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Abstract Transport of the radioactive tracer Iodine-129 (129 I, T1/2 = 15.7 Myr) in the
northern North Atlantic Ocean has been investigated using a global isopycnic Ocean General
Circulation Model (OGCM) and observed data. 129 I originates mainly from the nuclear fuel
reprocessing plants in Sellafield (UK) and La Hague (France), and is transported northwards
along the Norwegian coast, and then into surface and intermediate layers in the Arctic Ocean
through the Barents Sea and the Fram Strait, but also partly recirculating south along the
eastern coast of Greenland. In the North Atlantic Subpolar Seas, 129 I is mainly found in
dense overflow waters from the Nordic Seas being exported southwards in the Deep Western
Boundary Current, and to a lesser extent in surface and intermediate layers circulating cyclonically within the Subpolar Gyre. Observed concentration of 129 I along a surface transect
in the eastern Nordic Seas in 2001 is captured by the OGCM, while in the Nansen Basin
of the Arctic Ocean the OGCM overestimates the observed values by a factor of two. The
vertical profile of 129 I in the Labrador Sea, repeatedly observed since 1997 to present, is
fairly realistically reproduced by the OGCM. This indicates that the applied model system
has potential for predicting the magnitude and depth of overflow waters from the Nordic
Seas into the North Atlantic Subpolar Seas. To supplement the information obtained from
the 129 I distribution, we have conducted a number of idealized tracer experiments with the
OGCM, including tracers mimicking pure water masses, and instantaneous pulse releases.
New insight into time-scales of tracer transport in this region is obtained by utilizing a few
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recently developed methods based on the theory of Transit Time Distribution (TTD) and
age of tracers. Implications for other types of “anomalies” in the northern North Atlantic
Ocean, being anomalous hydrography or chemical tracers, and how they are interpreted, are
discussed.
Keywords Iodine-129 · Nordic Seas · Arctic Ocean · North Atlantic Subpolar Seas ·
Transit Time Distribution · Age

1 Introduction
A variety of anthropogenic compounds entered the world oceans during the latter half of the
twentieth century. Examples are radioactive tritium originating from nuclear weapons testing and Chlorofluorocarbons (CFCs) stemming from various industrial applications. These
tracer compounds have provided insights into time-scales and mixing processes concerning
the ventilation of intermediate and deep waters in the ocean, and thus helped quantifying
how efficiently the ocean exchange properties with the atmosphere. Furthermore, anthropogenic tracers have provided an important benchmark for testing the performance of global
Ocean General Circulation Models (OGCMs), where the observed surface values are used
as boundary conditions (e.g. [15, 16]).
Oceanic discharges of anthropogenic radionuclides from European nuclear fuel reprocessing plants have introduced another set of chemical tracers to the marine environment,
for instance 137 Cs, 90 Sr, 99 Tc, and 129 I [4]. As with CFCs and tritium, these tracers can
be detected at very low concentrations, and are extremely inert in sea water justifying their
interpretation as passive tracers. In contrast to CFCs and tritium, which show a rather homogeneously distribution across world oceans basins, radionuclides from European nuclear fuel
reprocessing plants are specific to European coastal waters. These radionuclides are therefore better suited for a detailed investigation of ocean processes in ocean regions bordering
the source regions. Examples are the surface circulation and mixing in the Nordic Seas, the
surface and intermediate circulation in the Arctic Ocean, and the dense overflow descending
from the Greenland-Scotland Ridge into the deep North Atlantic Subpolar Seas.
Iodine-129 (129 I) is a highly soluble and long-lived (T1/2 = 15.7 Myr) radioactive isotope with a relatively large anthropogenic component. The pre-anthropogenic amount of 129 I
in the oceans was roughly 50 kg, atmospheric fallout from nuclear weapons testing added
50–150 kg, while direct releases from the nuclear fuel reprocessing plants in Sellafield in the
Irish Sea since 1952 and from La Hague on the French coast in the English Channel since
1962 added 5,000 kg [1]. There are some indications that contaminated Russian rivers from
Siberia can be a source of 129 I, but this contribution is nevertheless of minor importance
for the large scale distribution in the North Atlantic and Arctic Oceans [8]. By far the main
source of 129 I entering the oceans over the last half century, and also the main source for the
oceanic inventory, has been direct discharges from Sellafield and La Hague [1].
Observations of 129 I have shed light on many of the characteristic features of the ocean circulation along the pathways from the source regions. Assuming that the bulk of tracers from
both Sellafield and La Hague are being transported into the North Sea and then entrained in
the Norwegian Coastal Current (NCC) [37], mixing between the Norwegian Atlantic Current
(NwAC) and the NCC along the Norwegian coast should cause a net transport of tracers from
NCC to the NwAC. Gascard et al. [19] estimated that roughly one half of the 129 I burden
initially carried by the NCC is lost to the NwAC at about 70◦ N.
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Fig. 1 Annual releases of 129 I (109 Bq) from the reprocessing plant at Sellafield (black bars) and La Hague
(grey bars)

In the Arctic Ocean, 129 I can be seen as Atlantic derived waters, where a pronounced front
is found between waters of Pacific and Atlantic origin. This is because the 129 I concentrations
are more than an order of magnitude higher in Atlantic waters [41, 42]. Going deeper, the
Pacific-Atlantic front is observed further into the Canada basin, in line with the observed distribution of intermediate Atlantic Waters (e.g. [39]). Alfimov et al. [3] observed a doubling of
129 I concentration between 1996 and 2001 in the Amundsen Basin of the Arctic Ocean down
to 1,000 m depth, while in the Nansen and Makarov Basins the concentrations increased in
a shallower layer, indicating slower ventilation of Atlantic Waters in these basins.
In the western Nordic Seas, observed 129 I and hydrography revealed a complex structure of
the different water masses and how they are transformed while being transported southwards
with the East Greenland Current (EGC) [2]. Further south in the Irminger and Labrador Seas,
129 I concentrations are highest in the deepest layers, providing a direct signature of overflow
waters from the Nordic Seas [43].
The timing of the release rate signal of 129 I from Sellafield and La Hague is favorable
for studying recent ocean processes occurring since 1990, since the discharges increased by
six-fold during the 1990s, see Fig. 1 [1]. This “ramp” of increased concentration is right now
being observed by ongoing programs in the North Atlantic Subpolar Sea tracing out deep
overflow waters from the Nordic Seas.
Simulating the dispersion of 129 I from its source regions to the Nordic Seas and further
into intermediate layers in the Arctic Ocean and deep layers in the Irminger and Labrador
Seas is a very challenging task, requiring a decent representation of numerous ocean processes—some of which are only parameterized in the current generation of OGCMs (e.g.
small scale mixing processes). Failure to represent the transport realistically in only some
areas could potentially preclude the large scale distribution pattern from being correctly simulated. The vertical dispersion of 137 Cs, 90 Sr and 99 Tc has received little attention, but the
surface distributions have been reasonable well reproduced by models that are representative
for the current generation of OGCMs used in ocean climate studies (e.g. [18, 29, 36]).
The first objective of this study is to use both observed and simulated distribution of 129 I
to extract characteristic circulation features of tracer transport in the northern North Atlantic
Ocean, and to what extent the applied OGCM is able to reproduce observed values of 129 I.
The second objective of this study is to apply a few recently developed methods for computing time-scales of tracer transport and the degree of mixing that tracers experience along
their pathways. Finally, we discuss how the results obtained in this paper relates to a more
general description and interpretation of oceanic tracers, both passive and active.
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2 Model description and experimental setup
2.1 Ocean General Circulation Model
The numerical methods and thermodynamics of Miami Isopycnic Coordinate Ocean Model
(MICOM) are documented in Bleck and Smith [6] and Bleck et al. [7]. In the version of
MICOM used in this study, several important aspects deviate from the original model.
The original MICOM uses potential density with reference pressure at 0 db as vertical
coordinate (σ0 -coordinates). This ensures that the very different flow and mixing characteristic in neutral and dia-neutral directions is well represented near the surface since isopycnals
and neutral surfaces are similar near the reference pressure. For pressures that differ substantially from the reference pressure, this does not hold. In this study, we choose a reference
pressure of 2,000 db (σ2 -coordinates). The non-neutrality of the isopycnals in the world ocean
is then reduced in comparison to having the reference pressure at the surface [34].
For advection of tracers (potential temperature, salinity and passive tracers) and layer
thickness we use incremental remapping [14] adapted to the grid staggering of MICOM. The
algorithm is computationally rather expensive compared to other second order methods with
limiters for a single tracer, but the cost of adding additional tracers is modest. In contrast to
the original transport methods of MICOM, incremental remapping ensures monotonicity of
the tracers.
Traditionally, MICOM expresses the pressure gradient force (PGF) as a gradient of a
potential on an isopycnic surface. This is only accurate if the density can be considered to
be a function of potential density and pressure alone, which is not the case [9]. Inspired by
recent work of Rainer Bleck (pers. comm.), we have based our formulation on Janjić [27]
where the PGF is expressed as a gradient of the geopotential on a pressure surface. This
allows us to use a more accurate representation of density in the PGF formulation.
For diapycnal mixing we follow the MICOM approach of a background diffusivity dependent on the local stability implemented using the scheme of McDougall and Dewar [33]. To
incorporate shear instability and gravity current mixing, we add a Richardson number dependent diffusivity to the background diffusivity.
νd = νb + νr ,
νb =
N2 =

C
N,



νr = ν0 max 0, 1 −

g ∂ρ
,
ρ ∂z

Ri g =



Ri g
Ri 0

2 3
,

N2
,
(∂u/∂z)2 + (∂v/∂z)2

where N is the Brunt-Väisälä frequency and Ri g is the local gradient Richardson number.
The parameter determining the background diffusivity is set to C = 1.8 × 10−7 m2 s−2 ,
while the critical Richardson number is Ri 0 = 1. The maximum Ri g dependent diffusivity
ν0 is set to 500 × 10−4 m2 s−1 in the 300 m closest to the ocean floor to parameterize gravity
current mixing, and 50 × 10−4 m2 s−1 elsewhere to parameterize shear instability mixing.
This greatly improves the water mass characteristics downstream of overflow regions. Lateral
turbulent mixing of momentum and tracers is parameterized by Laplacian diffusion, and layer
interfaces are smoothed with biharmonic diffusion.
A sea ice module is incorporated, with dynamics using the viscous-plastic rheology [25]
as implemented by Harder [24], and the thermodynamics of Drange and Simonsen [13].
The model grid covers the global domain and by using a conformal mapping [5], the
poles have been placed to enhance the resolution in the North Atlantic and Arctic region.
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The grid size in the Nordic Seas is about 40 km, in the Labrador Sea about 50 km, and then
the grid size increases smoothly to about 500 km on the opposite side of the earth. In the
vertical, the model has 35 layers of which the uppermost is a mixed layer with temporal
and spatial varying density. The potential densities of the isopycnal layers are in the range
1030.12–1037.80 kg m−3 .
The model is forced with daily NCEP/NCAR reanalysis fields [28], and the spin-up consisted of two full NCEP/NCAR reanalysis cycles covering the period 1948–2005 giving in
total 116 years of spin-up. The following 58 model years are then analyzed.
2.2 Tracer experiment
The following tracer simulations were conducted:
and the age of 129 I from Sellafield and La Hague based on historical release rates
for the period 1952 to present.
(2) Idealized tracer resembling pure water masses, and their age, from Sellafield and La
Hague for the same period.
(3) Idealized pulse releases from Sellafield and La Hague, released once every decade from
January 1950 until January 1990 (i.e. five pulse releases from each source).
(1)

129 I

For experiment (1), release rates with an annual resolution are used for the period 1952–1989,
and monthly resolution from January 1990 until January 2006. Figure 1 shows the annual
releases from 1970 to 2006 (releases prior to 1970 are negligible). For experiment (2), we
prescribe a constant value in the surface grid cell at the source. The pulse releases in experiment (3) are tracer released continuously over January once every decade from 1950 until
1990 (i.e. boxcar pulses, not real delta functions).

3 Ensemble Average of Impulse Boundary Propagators as a surrogate
for the Transit Time Distribution
In a diffusive environment like the ocean, there is neither a unique pathway nor a single
time-scale for a tracer being transported from a point source. Due to mixing, there is a
wide range of possible pathways and transit times, and quantifying oceanic tracers without
accounting for the diffusive part of the transport might lead to erroneous conclusions. We
will here briefly review the theoretical framework for the Transit Time Distribution (TTD)
of a tracer in a generalized advection-diffusion regime, how the TTD relates to the age of
tracer, and why the TTD is difficult to obtain for unsteady (time-dependent) flows. A recently
developed technique to estimate the TTD in unsteady flows where we take advantage of the
pulse releases (experiment 3 listed above) will be discussed.
A passive tracer with concentration C evolves in a fluid flow according to the advectiondiffusion equation:


∂
(1)
+ L C = qs ,
∂t
where L is the linear transport operator, and qs is the tracer source. No-flux boundary conditions apply at the sea surface and sea floor. Typically, L(C) = ∇ · (vC − K · ∇C), where
v is the advection vector, and K the diffusivity tensor. In a layered model like MICOM, the
advection-diffusion equation also involves layer thickness, we will nevertheless use this form
for simplicity.
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We are often interested in characteristic time-scales for various ocean processes. For
instance, the age of a tracer along its pathway can be obtained by coupling an additional
advection-diffusion equation as suggested by Deleersnijder et al. [10]:


∂
+ L α = C,
(2)
∂t
where the product of the age and the concentration, α(x, t) = a(x, t) · C(x, t), is advected
and diffused by the model. No-flux boundary conditions apply at the sea surface and sea
floor. The age may then be calculated as a = α/C. We will refer to this quantity as the tracer
age, and the age of the idealized tracer resembling water masses (experiment 2 listed above)
as the idealized tracer age, and prescribe both of them to be zero at the source.
In the present study we are investigating transport of tracers from two sources, and we
focus on the combined age of the tracers rather than the age of the tracer from each individual
source. If C S and a S are concentration and age, respectively, of 129 I from Sellafield, and C L
and a L are the corresponding quantities from La Hague, we define the age of 129 I from both
sources using the concentration-weighted average: a129 I = (a S C S + a L C L ) / (C S + C L ). A
simple arithmetic average would be flawed by putting equal weight to tracers having different
concentrations. This definition will be used later in the text when referring to the age of 129 I.
A special case of Eq. 1 is the Green’s function of the advection-diffusion equation:


∂
+ L G = δ(t − t0 )δ(x − x0 ),
(3)
∂t
where a unit amount of tracer is released from the source x0 at time t0 . No-flux boundary conditions apply at the sea surface and sea floor. Having solved Eq. 3, one can use G (x, x0 , t − τ ),
where τ = t − t0 is the transit time, to construct any solution for an arbitrary release function
qs (t) from a convolution integral (e.g. [21, 26]). G (x, x0 , t − τ ) contains complete information about the transport operator L, and weights prior releases from the source region
over different transit times. Hence, G (x, x0 , t − τ ) is the distribution of transit times since
a tracer at x and time t was released from the source region x0 at t0 = t − τ , and is termed
TTD [26].
One difficulty which arises is how to construct the TTD in an unsteady flow. To illustrate
this, let us first consider the case with steady flow. G is then independent of t and t0 , and only
a function of the transit time τ . Constructing a Green’s function weighting future releases
from the source region over different transit times would be equivalent to weighting prior
releases, so G (x, x0 , t − τ ) = G (x, x0 , t0 + τ ). We call the latter property the Impulse
Boundary Propagator (IBP). The IBP is constructed by releasing a unit pulse at the source
and then integrate the model forward in time. In steady flows, IBP equals TTD [22].
In an unsteady flow, the relation between TTD and IBP no longer holds, and the only way
to construct the TTD is to use an adjoint tracer equation [26]. For most OGCMs, adjoint
versions of the code have not been constructed, hence, it is not possible to obtain the TTD.
However, in the recent study by Haine et al. [22], close statistical similarities between the
adjoint TTD and the forward IBP in both periodic and aperiodic flows are demonstrated. A
number of idealized pulse releases were simulated in an idealized barotropic double gyre
circulation model. It was shown that the Ensemble Average of the IBPs (EAoIBP) closely
matches the ensemble average of the TTDs obtained from the adjoint version of the same
model, even when the circulation was in a regime with strongly chaotic time dependence.
Furthermore, while the IBP approach contains random errors, the bias is zero. The EAoIBP
may therefore not be relevant to study specific time periods, but could instead be used to
explore statistical properties of tracer transport in the area of interest.
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We construct the EAoIBP, G (x, x0 , τ ), from the five individual IBPs listed in experiment
(3) in the previous section, by setting t0 = 0:
G (x, x0 , τ ) =

N


G n (x, x0 , τ )/N ,

i=1

where G 1 refers to the pulse released in 1950, G 2 the pulse released in 1960, and so forth.
Note that τ is 56 years for G 1 , but only 16 years for G 5 referring to the pulse released in
1990. We choose to let G 1 contribute to the EAoIBP over the first 16 years, G 2 contribute
to the EAoIBP over the first 26 years, and so forth. From the EAoIBP, two other important
quantities characterizing tracer transport can be derived. The first moment of the EAoIBP,
which we will refer to as the transit time, can be calculated as
∞
 (x, x0 ) =

τ G (x, x0 , τ ) dτ.

(4)

0

The width of the EAoIBP, which is the second moment of the EAoIBP centered around the
transit time, can be calculated as
2

1
(x, x0 ) =
2

∞


2
τ −  G(x, x0 , τ )dτ.

(5)

0

Due to the finite length of the simulation, these integrals are approximated by integration
over the simulated time period.
It is reasonable to expect that is strongly dependent on the degree of mixing in the ocean
(e.g. [11, 47]). We will use the ratio of the width and the transit time of the EAoIBP, /, as
a measure of mixing—or the tendency of a tracer plume to broaden in time. In the limit where
/ approaches zero, advection dominates and G maintains a narrow pulse-like shape. Water
masses and tracers are then transported away from the source region while preserving their
initial properties. If, however, / ∼ 1, diffusive processes are equally important, and G
typically has a long tail extending well past the transit time . Water masses and tracers are
then likely to exchange properties with surrounding water masses. In the following we will
drop the overbars, keeping in mind that and  only will be used for the ensemble average
values.

4 Results
4.1 Large scale dispersion of 129 I
Before investigating the large scale horizontal distribution of 129 I, we start by examining the integrated vertical distribution obtained from the OGCM. We perform the integral
Ciodine (x, y, z, t) d xd y, where the domain is the world oceans, and plot this quantity
as a function of depth and time (Fig. 2). As a consequence of increasing releases from both
Sellafield and La Hague (Fig. 1), we see a steady increase of 129 I concentration in the surface
for the time span 1970 to the end of 2005. At the same time, tracers are entering deeper
layers. Following contours of constant concentration, one sees that the vertical dispersion
is relatively slow in the upper 1,800 m, faster between 1,800 and 3,500 m, and then slower
again.
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Table 1 Simulated burden of 129 I and pulse tracers at different depths by the end of the simulation, December
H
C(x, y, z, t2005 ) d xd ydz,
2005. Inventory of tracers between the depths H1 and H2 is calculated as H 1
where

0
is the world ocean, and then divided by the total inventory bottom

Depth (m)

% of 129 I

% of pulse-1990

2

C(x, y, z, t2005 ) d xd ydz

% of pulse-1970

% of pulse-1950

Surface–200

49

31

18

14

200–500

31

35

25

20

500–1,000

15

25

25

21

1,000–2,000

3

7

19

25

2,000–bottom

2

2

13

20

By the end of the simulation (December 2005), the 129 I burden in the upper 200 m of the
world oceans is roughly 50%, while 30% is found between 200 and 500 m. The remaining
20% is below 500 m, see Table 1. For comparison, we have calculated the tracer burden from
the pulse releases, as described in the previous section. The pulses released from Sellafield
and La Hague in 1990 are in December 2005 still largely constrained to the upper 500 m,
which contains 66% of the total concentration, and only 9% are found below 1,000 m. The
pulses released in 1950 is, as expected, more uniformly distributed in the vertical, with 45%
of the tracers located below 1,000 m (see Table 1).
Figure 3 shows the horizontal distribution of 129 I at three different depths in 1995 and
2005. At the surface, which is here defined to cover the uppermost 200 m of the water column, concentration of 129 I is highest in the shallow North Sea and along the Norwegian
Coast in the eastern Nordic Seas. In the western Nordic Seas, one sees tracers having much
smaller concentration being transported southwards with the EGC along the east Greenland
coast. The surface transport route through the Barents Sea and the Kara Sea, and the entrance
to the Arctic Ocean through the St. Anna Through is also clearly depicted, and even more so
at intermediate depths between 500 and 1,500 m. At this depth level, relatively high concentration extends from the St. Anna Through and into the Nansen Basin of the Arctic Ocean.
Southward transport along the east Greenland coast indicates that the EGC carries tracers
both in the surface and at intermediate depths. In deeper layers, here defined as depths below
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Fig. 3 Simulated concentration of 129 I (atoms l−1 ) from Sellafield and La Hague in 1995 and 2005 averaged
over the upper 200 m, for intermediate waters between 500 and 1,500 m, and for deep waters below 2,000 m, see
text labels in each subfigure for depth bin and sampled year. Note the different legend scale. 129 I concentration
less than 107 atoms l−1 is set to zero

2,000 m, almost all trace of 129 I are found in the deep North Atlantic Subpolar Seas. This
is a very clear signature of the pathways of overflow waters from the Nordic Seas spilling
over the Greenland-Scotland Ridge. For the latter, the largest contribution passes through
the Denmark Strait, but also the contribution from the Iceland-Faroe Ridge and the deep
Faroe-Shetland Channel are clearly seen.
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Fig. 4 Schematics of the main pathways of the simulated tracer transport, solid line indicates transport mainly
in the surface, dotted line the transport both in the surface and at intermediate depths, and dashed line transport
in deeper layers. Locations of observed 129 I are shown as red dots. The red dot in the Labrador Sea is station 17
on the ARW7 (WOCE) section. Stations used for sampling IBP, EAoIBP, and idealized tracer age are shown
as blue stars: Norwegian Coastal Current (NCC), Barents Sea (BS), St. Anna Through (St. AT), Fram Strait
(FS), Denmark Strait (DS), and Labrador Sea (LS)

From the simulated distribution of 129 I we can deduce a schematic picture of the major
transport routes from the source regions on the European shelf to the deep North Atlantic
Ocean (Fig. 4). We emphasize that there are, in general, multiple pathways of tracers in the
ocean, so this figure is only meant to illustrate the pathways carrying the main burden of
tracers from Sellafield and La Hague by the OGCM.
Figure 5 shows observed [3] and simulated surface concentration of 129 I from the NCC
to the North Pole sampled in July 2001. Along the Norwegian coast and in the Barents Sea
the concentration from the OGCM matches the observed values quite closely. The OGCM
slightly overestimate the values just north of Spitsbergen in the Nansen Basin, then slightly
underestimate the values on the Nansen-Gakkel Ridge, while in the Amundsen Basin close to
the North Pole the OGCM shows no tracers at all. The latter is in contrast to the observations
showing slightly elevated concentration in the Amundsen Basin compared to the Nansen
Basin.
4.2 Vertical profiles of 129 I in the Arctic Ocean and the Labrador Sea
In the Nansen Basin, a vertical profile of 129 I was collected in July 2001 [3]. Figure 6 shows
the observed and simulated concentrations of 129 I at this location. Highest concentrations
are found at the surface, and at 500 m the concentration are approximately one third of the
surface value. The OGCM is overestimating the concentrations roughly by a factor of two
in the upper 1,000 m, and seems to be underestimating the concentration at greater depth
(although there is only one observation below 1,000 m). Simulated age of 129 I shows a
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Fig. 5 129 I concentration in the surface from observations and the OGCM along a transect from the Norwegian coast to the North Pole in July 2001. Location of the stations are shown in Fig. 4. The three last values
from the model are strictly equal zero—however, to make them appear in the figure, the values are set to 108 .
The observed values are taken from Alfimov et al. [3]
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Fig. 6 Concentration and age of 129 I at a station in the interior Nansen basin, sampled in 2001. The observed
values are taken from Alfimov et al. [3]. Values from the OGCM are interpolated to constant z-levels with
200 m resolution

general increase with depth, from an age of about 10 years at the surface to about 16 years at
a depth of 2,000 m.
In the Labrador Sea, vertical profiles show a very different vertical distribution. Figure 7
displays depth profiles of 129 I concentration and age at station 17 on the ARW7 (WOCE)
section, where the observed values in 1997, 1999, and 2001 are obtained from Smith et al.
[43]. The observed values from 2003 and 2005 have not been published previously. Both
the observed and simulated values show a slight decrease from the surface to approximately
3,000 m depth, then a pronounced increase down to the deepest layer at about 3,700 m exceeding the surface concentration by more than a factor of two. In the surface and at intermediate
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Fig. 7 Concentration and age of 129 I at station 17 on the ARW7 (WOCE) section in the Labrador Sea sampled
in 1997, 1999, 2001, 2003 and 2005. The observed values from 1997, 1999, and 2001 are taken from Smith
et al. [43], the values from 2003 and 2005 are unpublished data from John Smith. Values from the OGCM are
interpolated to constant z-levels with 200 m resolution

depths down to 3,000 m the OGCM slightly exaggerates the 129 I concentration, although the
general vertical structure is maintained. In the observations, a rapid increase is seen in the
deep layers from 1997 to 2001, then the 129 I concentration levels off, but with the highest
concentration found in 2005. The OGCM is capturing both the magnitude and the time evolution of the 129 I concentration in the deep layers in a fairly realistic way. The simulated age
of 129 I in the Labrador Sea increases with depth to about 1,500–2,000 m, but then decreases
below 3,000 m. This is consistent with the interpretation that tracers at this depth have been
transported with overflow waters from the Nordic Seas, and then exported southwards. It is
also worth pointing out that the age of 129 I in the deep overflow waters is slightly younger
then that at the surface (Fig. 7).
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Fig. 8 a Simulated concentration
of 129 I (log(129 I), atoms l−1 )
from Sellafield and La Hague in
2005 on the σ2 -layers 37.07 and
37.12 (roughly equal 27.80 and
27.82 in σ0 -units), and b age of
129 I (in years) in 2005 on the
same isopycnals. The arithmetic
mean values from the two layers
are shown, and a mask is used to
ignore values when the isopycnal
thickness is less than 1 m, and
when the 129 I concentration is
less than 107 atoms l−1
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We have seen that the OGCM quite reasonably reproduce the vertical structure and the temporal evolution of 129 I in the deep Labrador Sea, although slightly exaggerating values in the
surface and intermediate depths. We identify the isopycnals in the OGCM with highest concentration of 129 I, since these layers are representative for overflow waters from the Nordic
Seas into the deep North Atlantic Ocean. Figure 8 shows 129 I and age of 129 I on the σ2 -layers
37.07 and 37.12 in the North Atlantic Subpolar Seas in December 2005. It is readily seen
that the Denmark Strait branch is dominant in terms of the southward 129 I transport, but also
the Iceland-Faroe Ridge and the Faroe-Shetland Channel branch are clearly identified. From
the age distribution in the deep Labrador Sea, the youngest 129 I is found along the rim of the
basin, and older 129 I in the interior, confirming the faster transport route along the shelf break
[20, 40]. The primary pathways of overflow waters from the Nordic Seas in the Subpolar
North Atlantic are therefore visible in Fig. 8 as tongues of both relatively high concentration
and young 129 I.
4.4 Impulse Boundary Propagators and idealized tracer age
Figure 9 shows the five IBP from La Hague (idealized pulse releases in 1950, 1960, 1970,
1980, and 1990) sampled along the pathway provided in Fig. 4. We will only focus on IBPs
from La Hague since tracers from Sellafield are transported roughly along the same pathways
as tracers from La Hague, although with a time lag of 1–2 years [36]. The stations used for
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Fig. 9 Simulated Impulse Boundary Propagator (IBP) from La Hague sampled a in the Norwegian Coastal
Current at 60◦ N in the depth range 0–100 m, b at the entrance to the Barents Sea, 0–100 m, c in the St. Anna
Through, 300–400 m, d in the Fram Strait, 300–400 m, e in the Denmark Strait, 400–500 m, and f in the deep
Labrador Sea, 3,000–4,000 m. Temporal resolution is 1 month in all time-series

sampling the IBPs are chosen such that they reflect the pathway of the core of the La Hague
tracer (Fig. 4).
As expected, the magnitude of the IBPs is decreasing along the pathway, and mixing and
multiple pathways are causing the shape of the IBPs to broaden. A clear annual signal is seen
at the NCC station, to a lesser degree at the Barents Sea station, and it is almost absent in the
St. Anna Through. In the Fram Strait and the Denmark Strait, the variations display a more
high-frequency signal, while the variations in the Labrador Sea are very slow and contain no
systematic signal.
The Ensemble Average of the Impulse Boundary Propagators (EAoIBP) from La Hague is
estimated based on the five IBPs (experiment 3). Since the IBPs are released at different times,
care has to be taken when calculating the EAoIBP. For instance, the pulse released in 1990
only contributes to the first 16 years of the EAoIBP, the pulse released in 1980 contributes to
the first 26 years, and so on. Figure 10 shows the EAoIBP from La Hague along the pathways
shown in Fig. 4. Since the magnitude of the EAoIBP is decreasing substantially downstream
of the tracer source, we also display EAoIBP normalized by their respective maximum values
to highlight the spread in the transit time direction (along the x-axis). Finally, the idealized
tracer age from La Hague for the same stations are shown.
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Fig. 10 (top) Ensemble Average
of the Impulse Boundary
Propagator (EAoIBP) from La
Hague sampled along the
transport pathway, (middle)
EAoIBP normalized by their
respective maximum values, and
(bottom) time-series of the
idealized tracer age of water
masses from La Hague
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Table 2 compares the mean idealized tracer age (somewhat loosely defined as the mean
when the age have reached a “steady-state” value), the transit time of the EAoIBP, , the
width of the EAoIBP, , and the degree of mixing expressed in terms of the ratio / .

5 Discussion
Releases of 129 I from Sellafield and La Hague, particularly during the 1990s (Fig. 1), causes
elevated concentrations far away from the source regions. As a passive tracer, the horizontal
distribution of 129 I (Fig. 3) can be used to shed light on the ocean circulation and mixing
processes.
Integrated vertical distribution of 129 I from the OGCM shows the rate of dispersion from
the sources to the deep ocean (Fig. 2). Interestingly, while the concentration increases relatively slowly in the upper 1,800 m, the increase below and down to about 3,500 m occurs
much faster, e.g. contour lines at this depth level are almost vertical. From the horizontal
distribution of 129 I below 2,000 m (Fig. 3) it is seen that almost all trace of 129 I is in the deep
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Table 2 Mean ideal tracer age and the first two moments of the Ensemble Average of the Impulse Boundary
Propagator (EAoIBP) from La Hague sampled along the transport pathway. The degree of mixing is calculated
as the ratio / 
Location

Mean ideal tracer age 1st mom. of EAoIBP 2nd mom. of EAoIBP Degree of mixing
a(x, t)
(x)
(x)
(x)/ (x)

NCC at 60◦ N

3.4

2.8

1.8

0.64

Barents Sea

4.6

3.9

1.9

0.49

St. Anna Through
Fram Strait
Denmark Straita
Labrador Seab

8.7

7.8

3.3

0.42

12.9

12.1

6.7

0.55

14.6
>20

∼14

∼11

∼0.79

∼24

∼18

∼0.75

a The EAoIBP have been “extrapolated” in time to reach a value close to zero
b The ideal tracer age in the deep Labrador Sea have not reached a “steady state”, see Fig. 10, these values are

therefore uncertain

North Atlantic Subpolar Seas. We therefore ascribe the overflows spilling across the Greenland-Scotland Ridge as the principal mechanism for the relatively fast vertical dispersion
of 129 I below 1,800 m. The rate at which tracers from Sellafield and La Hague descends to
depths are further quantified by the total inventory of tracers at different depth bins (Table 1).
In December 2005, 129 I is largely constrained to the upper 500 m, while the pulse released
from Sellafield and La Hague in 1950 shows a rather homogenous distribution in the vertical.
A surface transect of 129 I collected in July 2001 [3] revealed concentrations of roughly
3.5×1010 atoms l−1 along the Norwegian coast, and about 1.5×109 atoms l−1 in the Nansen
and Amundsen Basins. This should not only be seen as a general dilution of the tracer patch,
but is also a result of the high releases of 129 I during the last half of the 1990s. The OGCM
reproduces the observed values of 129 I rather realistically along the Norwegian coast and in
the Barents Sea. We have also demonstrated that a previous version of MICOM reproduced
a 6 year time-series of 99 Tc at the entrance to the Barents Sea quite satisfactory [36]. Thus,
the applied model is able to reproduce key features of the dispersion properties in the eastern
Nordic Seas. In the Arctic Ocean, the comparison with observed tracers is not that favorable.
While a comprehensive analysis of the OGCMs performance in the Arctic Ocean is beyond
the scope of this paper, we point out a few issues.
The mixed layer in the OGCM south-west of Spitsbergen becomes excessively deep in
the winter, more than 1,000 m. Atlantic Waters carried by the West Spitsbergen Current are
then mixed with colder and fresher waters beneath. In turn, the Atlantic Inflow through the
Fram Strait is too weak, too fresh and too cold (not shown). In the Arctic Ocean, the observed
cyclonic circulation in the Atlantic Layer beneath the shallow thermocline is shown to be
very sensitive to lateral flux of Potential Vorticity (PV). Using a barotropic model, Yang [49]
showed that modifying the bathymetry in the Fram Strait could reverse the sense of rotation
in the Arctic Ocean. Using a realistic OGCM, Karcher et al. [30] confirmed the importance
of lateral flux of PV for the Atlantic Layer circulation, especially in the Eurasian Basin.
We believe that improving the Atlantic Inflow through the Fram Strait in MICOM would
be instrumental in terms of circulation in the Arctic Ocean as a whole, and consequently to
realistically reproduce the observed values of 129 I there.
The distinct vertical profile of 129 I in the Labrador Sea, with highest concentrations in the
deepest layers, is a clear signature of overflow waters from the Nordic Seas (Fig. 7). From
1997 to 2005 there is a general increase throughout the water column, although the most
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pronounced increase is found in the overflow layers. As noted in the previous section, the
OGCM slightly exaggerates the 129 I concentration in the surface and in intermediate layers.
We speculate that this is caused by too little tracers in the OGCM entering the Arctic, leading to an overestimation of 129 I in surface layers in the western Nordic Seas and the North
Atlantic Subpolar Seas.
One might ask why the rapid increase of 129 I concentration at depth in the Labrador Sea
after 2001 does not continue, as would be expected from the release rate with the highest
releases in 1999 and just slightly reduced releases in the following years (Fig. 1), and since
the transport from European coastal regions to the Subpolar Seas takes at least a decade. If
the large scale circulation transporting tracers through the Nordic Seas and the Arctic Ocean
was in steady-state, one would expect tracers to accumulate and show continuously increasing values in the deep Labrador Sea. However, there is in fact a decrease in the simulated
southward volume transport of overflow waters in the Denmark Strait, from 2.5 Sv in 1999 to
1.9 Sv in 2003 (not shown). A decrease of 0.6 Sv in this period is consistent with observations
[32]. Whether this decrease in volume transport is the only reason why the 129 I concentration
is not increasing significantly after 2001 is still uncertain. A problem of fundamental character is that there are two entirely different sources of variability in the 129 I concentration;
the release rate of 129 I and circulation changes, and there is no straightforward way to clearly
distinguish which one of them is causing 129 I anomalies downstream of the source region.
The age of 129 I also shows a distinct vertical structure in the Labrador Sea. The general
increase of the age down to about 3,000 m indicates that tracers are entering the Labrador
Sea in surface waters, and being transported to greater depth with wintertime convection, e.g.
formation of Labrador Sea Waters [38]. The decreasing age below 3,000 m clearly illustrates
that waters at this depth have a direct source from the overflow regions, rather than being
ventilated from above.
The 129 I distribution on the overflow isopycnals (Fig. 8) clearly illustrate that the main
pathways of dense waters spilling over the Greenland–Scotland Ridge are constrained to the
western boundary in the North Atlantic, consistent with the observed Deep Western Boundary Current. In less dense layers, the two eastern overflow branches (the Iceland–Faroe Ridge
and the Farao-Shetland Channel) cross the North Atlantic Ridge. Previous versions of
MICOM utilizing σ0 -coordinates have all displayed a serious deficiency in that the two
eastern overflow branches were trapped on the eastern side of the North Atlantic Ridge [17].
To visualize and quantify the degree of mixing a tracer experience from Sellafield and La
Hague in the large scale transport, we have simulated a number of idealized pulse releases
(IBP, Fig. 9), and created an ensemble average of these (EAoIBP, Fig. 10). The IBPs displays
a clear annual signal at the NCC and the Barents Sea stations. In the eastern Nordic Seas,
tracers from Sellafield and La Hague are largely constrained to the surface (Fig. 3), and the
tracer variability is therefore mainly influenced by the seasonal mixed layer dynamics. In
the Denmark Strait station, sampled between 400 and 500 m depth, the variability is at much
higher frequency. The southward flow in the Denmark Strait is rather unique in that wind and
buoyancy forcing produce an outflow which is stratified throughout the water column, and
that the local synoptic wind stress curl determines the barotropic circulation on intra-annual
time-scales (e.g. [31, 44]).
Interestingly, the EAoIBP seen in the Denmark Strait (pink line in upper Fig. 10) peaks at
about the same time as the EAoIBP in the St. Anna Through (green line), and approximately
three years before the peak is seen in the Fram Strait (yellow line). However, the EAoIBP seen
in the Denmark Strait has a very broad distribution with a long tail, and the individual IBPs
seen in Fig. 9 shows that some of them even have multiple peaks. As a result, the idealized
tracer age in the Denmark Strait is initially younger than the tracer age in the Fram Strait,
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and roughly equal to the tracer age in the St. Anna Through. From about 1965, the idealized
tracer age in the Denmark Strait is on average older than the tracer age in the Fram Strait.
A plausible explanation for this behavior is that tracers transported to the Denmark Strait
can follow two distinct pathways; either the long route for tracers carried by the NCC to the
Barents Sea and then into the Arctic Ocean before leaving through the Fram Strait heading
southwards with the EGC, or the short route transported with the NwAC and recirculating
in the Fram Strait heading southwards with the EGC.
The transit time estimated as the first moment of the EAoIPB is consequently slightly
younger than the mean ideal tracer age (Table 2). It has been shown that, for steady flows,
the transit time  is initially younger than the idealized tracer age a, while at large t when
∂a(x, t)/∂t = 0, the transit time equals the age [23]. While this result is obtained for highly
simplified flows, it indicates that the transit time could be initially younger than the idealized
tracer age also in complex flows.
The idealized tracer age from La Hague in the deep Labrador Sea is reaching 25 years by
2006 (lower panel in Fig. 10), while the age of 129 I is less than 15 years at the same location
at the same time (Figs. 7, 8). This seemingly paradoxical result is caused by the continuously
increasing release rate of 129 I, which will then put more weight on recent than older releases
from the transient tracer signal. The fact that the age (and other time-scale diagnostics) of
tracers is also a function of the release history has been shown by Waugh et al. [47].
The degree of mixing expressed in terms of the ratio of the width and the transit time of
the EAoIBP, / , revealed values in the range 0.4–0.8 along the pathways from La Hague
(Table 2), showing that mixing in general is a significant contributor to the tracer transport.
For comparison, Waugh et al. [48] found that the main features of the observed relationship
between CFCs and tritium in the North Atlantic Ocean could be reproduced by fitting a
steady-state inverse Gaussian TTD with = . It should be noted that quantifying mixing
as /  cannot distinguish between different types of mixing, for instance vertical mixing or
lateral mixing by mesoscale eddies or shear dispersion. Multiple pathways of tracers would
also lead to larger / . In a simplified 1-D model with constant velocity u and diffusivity
K , Delhez and Deleernijder [11] showed that is directly proportional to K , and that the
Peclet number1 could be expressed as Pe = (/ )2 . In complex flows like the ocean this
relationship may no longer hold.
Based on this study, it seems difficult to interpret tracer transport over large distances (e.g.
the northern North Atlantic) as purely advective signals. From the “Great Salinity Anomaly”
(GSA) as discussed by Dickson et al. [12], two-thirds of the salt deficit in the Labrador Sea
is thought to pass through the Faroe-Shetland Channel by advection of the initial anomaly.
However, we have seen that the degree of dilution between a tracer signal (observed and
simulated) in the NCC and the Labrador Sea is approximately two orders of magnitude.
Since hydrographic anomalies are large values on top of a background signal, it would be
very difficult to recognize such a signal far away from the source region without further
dynamical changes in the transport. Releasing passive tracers to tag the anomalously low
salinity water associated with a GSAs in a coarse resolution OGCM, Wadley and Bigg [46]
concluded that GSAs are unlikely to be caused by pure advection of salinity anomalies. Based
on hydrographic time series, Sundby and Drinkwater [45] links both high and low salinity
anomalies in the northern North Atlantic Ocean to changes in volume fluxes in and out of
the Nordic Seas.

1 The Peclet number is a dimensionless number relating the rate of advection of a fluid flow to its rate of

diffusion.
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Purposefully release of SF6 in the interior Greenland Sea has revealed important information on mixing and convection processes there, as well as on the relative composition of the
East Greenland Current and overflow waters from the Denmark Strait (see [35], for a recent
review). It is suggested to combine information from SF6 and 129 I tracers to reveal even more
information on ocean processes both in the interior Nordic Seas and it’s overflow regions.

6 Concluding remarks
CFCs, tritium, and other anthropogenic trace compounds have provided important insights
into global ventilation of water masses in the ocean. The radioactive tracer 129 I has proven
to be very useful for more specific studies of processes in the northern North Atlantic; the
transformation of Atlantic Waters in the Nordic Seas, circulation of Atlantic derived waters
in the Arctic Ocean, and dense overflow waters representing the lower limb of the Atlantic
Meridional Overturning Circulation. Simulating the distribution of 129 I has a potential for a
careful examination of an OGCMs performance in this area.
The specific findings of this study are:
• By the end of the simulation (December 2005), 129 I is largely constrained to the upper
ocean; 80% of the integrated 129 I concentration is found in the upper 500 m. Integrated
vertical dispersion is relatively fast below 1,800 m down to about 3,500 m, which we
ascribe to the overflows spilling across the Greenland–Scotland Ridge.
• Simulated and observed values of 129 I agree rather well along the Norwegian coast and
in the Barents Sea. In the Arctic Ocean, the comparison is not that favorable, which is
ascribed to too vigorous vertical mixing south-west of Spitsbergen and an unrealistic
Atlantic Inflow into the Arctic Ocean through the Fram Strait. In the North Atlantic Subpolar Seas, the OGCM reproduce the observed vertical profile of 129 I quite reasonably,
with highest concentrations in the deepest layers.
• The isopycnic coordinate ocean model (MICOM) utilizing σ2 -coordinates clearly indicates that the distribution of overflow waters from the Nordic Seas in the North Atlantic
Subpolar Seas is more realistically represented compared to previous versions utilizing
σ0 -coordinates.
• A surrogate for the Transit Time Distribution based on an ensemble of simulated pulse
tracers (EAoIBP) has been investigated. The two first moments of the EAoIBP revealed
fundamental information on time-scales and mixing of the tracers in the area.
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