical North Atlantic, the major part of the
water masses with ¢, <36.712 flows northward, while
the water mass with ¢, >36.846 flows southward. The
transport of water mass with potential density of 36.946
dominates the southward transports, accounting for 41%
of the total southward transport. The simulated net
transport in the North Atlantic is about 1.42 Sv which is
an indication of the inflow from the Pacific to the Arctic
Ocean through the Bering Strait and is generally consistent
with observational estimates of 1.45+2.5 Sv by Ganachaud
(2003) and Roach et al. (1995). The southward transport
of the dense water mass (with potential density greater
than 36.712 in the model) in the North Atlantic (shown as
Fig. 2a) is known as the North Atlantic Deep Water
(NADW). The model did not capture the northward
flowing dense Antarctic Bottom Water (AABW) at
24.5°N. Therefore, no northward flow appears in layers
denser than 36.846 in the simulation.

The temporal variation of the simulated southward
volume transport in the whole water column shows an
inter-annual to decadal variability with the monthly values
ranging from 11.2 to 24.3 Sv (Fig. 2b). The simulated
overturning strength is in agreement with the five repeated
cruise surveys (1957, 1981, 1992, 1998 and 2004) along
24.5°N (Bryden et al., 2005) except for the years 1957 and
2004. Please note that the observed value in 1957 is possibly
due to the large high frequency variability of the observed
transport as indicated by Cunningham et al. (2007).

From year 2004 to 2009, there are daily con-
tinuous measurement of meridional transport available
(Cunningham et al., 2007) shown as the monthly mean in
Fig. 2c. The simulated southward volume transport for
2004 to 2009 in the whole water column changes from 14.2
to 21.5 Sv, which is within the range from 8.8 to 26.6 Sv
of the monthly mean value of the continuous measurement.
The mean value of the simulated overturning transport
(18.2 Sv) between 2004 and 2009 is also in the range of
16 +2 Sv by Ganachaud (2003) based on WOCE datasets
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(a) Long-term mean of simulated volume transport across 24.5°N in the North Atlantic (positive northward). (b) Time series of

simulated monthly (thin line) and annually (thick line) mean southward volume transport in the whole water column at 24.5° and available
observations (black dots, Bryden et al., 2005) from 1948 to 2004. (c) Time series of monthly mean simulated (solid line) southward volume
transport in the whole water column at 26.5°N and monthly mean of continuous measurements of MOC at 26.5°N (dotted line,

Cunningham et al., 2007) from 2004 to 2009.

and 18.7+5.6 Sv by Cunningham et al. (2007) based
on continuous measurements between 2004 and 2009.
The simulated and observed monthly meridional transports
have a similar seasonal to inter-annual variability with a
correlation factor of 0.27 with statistical significance above
the 95% confidence level.

3.2. Observed and simulated tracers in the subtropical
North Atlantic

In order to shed light on ocean ventilation in the North
Atlantic, observed and simulated CFC-11 in February 1998
along 24.5°N are shown in Figs. 3 and 4. Generally, the



observed subsurface CFC-11 concentrations (below 1000 m)
in the western basin is higher than that in the eastern basin
where the AABW and the Iceland—Scotland Overflow
Water (ISOW) with low CFC-11 concentrations below
0.01 pmol/kg are presented (Smethie Jr et al., 2007; LeBel
et al., 2008). The observed CFC-11 exhibits basin-wide
surface or near-surface high values in the upper 0-800 m and
two localised subsurface maxima around 1800 and 3700 m in
the western basin, representing the newly ventilated classic
Labrador Sea Water (cLSW) and Overflow Water (OW)
(Smethie et al., 2000).

As an interface for the air—sea exchange, the surface
water is the earliest to be saturated with dissolvable air
gasses, such as CFC-11. However, the observed concentra-
tions of the CFC-11 do not monotonically decrease
with depth in the upper 800 m. Instead, a slightly higher
CFC concentration of 2.25 pmol/kg lies at 250 m depth
across the North Atlantic basin as is shown in the
upper right panel of Fig. 3 as well in the vertical profile
of CFC-11 concentrations in the upper left panel. This
sandwich-like distribution of CFC-11 can also be noticed in
Fig. 3 plate 1 of Smethie et al. (2000) and Fig. 2 of LeBel
et al. (2008), although it was not highlighted by these
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studies. Further examination of the repeated cruise surveys
of this section (WOCE AOS5 section, figure not shown)
reveals that this sandwich-like distribution of CFC-11
along 24.5°N in the North Atlantic in the upper 800 m
persists during the conducted surveys which cover winter,
early spring, and summer (see http://cchdo.ucsd.edu/
groups?id =a05 for detailed spatial and temporal cover-
age). It is therefore likely that the sandwich-like distribu-
tion is not produced by direct vertical mixing or local
subduction process induced by basin-scale subtropical gyre
(e.g. Qiu and Huang, 1995; Blanke et al., 2002). Hydro-
graphic analysis of this section indicates that the western
part of this sandwich-like layer coincides with a weakly
stratified water mass with vertically uniform salinity,
potential vorticity, oxygen, and temperature of 18°C
(figures not shown). This weakly stratified water over a
thickness of 200 m is widely recognised as the North
Atlantic Subtropical Mode Water (NASTMW), or the so-
called Eighteen Degree Water (EDW; Thomson, 1877)
dominated by water mass with temperature close to 18°C.
The EDW is believed to be important to memorise the
climate variability (e.g. Kwon, 2004; Old and Haines, 20006)

and substantially contribute to the inter-annual variability
30°w

40°w 20°w

-0

0w 30w 200w pmol/kg

Observed CFC-11 (pmol/kg) at 24.5°N across the North Atlantic in February, 1998 (LeBel et al., 2008). Upper layers from

surface to 800 m are zoomed in the upper panel, and profiles of CFC-11 concentration of selected stations close to the western boundary
(denoted by different symbols at the top of axis. e.g. red dot, green square, etc.) are also shown in the left panel. The dashed grey lines
denote the locations of 34.947, 35.507, 36.946 and 37.115 isopycnals.
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in oceanic CO2 uptake (Bates et al., 2002) and primary
production (Palter et al., 2005). The EDW is one of the
most studied mode waters regarding its properties, sources
and variabilities (e.g. Worthington, 1958; Talley and
Raymer, 1982). However, the structure and sources for
the EDW related sandwich-like CFC-11 layer, to the best
of our knowledge, have not been well documented.

Below around 1000 m depth, the relatively CFC poor
upper Labrador Sea Water (uLSW) (Smethie et al., 2000;
LeBel et al., 2008) separates the CFC-saturated surface
water and the mid-depth classic Labrador Sea Water
(cLSW) labelled with higher CFC-11 concentration at
about 1800 m depth (Smethie Jr et al., 2007). At 1000 to
2000 m depth close to the eastern boundary, there is also a
slightly elevated CFC-11 signal, which is attributed to
the Mediterranean Outflow Water (MOW) (LeBel et al.,
2008).

The simulated global CFC-11 distribution, which is
essentially identical to the sum of the 29 regional CFC-11
simulations, is generally in line with observations, particu-
larly in the range of 0-3000 m depth (Fig. 4). For example,
the model well reproduced the sandwich-like CFC-11
distributions in the upper 800 m and captured the local
CFC-11 core at 2500 m following the western boundary,

50°w

40°w

Same as Fig. 3 but for simulated CFC-11 (pmol/kg) in February, 1998.

which is 700 m deeper than the core in the observations. In
addition, a CFC-11 core at the bottom of the western
basin, representing the overflow in the simulation (please
refer to Fig. 7), is also present. The model also captured the
relatively high CFC-11 signal between 1000 and 2000 m
depth in the eastern boundary of the North Atlantic.
In addition, the observed structure of thermocline above
1000 m depth is also well captured by the model, e.g. the
position and structure of the surface hydrography, the
NASTMW and the permanent thermocline (figures not
shown).

The distribution of the total concentrations of the 29
independent idealised tracers is shown in Fig. 5. There is
no sandwich-like distribution of tracers in the upper 800 m
as shown in the observed and simulated CFC-11 (Figs. 3
and 4). Instead, it decreases monotonically with depth.
Though the flux for the idealised tracers is different from
the spatially and temporally varied CFC-11 flux, the
distribution of accumulated tracer concentrations below
the upper layer displays some similarities with the simu-
lated CFC-11, e.g. the deep cores at depth of 2500 m and
at the bottom of the western basin; relatively higher
concentrations between 1000 and 2000 m close to the
eastern boundary. If the locally released tracers in the
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of 60-yr simulation.

subtropical North Atlantic (tracers 19 and 20) are excluded
and only tracers in the subpolar North Atlantic and Nordic
Seas (tracers 25, 26, 27 and 28) are included, the subsurface
tracer maximum around 250 m extending horizontally
across ocean basin can be successfully captured (figures
not shown here), indicating the observed CFC-11 max-
imum at 250 m is likely not locally generated.

To diagnose the water mass composition and assess
the relative contributions from different sources to the
ventilated water mass in the subtropical North Atlantic, the
accumulated masses of each regional CFC-11 tracer along
24.5°N were firstly calculated. It turns out eight ocean
regions represented by tracers 13, 14, 19, 20, 25, 26, 27 and
28 (see Table 1 for detail) were among the top contributors
to the total CFC-11 mass, implying that the surface waters
in those areas are important for the CFC-11 ventilation in
the subtropical North Atlantic. Therefore the contributions
from the 8 out of the 29 regions to the ventilation of the
North Atlantic Ocean are investigated. To isolate the
source water for the CFC-11 ventilation in the North
Atlantic, the distributions of CFC-11 concentrations caused
by individual geographic CFC-11 area are shown in Fig. 6.
The contributions by individual geographic CFC-11 area

50°w

40°w 30°w 20°w

Same as Fig. 3 but for accumulated concentration (scaled to 0-3 arbitrary unit, herein after) of all 29 idealised tracers at the end

to the total CFC-11 and idealised tracer inventory at 24.5°N
in the North Atlantic in February 1998 are summarised in
Table 2.

As indicated in Fig. 6, the efficient contributors to the
CFC-11 ventilation of 0-800 m are the surface waters
from the subtropical North Atlantic (tracers 19, 20) and
the western (tracer 25) and eastern (tracer 26) subpolar
North Atlantic, and to a lesser extent, from the subtropical
South Atlantic (tracers 13, 14). However, the concentra-
tions for tracers 13, 14, 19 and 20 decrease with depth
quickly whereas the concentrations for tracers 25 and 26
exhibit high values at around 250 m depth originating from
the eastern basin and spreading to the western basin,
implying that the high observed and simulated CFC-11
concentrations at 250 m is mainly from the western and the
eastern subpolar North Atlantic. The surface waters from
the western subpolar North Atlantic (tracer 25), the eastern
subpolar North Atlantic (tracer 26) and the Nordic Seas
(tracer 27) primarily contribute to the CFC-11 ventilation
of deep water below 2000 m in the western basin of the
North Atlantic, including an intermediate CFC-11 max-
imum at 2500 m depth and CFC-11 maximum at the
bottom.
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Table 2. Composition for water-mass (a) between layer 0-800 m, (b) at 2500 m of west boundary and (c) at 4500 m depth at sea floor in
North Atlantic 24.5°N in February 1998 from different CFC-11 and idealised tracer sources

Western Eastern Northwest Northeast Southeast Nordic Arctic Barents Other

SPNA SPNA STA (19), STA (20), STA (14), Seas (27), Ocean  Seas (28), (%) Ocean,
Depth (25), (%) (26), (%) (%) (%) (%) (%) (29), (%) (%)
0-800 m (CFC) 56.0 15.7 9.3 7.3 5.6 / / / 6.0
(TRC) 114 124 21.8 203 111 / / / 23.1
2500m  (CFC)  64.1 13.5 / / / 16.4 2.6 / 35
(TRC) 185 7.7 / / / 235 18.4 / 319
4500m  (CFC)  13.8 16.1 / / / 61.0 / 4.0 5.1
(TRC) 6.8 9.0 / / / 44.0 / 18.3 21.8

To quantify the water mass composition for a certain
water mass of interest, both the contribution percentages of
CFC-11 tracer and idealised tracer mass for three water
masses at 24.5°N in the North Atlantic are summarised in
Table 2, including water mass between 0-800 m, inter-
mediate tracer-enriched core water mass at around 2500 m
and deep tracer-enriched core water mass at the bottom.
The fundamental difference of the water mass composition
in percentage between CFC-11 and idealised tracer lies in
the fact that the air-sea CFC-11 flux is controlled by the
CFC-11 solubility (mainly temperature dependent) in sea
water whereas the flux of the idealised tracer is prescribed
with infinite solubility. Therefore, water mass composition
of CFC-11 indicates the combined effects of temperature
and advective—diffusive ocean dynamics, while the water
mass composition of idealised tracers with a prescribed
constant air-sea flux is determined only by the ocean
dynamics.

The composition analysis shows that the
water from the western and eastern subpolar North
Atlantic account for 56.0 and 15.7% of the CFC-11
ventilation between the ocean surface and 800 m depth,
implying > that the subpolar North Atlantic is a dominant
source for the ventilated sandwich-like CFC maximum and
other parts of ocean only contribute less than 30%.
Idealised tracer derived water mass contributions of
different ocean sources, varying from 11.1 to 21.8%, do
not exhibit as large contrasts as that derived from CFC-11,
and local water mass ventilation from northwest subtropi-

surface

cal North Atlantic (tracer 19) and northeast subtropical
North Atlantic (tracer 20) have the largest contribution.
Composition of intermediate tracer-enriched core water
mass at around 2500 m indicates that the western subpolar
North Atlantic (tracer 25) is the dominant source of CFC-
11 ventilation (64.1%) while the Nordic Seas and eastern
subpolar North Atlantic (tracer 26) are also important
sources (16.4 and 13.5%) but only fourth quarter of the
contribution from the western subpolar North Atlantic.
For idealised water mass composition, sources from

western subpolar North Atlantic and Nordic Seas have
an equivalent importance (18.5 and 23.5%). Arctic Ocean
(tracer 29) has a larger contribution (18.4%) in idealised
tracer ventilation than in CFC-11 ventilation (only 2.6%).

Composition of tracer-enriched water mass deeper
than 4500 m shows a similar contribution pattern: the
Nordic Seas has very large contributions (61.0 and 44.0%
for CFC-11 and idealised tracer respectively); the
eastern subpolar North Atlantic, the western subpolar
North Atlantic and the Barents Sea contribute below
20% for the CFC-11 ventilation in the deep subtropical
North Atlantic.

3.3. Pathways of water masses spreading

The isopycnic model is intrinsically favourable in identify-
ing the sources and pathways of certain water mass since
the water mass tends to be transported along isopycnals
(Gao et al., 2003). The simulated ocean current and
distributions of CFC-11 concentrations along three corre-
sponding isopycnals (o, =34.947, 36.946, 37.115) denoted
as grey lines in Fig. 5 are therefore shown in Fig. 7.

Note that the sandwich-like CFC-11 distributions in
both the observations and simulation (Figs. 3 and 4) are
confined to 34.947- and 35.507-isopycnals, which are
also within the range of the simulated EDW shown as
red line of 18°C contour in Fig. 7b. The 34.947-isopycnal
outcrops at sites from Grande Banks around 44°N
(Fig. 7b). On this isopycnal, a clockwise current system
is dominant. A tracer-enriched tongue spreads from the
outcropping areas to the eastern North Atlantic and finally
to the southwest following the current with the depth of the
isopycnal tilting from 150-300 m. The southwestward
spreading of the tracer can partly explain the eastern part
of subsurface CFC-11 and idealised tracer maxima at depth
of ~250 m shown in Figs. 4 and 5. The distributions of
CFC-11 and idealised tracer concentrations on 35.507-
isopycnal contribute more to the eastern part of subsurface
CFC-11 and idealised tracer maxima (figure not shown
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here). The long-term mean winter (January—February—
March, JFM) and summer (July—August—September,
JAS) outcropping areas for the 34.947- and 35.507-iso-
pycnals are shown in Fig. 7b. Water mass subducted into
the seasonal thermocline from summer outcropping area
would be entrained back to the mixed layer during winter

as suggested by Marshall et al. (1993). It therefore implies
that the outcropping areas during summer time would
hardly contribute to the ventilation of the sandwich-like
CFC-11 layer in the subtropical North Atlantic. On the
other hand, isopycnals outcropping during winter would
subudcted into the permanent thermocline and thus
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ventilate the ocean interior (Williams et al., 1995). The
simulated winter outcropping area for the 34.947- and
35.507-isopycnals locates immediately south of the Gulf
Stream and its extension—North Atlantic Current (figure
not shown), where is suggested to be the ventilation sites
for the EDW (e.g. Worthington, 1958). We therefore
argued that the sandwich-like CFC-11 layer provide a
tracer perspective about the EDW structure, and this
sandwich-like CFC-11 water mass is ventilated through
subduction process south of the Gulf Stream and North
Atlantic Current during winter.

On the 36.946-isopycnal, the model clearly captures the
DWBC with velocity of 1.5-2 ¢cm/s (Fig. 7c), which is also
illustrated by the distribution of CFC-11 concentrations
(Fig. 7d). As previously shown, the tracer-enriched tongue
at 2000-3000 m depth originates mainly in the western
subpolar North Atlantic and the Nordic Seas. Similarly,
the distribution of the tracer concentration on the 37.115-
isopycnal exhibits a quick southward transport. However,
the signal is largely confined to the bottom of the western
basin instead of following the western boundary as that in
the observations.

Wintertime (JFM) maximum mixed layer potential
density and MLD are shown in Fig. 8a and 8b to further
check the outcropping of the isopycnals. The maximum
MLD in the Labrador Sea, Irminger Sea and central
Nordic Seas exceeds 1000 m, indicating the open-
ocean deep convective mixing. The isopycnals with poten-
tial density between 36.846 and 36.946 outcrops in the
Labrador Sea, Iriminger Sea and Nordic Seas, which
means, according the definition of model’s isopycnal layers,
the 36.946-isopycnal layer in the model ventilates in these
regions during winter. On the other hand, the 37.115-
isopycnal layer outcrops in the central Nordic Seas.
Therefore, the high concentrations of CFC-11 and idealised
tracer along the 36.946-isopycnal between 2000 and 3000 m
depth at 24.5°N are likely caused by the direct ventilation
in the Labrador and Nordic Seas and the spreading along
the 36.946-ispycnal. CFC-11 tracer concentrations from
regional oceans shown in Fig. 6 also support that the
strong tracer signal between 2000 and 3000 m depth in the
subtropical North Atlantic is from both the western
subpolar North Atlantic (tracer 25) and the Nordic Seas
(tracer 27).

To further investigate the pathways and timescales of the
tracer signals transporting from the western subpolar
North Atlantic and Nordic Seas to the subtropical North
Atlantic, the simulated CFC-11 concentrations contributed
from western subpolar North Atlantic (tracer 25) and the
simulated apparent age with source region of tracer 25 on
the different isopycnals (Fig. 9) were examined. After being
ventilated in the central Labrador Sea (high tracer con-
centration and young age of water mass), the water mass

on the 36.846-isopycnal primarily transports northeast-
ward and passes the Iceland—Scotland Ridge into the
Nordic Seas, and partly spreads southeastward into eastern
North Atlantic. The spreading into the eastern North
Atlantic is slower than that extending to the Nordic Seas.
The southeastward flowing water reaches the eastern coast
of the subtropical North Atlantic and elevates the CFC-11
concentrations along the eastern coast of the North
Atlantic, which appears as the water mass with relatively
high CFC-11 concentrations between 1000 and 2000 m
depth in the eastern part of the 24.5°N section in Figs. 3
and 4. Therefore, the distribution of CFC-11 on the 36.846-
isopycnal suggests that the ventilated water from the
western subpolar North Atlantic is an important source
for the elevated CFC-11 signal in the eastern subtropical
North Atlantic in our simulation.

Early studies suggested that the export of the Labrador
Sea Water follows: (i) to the northeast into the Irminger
Sea; (ii) eastward into the eastern North Atlantic (Bower
et al., 2009); and (iii) southeastward with the DWBC
(Talley and McCartney, 1982; Rhein et al., 2002). The
model results show that the spreading of the Labrador
Sea Water is in general agreement with the early studies
(Fig. 9¢). The apparent age distribution indicates that
the 36.946-isopycanl ventilates in the coastal region of the
Labrador Sea and in the Nordic Seas where the apparent
age is low (Fig. 9d). The deep 37.115-isopyncal only
outcrops in the Nordic Seas (Figs. 8 and 9e, f) illustrated
by high CFC-11 regional tracer concentration and low
apparent age in the Nordic Seas. Therefore, the tracer-
enriched surface water in the Labrador Sea transports into
the Nordic Seas where it is transformed to denser water and
then flows southward mainly through the Denmark Strait
to the subtropical North Atlantic (Fig. 9e, f).

As the combined impact of advection, mixing and
recirculation, the surface water from the western subpolar
North Atlantic (tracer 25) takes around 12 yr to reach the
Nordic Sea where the 36.946-isopcynal outcrops and about
30 yr to reach the subtropical North Atlantic following the
36.946-isopycnal whereas it takes around 36 yr to reach
the subtropical North Atlantic mainly via the Denmark
Strait and fills the bottom of the western basin of the
North Atlantic following 37.115-isopycnal. As is discussed
in the Section 3.1, the 36.946-isopycnal dominates the
southward volume transports, it is therefore the fastest
route for water mass transporting from the subpolar to the
subtropics. The transit-time for water mass on the 36.946-
isopycnal transporting from the Labrador Sea to 24.5°N in
the subtropical North Atlantic is about 10 yr. Similarly, the
transit-time for the OW on the 37.115-isopycnal from the
Nordic Seas to the subtropics is around 20 yr. The transit-
times for the water mass from the subpolar North Atlantic
to the subtropical and equatorial Atlantic have large
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discrepancies among different methods from both observa-
tions and simulations, ranging from 8-10 yr to more than
25-30 yr (see Fine et al., 2002, for brief review). Our
estimate of the transit-time from the subploar North
Atlantic to the deep subtropical and tropical Atlantic is
generally within these ranges.

4. Dominance of ocean dynamics on tracer
variability and its propagation

The variations in the overturning circulation can

substantially affect meridional ocean heat transport and

therefore has significant impact on global (Knight, 2005;
Lynch-Stieglitz et al., 2007) and especially North Atlantic
climate (Sutton and Hodson, 2005; Pohlmann et al., 2006).
A recent study showed that the prediction of multiyear
changes in the AMOC is possible (Matei et al., 2012). Early
studies suggested that the wvariability in hydrography
observations can provide information about the variability
of ocean circulation (Mauritzen et al., 2006) and the
variabilities in the subpolar North Atlantic and Nordic
Seas could be indicators for the changes of AMOC in
the subtropical North Atlantic (e.g. Hawkins and Sutton,
2008; Lohmann et al., 2008). Here we examine whether
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the variability in the subpolar North Atlantic can be used
to predict the AMOC variability in the subtropical
North Atlantic in the simulation and whether the varia-
bility in passive tracers (both CFC-11 and idealised tracer)
can represent the variability in the hydrography (such as
temperature or salinity).

The time evolutions of CFC-11 and idealised tracer
concentrations, layer thickness and temperature of 36.946-
isopycnal at 24.5°N within the DWBC were shown in
Fig. 10a. The salinity below the mixed layer is determined
by a simplified state of equation in the model; the simulated
salinity therefore has similar variations as the temperature
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2500 m depth of 24.5°N in Figs. 4 and 5. Locations of the involved model grids are also denoted as blue dots in the inset map of

Fig. 11. All variables are scaled to 0—1. (b) Same as panel a, but for years from 1992 to 2000 and each variable is detrended and normalised
by its standard deviation. (c) Same as panel b but years from 2000 to 2008. Correlations between different variables have been calculated
and the minimum one (CFC vs. Layer Thickness) is annotated in each panel.

and will not be discussed here. The idealised tracer and tracer). In order to investigate the short-term variabilities
CFC-11 have similar long-term variations though they of the tracer concentration, we should firstly remove
have different source functions (i.e. spatially and tempo- the long-term variations of the tracer concentration. One

rally varied CFC-11 flux versus constant flux for idealised straightforward case to remove the long-term variation is
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when the time series has a linear trend. Both the simulated
idealised tracer and CFC-11 concentrations started to
increase almost linearly since 1992, and this increase in
CFC-11 around 1992 was also reported by a continuous
monitoring in the DWBC at 26.5°N in the subtropical
North (see Molinari et al., 1998, Fig. 3). The linear
increasing trends in both CFC-11 and idealised tracer
concentrations slightly slow down around the year 2000
which could be roughly regarded as an inflection point of
the linear trend (Fig. 10a).

To examine the short-term variability in tracer concen-
trations, the time series of the normalised monthly tracer
concentrations from 1992 to 2000 and from 2000 to 2008
are shown in Fig. 10b and 10c after their linear trends
are removed. Surprisingly, the variability in temperature
(negatively correlated), CFC-11 and idealised tracer con-
centrations are almost identical, implying the importance
of ocean dynamic in shaping the short-term variability. The
results suggested that the idealised tracer could be used to
trace the short-term variability in CFC-11 and temperature
though they have different source functions. It should be
noted that the variability of isopycnal thickness well
matches that of the tracers from 2000 to 2008. The negative
correlation between the temperature and isopycnal thick-
ness likely reflects the impact of wintertime deep convec-
tion in the formation of dense water in high latitudes:
strong (weak) convection produces a thick (thin), fresh
(saline) and cold (warm) layer (Curry and McCartney,
1998). Orre et al. (2007) also suggested that the short-term
variability of surface Technetium-99 in the western coast of
Norway is governed by the ocean dynamics instead of the
source function.

Previous studies also indicated that the temperature and
salinity or water density anomalies at one ocean site could
possibly be traced upstream with a certain leading time
by both the observational evidences (Molinari et al., 1998;
Dickson et al., 1999; 2002; Eldevik et al., 2009) and model
simulations (Hawkins and Sutton, 2008; Van Sebille et al.,
2011). We therefore investigate how and on what timescales
the signals in the subtropical Atlantic can be related to its
upstream source regions. Three sections (52.0°N, 40.0°N
and 24.5°N) are selected to trace the propagation of the
anomalies along the DWBC (Fig. 11a and 11b).

The winter time MLD, which is the indicator of deep
convection, shows that the Labrador Sea experienced an
intense convection in the beginning of the 1990s and
was followed by a restratification until around 2006 as
revealed by observations (Lilly et al., 1999; Lazier et al.,
2002; Louarn et al., 2009). The simulated variabilities of
the isopycnal thickness at the 52.0°N sections are highly
correlated with that of the MLD on decadal timescales, and
the isopycnal thickness among different sections are also
highly correlated, implying the propagation of the anoma-

lies from the Labrador Sea to the subtropical Atlantic
(Fig. 11a). The simulated temperatures show a multi-
decadal variability and also have an obvious time-lag
correlation between different sections (Fig. 11b).

The transit-time derived by ‘optimum time lag’ approach
(or cross-correlation) (Brown et al., 2002; Delhez and
Deleersnijder, 2008) is about 6.3 yr for the simulated
isopycnal thickness anomaly to propagate from 52.0°N to
40.0°N, and around 9.3 yr to 24.5°N. The transit-time for
propagation of the temperature anomaly is longer than that
of the thickness anomaly, taking about 8.9 yr from 52.0°N
to 40.0°N and 13.6 yr to 24.5°N. The time series of
anomalies between different sections are highly correlated
with correlation coefficient larger than 0.91 for isopycnal
thickness anomaly and 0.85 for temperature anomaly. It
should be mentioned that the magnitude of the anomaly
is largely reduced from 52.0°N to 24.5°N, for example,
the magnitude of the temperature anomaly at 24.5°N is
only about 25% of that at 52.0°N in the simulation. The
reduction in amplitude is larger than the observation-based
estimate with the amplitude decays by 50% (Van Sebille
et al., 2011) but much smaller compared with the analytical
model of Waugh and Hall (2005) which shows an anomaly
in the subpolar source was reduced to only 2% in the
tropics.

However, the long-term near linear increase of CFC-11
and idealised tracer concentrations in the ocean (Fig. 10a)
makes it difficult to detect the propagation of signals by
comparing the similarities of the long-term variabilities.
We used the detrended variability of CFC-11 and ideal-
ised tracer at 24.5°N (Fig. 10b and 10c) and search the
maximum lagged correlation variability in the upstream
sections. The correlated variabilities of idealised tracer and
CFC-11 along the DWBC sections are shown in Fig. 12.

The similar variabilities for normalised CFC-11 and
idealised tracers, after detrended, confirm the dominance of
the ocean dynamics on the tracer variabilities. It also shows
the possibility to track the tracer anomalies upstream, and
the transit-time is 9.3 to 10.0 yr for the passive tracer to
propagate from the 52.0°N to 40.0°N and 11.6 to 13.5 yr to
the 24.0°N. The transit-time in 1980—1990 is longer than
that in 1990-2000. The observation-based estimates of
transit-time between the central Labrador Sea and 26.5°N
in the subtropical North Atlantic ranges from 9 to 10 yr
(Molinari et al., 1998; Van Sebille et al., 2011).

We notice that transit-time derived by cross-correlation
(or time-lag) method is shorter compared with the ‘appar-
ent age’ obtained in Section 3.3. The ‘true mean age’ of a
water mass at a certain location is actually a spectrum
distribution (Delhez et al., 1999). The cross-correlation
(or time-lag) method does not sample the whole age
distribution but only part of the age spectrum around
its maximum, and therefore suffers from a systematic
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Fig. 11.  (a) Time series (smoothed by a 12-month low-pass filter) of simulated monthly mean isopycnal thickness for 36.946-isopycnal at
24.5°N (blue line, the same data as that in Fig. 10a), 40.0°N (red line) and 52.0°N (green line). Model grids selected for each section are
denoted in the inset map by blue, red and green dots for 24.5°N, 40.0°N and 52.0°N respectively. Simulated wintertime (JFM) mean MLD
in the Labrador Sea is also plotted with black line. The region for calculating the mean MLD is denoted by a dashed ellipse with a bold L
inside. (b) Same as panel a, but for simulated ocean temperature. All the variables are normalised and the time lags (in months) between the
section at 52.0°N and its downstream section at 40.0°N and 24.5°N are annotated in the top of each panel. Correlation between 24.5°N and
52.0°N is also annotated in each panel.

underestimation of the true mean age. Therefore, the Section 3.3. The apparent age is defined as mass-weighted
transit-time derived by cross-correlation method is shorter mean age from different sources. The relation between
compared with the ‘apparent age’, which is also shown in these two methods is clarified by Delhez and Deleersnijder
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Fig. 12.  (a) Variability of ideal tracer concentrations at 24.5°N from 1992 to 2000 (blue curve) from Fig. 10b, and its upstream maximum

lag-correlated variability at 40.0°N from 1989 to 1997 (green curve) and that at 52.0°N from 1978 to 1986 (red curve). (b) Same as panel a
but for variability from 2000 to 2008 at 24.5°N (blue curve), together with its upstream variability at 40.0°N (green curve) and 52.0°N (red
curve). (c) Same as panel a but for simulated CFC-11. (d) Same as panel b but for simulated CFC-11. Correlation between 24.5°N and

52.0°N is also annotated in each panel.

(2008). It also should be noted that the transit-times
derived by cross-correlation method from different water
mass properties (such as CFC-11, temperature and iso-
pycnal thickness) are also different, and the possible
reasons for these discrepancies are discussed in the follow-
ing section.

5. Summary and discussion

To illuminate the decadal scale ventilation of the North
Atlantic, the anthropogenic chlorofluorocarbons (CFC-11
and CFC-12), 29 geographically defined CFC-11 tracers
and 29 idealised passive tracers attached with age tracers
have been incorporated into a global isopycnic coordinate
ocean model to investigate the sources and pathways
spreading timescales of water masses in the world oceans.

The simulated CFC-11 along 24.5°N in the North Atlantic
in February 1998 is generally consistent with observa-
tions, particularly between 0-800 m. Both the observed

and simulated CFC-11 distributions show a sandwich-like
pattern in the 0—800 m, which is persistent year-round. The
results from our geographically-defined CFC-11 tracer
simulation suggest that the observed sandwich-like CFC-
11 distribution is mainly caused by the subduction of the
surface water from both the western and eastern subpolar
North Atlantic with contributions of 56 and 16% respec-
tively. The model also clearly captures the feature of
the CFC-11 intrusion between 1000 and 2000 m depth in
the eastern North Atlantic, which is mainly originated from
the western subpolar North Atlantic in our simulation
(Fig. 6e and 9a). On the contrary, LeBel et al. (2008) tended
to regard this CFC-enriched water-mass as a signal of the
MOW. Below 1000 m depth, the observation exhibits two
local CFC-11 maxima at 1500 and 3700 m depth, indicating
the so-called ‘Double Flow” phenomenon which is difficult
to be properly captured by the OGCM simulation (Dutay
etal.,2002; Gao et al., 2003). Early studies (e.g. England and
Holloway, 1998; England and Maier-Reimer, 2001) indi-
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cated that a realistic simulation on the southward transport
of the LSW and the dense water overflow off the Greenland—
Iceland—Scotland Ridge was of crucial importance for
capturing the two CFC-bearing cores. Our model, on the
other hand, captures the two CFC-11 maxima in the western
basin below 1000 m depth, reflecting the reasonable
representation of the southward outflow of the LSW and
the dense OW.

However, the locations of simulated isopycnal layers
(Fig. 4) are lower than those in the observation (Fig. 3),
which means the simulated water mass is less dense than
the observations, and the presence of the bottom CFC-11
core in the model is also partly because the northward
intrusion of the simulated AABW is too weak. Meanwhile,
the simulated concentrations of CFC-11 core (0.25-0.3
pmol/kg) at around 2500 m depth are lower than the
observations (0.75 pmol/kg), and the simulated eastern
basin mid-depth CFC-11 signal is relatively stronger than
that in the observations (Figs. 3 and 4). These discrepancies
between the observation and simulation are possibly a
consequence of the relatively sluggish DWBC and vigorous
interior diffusion in the model. For instance, the simulated
DWBC velocity of 1.5-2 cm/s is slower than hydrogra-
phic data derived effective spreading rate of 2-5 cm/s
(Molinari et al., 1998; Stramma and Rhein, 2001; Freu-
denthal, 2002). A sluggish DWBC is usually related to a
coarse model resolution (e.g. England and Holloway, 1998;
Beismann, 2003) and can be sensitive to the parameterisa-
tions of both the diapycnal and isopycnal mixing (Gao
et al., 2003).

The results from the geographically defined CFC-11
tracers and idealised tracers reveal that the western and
eastern subpolar North Atlantic and the Nordic Seas are
the most efficient areas to ventilate the intermediate and
deep subtropical Atlantic Ocean. The simulated CFC-11
core at 2500 m depth exhibits an origin from both the
western and eastern subpolar North Atlantic (64.1 and
13.5% respectively) and the Nordic Seas (16.4%) following
the simulated DWBC on the 36.946-isopycnal. Composi-
tion of tracer-enriched water mass deeper than 4500 m
shows that the Nordic Seas dominates (61.0%) the CFC-11
ventilation in the deep subtropical North Atlantic. The
observational studies, on the other side, tend to conclude
that the Labrador Sea is the only source for tracer-enriched
water at 2500 m depth (e.g. Smethie et al., 2000, 2007), but
it is hard to estimate how much the CFC-11 maximum
comes from Labrador Sea and the Nordic Seas based on
the observational data. However, it is also possible that the
model does not produce the overflow well, which may lead
to spurious mixing with the LSW.

The CFC-11 and idealised tracer have different air—sea
gas flux. Therefore, water mass composition of CFC-11
indicates the combined effects of temperature and ocean

ventilation, while the water mass composition of idealised
tracers with a prescribed constant air—sea flux is deter-
mined only by the ocean ventilation. However, the idealised
tracers still reflect the relative importance of different ocean
regions for ventilating the subtropical North Atlantic and
indicate the important role of ocean dynamics and the
possibility to use the idealised tracers to mirror the
temporal and spatial variability of other passive tracers.
The surface water in the western subpolar North Atlantic
flows into the eastern Nordic Seas and the Barents Sea
where the 36.946- and 37.115-isopycnal outcrop, and
thereafter flow southward and enter the North Atlantic.
The apparent age distribution shows that it takes around
12 yr for the surface water from the western subpolar
North Atlantic to reach the Nordic Seas where the water
mass is transformed and thereafter flows southward. The
simulated apparent age shows that the transformed water
mass in the Nordic Seas needs about 20 yr to reach the deep
subtropical North Atlantic. The apparent age in this paper
is an average of tracer concentration-weighted ages of
different water masses, and it takes into account recircula-
tion gyres and mixing and advection. Therefore, the
apparent age tends to be longer than that estimated by
direct velocity measurement (see Fine et al., 2002, for a
brief review).

Previous studies have reported that anomalies in hydro-
graphic properties like temperature, salinity and isopycnal
thickness or anthropogenic passive tracers like CFC-11 are
highly correlated along the transport pathways between the
surface subpolar North Atlantic and Nordic Seas (Dickson
et al., 1999; 2002; Hawkins and Sutton, 2008; Eldevik et al.,
2009) or between subpolar North Atlantic and subtropical
deep North Atlantic (Curry and McCartney, 1998; Molinari
et al., 1998; Stramma and Rhein, 2001; Freudenthal, 2002;
Van Sebille et al., 2011). Our study confirms that the source
functions of tracers and the ocean dynamics together
determine the trend of passive tracers and that the variabil-
ities of both the dynamically active (such as water tempera-
ture and salinity) and passive (such as CFCs and idealised)
tracer concentrations are highly correlated after removing
their linear trend, indicating the dominant role of ocean
dynamics. The results also showed that the variabilities of
the tracers (temperature, CFCs and idealised tracers) in the
deep subtropical North Atlantic could be traced back to the
upstream subpolar region.

The transit-times from subpolar to subtropical North
Atlantic derived by cross-correlation or optimum time
lag are different among various quantities, for example, 9.3
yr for the isopycnal thickness anomaly, 13.6 yr
for the temperature anomaly and 11.6 to 13.5 yr for
the passive tracer signals (CFC-11 and idealised tracer).
The possible interpretations of these discrepancies in the
transit-times for isopycnal thickness anomaly, temperature
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(salinity) and passive tracers are, however, under debate. Liu
and Shin (1999) pointed out that the propagation of
temperature and passive tracer anomalies in a coarse
OGCM have comparable pathways as mean flow, but the
former could have a slower propagation speed but decay
faster, and have a more complex spatial structure than that
of the latter. Using a regional OGCM, Nonaka and Xie
(2000) even demonstrated that passive tracers and tempera-
ture anomaly could propagate in opposite directions
when the propagation of temperature anomaly is dominated
by high baroclinic modes of Rossby waves. Finally, based on
a simplified coupled ocean—atmosphere model, Lazar et al.
(2001) suggested a compromise of the role of mean flow
advection and wave processes that the mean advection flow
determines the first approximation of the timescale and
transport pathways for heat anomalies while wave processes
tend to influence the evolution of the intensity and the shape
of the anomalies. Our study showed that the transit-time for
passive tracers (CFC-11 and idealised tracer) is close to that
for temperature (salinity), but is longer than that for
isopycnal thickness.

In terms of methodology, the geographically defined
artificial tracers can potentially be used to trace the
spreading pathway and the timescales of environment-
harmful pollution (such as radioactive waste) in certain
area of the world ocean.

6. Conclusions

By using the simulation on the 29 geographically defined
CFC-11 tracers and 29 idealised tracers plus the age tracers,
we found that:

(1) The sandwich-like distribution of CFC-11 concen-
tration in the upper 500 m of subtropical North
Atlantic in both the observations and simulations
is mainly caused by subduction from western and
eastern subpolar North Atlantic, but the contribu-
tion of the former (56.0%) is almost four times
larger than that of the latter (15.7%).

(2) We demonstrated that the ocean dynamics, instead
of the source function, determine the annual and
inter-annual variability in both dynamically active
tracer (such as water temperature and salinity) and
passive tracer (such as CFC-11 and idealised tracer)
concentrations in the deep North Atlantic.

(3) The ‘apparent age’ distribution shows that the
surface water in the western subpolar North Atlantic
takes about 12 yr to reach the Nordic Seas and takes
20 yr from the Nordic Seas to the subtropical deep
North Atlantic. The transit-time derived by ‘opti-
mum time lag’” approach shows a 9.3—-13.6 yr lag for
the signals propagating from the western subpolar

North Atlantic to the subtropical North Atlantic,
which is generally consistent with that of about 10 yr
derived from the ‘apparent age’.
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