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ABSTRACT: The large inventory of radioactivity released during
the March, 2011 Fukushima Dai-ichi nuclear reactor accident in
Japan spread rapidly across the North Pacific Ocean and was first
observed at the westernmost station on Line P, an oceanographic
sampling line extending 1500 km westward of British Columbia
(BC), Canada in June 2012. Here, time series measurements of
134Cs and 137Cs in seawater on Line P and on the CLIVAR-P16N
152°W line reveal the recent transport history of the Fukushima
radioactivity tracer plume through the northeast Pacific Ocean.
During 2013 and 2014 the Fukushima plume spread onto the
Canadian continental shelf and by 2015 and early 2016 it reached
137Cs values of 6−8 Bq/m3 in surface water along Line P. Ocean
circulation model simulations that are consistent with the time
series measurements of Fukushima 137Cs indicate that the 2015−2016 results represent maximum tracer levels on Line P and that
they will begin to decline in 2017−2018. The current elevated Fukushima 137Cs levels in seawater in the eastern North Pacific are
equivalent to fallout background levels of 137Cs that prevailed during the 1970s and do not represent a radiological threat to
human health or the environment.

■ INTRODUCTION

Radioactivity releases from the Fukushima Dai-ichi Nuclear
Power Plants (FDNPP; ★, Figure 1) accident represent the
largest unplanned discharges of radioactivity that have occurred
directly into the ocean.1−4 The initial discharges occurred from
the venting and explosive releases of gases and volatile
radionuclides to the atmosphere with greater than 80% being
deposited in the ocean.2 Subsequent, smaller direct discharges
to the ocean occurred during emergency cooling efforts as a
result of runoff over land,5 enhanced flow of contaminated
groundwater,6 and the leakage of water from the reactor
buildings.7 Estimates of the total discharges of the most widely
studied radionuclide, 137Cs have varied from 3 to 30 PBq, but
recent and more precise estimates tend to converge on a range
of 15−20 PBq.2,8,9 The total 137Cs discharges comprise direct
oceanic inputs of 3−5 PBq and another 10−15 PBq of 137Cs
that were released to the atmosphere and deposited over a
broad region of the ocean northeastward of Fukushima (→,
Figure 1 inset). These discharges from the FDNPP represent

about 25% of the total input of 69 PBq delivered to the North
Pacific in the 1950s and 1960s from atmospheric nuclear
weapon tests.9

The Fukushima radioactivity plume (defined spatially in the
ocean by an arbitrary isosurface value) dissipated rapidly in the
energetic coastal waters off Japan under the influence of jet-like
currents, tidal currents, and mesoscale eddies,10,11 but a
significant remnant was transported eastward by extensions of
the Oyashio and Kuroshio systems (Figure 1). The Kuroshio
formed a boundary between contaminated surface waters to the
north and unaffected waters to the south12 while the eastward
progression of the FDNPP plume was driven by the North
Pacific and higher latitude Subarctic Currents. The latter
bifurcates as it approaches North America, diverging into the

Received: May 25, 2017
Revised: August 3, 2017
Accepted: August 21, 2017
Published: September 6, 2017

Article

pubs.acs.org/est

© 2017 American Chemical Society 10494 DOI: 10.1021/acs.est.7b02712
Environ. Sci. Technol. 2017, 51, 10494−10502

pubs.acs.org/est
http://dx.doi.org/10.1021/acs.est.7b02712


northward-flowing Alaska Current and the southward-flowing
California Current (Figure 1). The leading edge of the plume
advanced at an average speed8 of 7 km d−1 that is consistent
with drifter-based estimates of the horizontal spread of the
FDNPP plume13,14 and comparable to zonal geostrophic
current velocities in the core of the North Pacific Current.15

Ocean circulation models predicted that the major
component of the Fukushima radioactivity plume would be
almost entirely transported from the western to eastern North
Pacific in the five years following the accident and that the
highest levels would be first observed off the BC, Canada
coast.16−18 Accordingly, a Canadian monitoring program for
the sampling and analysis of seawater for Fukushima radio-
activity was initiated shortly after the accident19 and in the U.S.,
crowd funding and ships of opportunity were used to monitor
the progress and arrival of Fukushima plume along the coast.
The results outlined in the present paper are used to delineate
water circulation patterns and flow velocity time scales in the
eastern North Pacific and to provide insight into the accuracy of
global circulation model simulations of Fukushima tracer
dispersion.

■ MATERIALS AND METHODS

The sampling program for the monitoring of the Fukushima
radioactivity plume in the eastern North Pacific was anchored
by eight missions between June 2011 and Feb. 2016 on the
CCGS John P. Tully on Line P, two (2014 and 2015)
expeditions of the CCGS S.W. Laurier in the eastern North
Pacific and the 2014 R/V Point Sur and 2015 CLIVAR-P16N
cruises. Sample collection in coastal systems was carried out
through crowd sourcing programs using citizen scientists in
Canada and the U.S. with results posted to the Web sites of
InFORM (https://fukushimainform.ca/) and the Woods Hole

Oceanograph ic Ins t i tu te (WHOI) (ht tp ://www.
ourradioactiveocean.org/), respectively.
In the Canadian program, large volume (≅60 L) water

samples were collected to depths of 1000 m and then passed
through potassium cobalt ferrocyanide (KCFC) resin columns
to selectively extract Cs isotopes from seawater. Column
extraction efficiencies are generally greater than 96% as
determined using spiked yield tracers with resin columns
arranged in series.20,21 The isotopes 137Cs and 134Cs were
subsequently measured on the oven-dried, KCFC resins in the
laboratory using high purity Ge well detectors. All data were
decay-corrected to the time, April 6, 2011 of maximum
discharges from Fukushima.1 Detection limits for 137Cs and
134Cs were generally 0.10 Bq/m3 and 0.13 Bq/m3, respectively.
Detector efficiencies were measured using National Institute of
Standards and Technology (NIST) and National Bureau of
Sciences (NBS) calibration standards (e.g., NBS 4350B river
sediment) and IAEA reference materials. Hydrographic results
for the Line P cruises are available at: http://linep.
waterproperties.ca. The U.S. open ocean sampling program
involved the collection of 20 L seawater samples which were
filtered, acidified with nitric acid, and spiked with stable Cs after
which radiocesium was extracted using a KNiFC-PAN ion-
exchange resin.22 Resins were dried and gamma counted using
methodologies similar to those outlined above. Stable Cs was
measured using ICP mass spectrometry to determine and
correct for resin extraction efficiencies.
The monitoring of Fukushima radioactivity is simplified by

the fact that the initial 134Cs/137Cs activity ratio in Fukushima-
derived radioactivity was about 1.1 Owing to its short half-life
(T1/2 = 2.1 y), any residual 134Cs in atmospheric fallout from
nuclear weapon testing or the Chernobyl accident has decayed
in contrast to 137Cs (T1/2 = 30 y) for which there is still a

Figure 1. Current systems transported oceanic discharges of radioactivity from Fukushima Daiichi NPP (blue star symbol) eastward across the
Pacific and northward across Line P (dashed line) at the eastern edge of the Alaska gyre. Upper inset: Open arrow illustrates general northeastward
direction for transport of atmospheric discharges of Fukushima radioactivity. Lower inset: Positions of stations illustrated for Line P. Dashed curves
are streamlines whose values (cm) represent the average dynamic height field for 2002−2012 indicating strong northward flow in the Alaska Current
(yellow arrow).
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measurable weapon test, fallout background of about 1.2−1.8
Bq/m3 in surface seawater in the northeastern Pacific. The
detection of 134Cs in seawater is therefore an unequivocal
“fingerprint” indicator of radiocesium contamination from
Fukushima, which is the only large-scale contributor of
radioactivity to the Pacific Ocean besides weapon test fallout.
The concentration of 134Cs measured in a seawater sample can
therefore be decay-corrected to April 6, 2011 to determine the
initial 134Cs activity in the sample derived from the Fukushima
accident. Since this is also the same as the initial 137Cs activity
in the sample derived from Fukushima, this quantity will
hereafter be termed the Fukushima 137Cs activity. It is thereby
distinguished from the background, weapon test fallout 137Cs
activity that predates the accident. The total 137Cs activity is a
term used to describe the combined Fukushima 137Cs plus
fallout 137Cs activities.

■ RESULTS AND DISCUSSION

Advance of Fukushima Tracer Plume to Line P.
Radionuclide measurements on Line P intercept the plume of
Fukushima radioactivity advancing along the southern and
eastern edges of the Alaska Gyre (Figure 1). Sta. P4 is situated
over the continental slope at a water depth of 1300 m while Sta.
P26, located at a depth of 4250 m, anchors Line P offshore near
the southwestern boundary of the Alaska gyre. Water depth

profiles of 137Cs measured at Stas. P4 and P26 at depths up to
1000 m in June 2011, three months after the accident were
consistent with weapon test fallout profiles having surface water
background levels of 1−2 Bq/m3 indicating that Fukushima
radioactivity transported by ocean currents had not yet arrived
in the eastern North Pacific. The first observations of the
Fukushima tracer signal were measurements of low levels of
134Cs in the upper 100 m at Sta. P26 in June 2012.19 By June
2013, 134Cs from Fukushima was detectable in surface water at
most stations sampled on Line P at levels of about 1−2 Bq/m3

(decay-corrected to time of Fukushima accident), thereby
providing the first evidence for the arrival of the Fukushima
radioactivity plume in western North American continental
waters. In 2013, 134Cs was detectable to a depth of 100 m of the
water column, matching the maximum depth of the winter
mixed layer in the eastern North Pacific at Sta. P26.23

The June 2013, Line P section for total 137Cs (Fukushima
plus fallout 137Cs) is illustrated in Figure 2 (upper left panel).
Through February and August, 2014 total 137Cs concentrations
in surface water at the western end of Line P (Stas. P16−P26)
increased steadily to levels >5 Bq/m3, while much smaller 137Cs
increases were observed at the eastern end of Line P proximal
to the continental shelf (Figure 2). During 2014, 137Cs levels
began to increase at water depths of 150−200 m that extend
well below the surface mixed layer, particularly on the western

Figure 2. Left panel: Time series of total 137Cs (Fukushima plus fallout) sections show the progressive arrival of the Fukushima signal on Line P
between June 2013 and February 2016. Right panel: Time series of density (σt) surfaces on Line P with bolded 26.6 isopycnal that outcrops in
western North Pacific.
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end of Line P. These observations indicate that Fukushima
137Cs had been injected into the pycnocline upstream of Line P
in the western North Pacific where winter mixed layer depths
are deeper than in the more surface stratified regime of the
Northeast Pacific. Between August 2014 and February 2015 the
137Cs plume began to advance shoreward and to descend to
depths below 200 m. By August 2015 the total 137Cs plume had
progressed to the eastern side of Line P and by February 2016
had increased in concentration to values in excess of 8 Bq/m3 at
central locations (Figure 2).
Line P density sections illustrated in Figure 2 (right-hand

panel) exhibit several features that reflect processes governing
137Cs transport. The eastward deepening of the 137Cs signal on
Line P over time reflects tracer spreading with minimal
diapycnal mixing in a shoreward direction owing to 137Cs
concentration gradients on the large-scale, downward tilting
isopycnal surfaces. The σt = 26.6 kg/m3 isopycnal (bolded in
Figure 2) corresponds to North Pacific Intermediate Water
(NPIW) that outcrops in regions northeast of Japan that also
received significant atmospheric inputs of Fukushima fallout.24

NPIW is formed on time scales of 1−2 years25 by winter mixing
in the subarctic gyre of the western North Pacific (Figure 1)
and takes 5−7 years to flow along the 26.5−26.8 isopycnals (at
water depths of 100−200 m) to Sta. P26 on Line P.26 These
values are similar to transit time inferences27 for NPIW flow
based on minimum AOU (Apparent Oxygen Utilization)
measurements at Sta. P26. The eastward spreading of
Fukushima 137Cs in NPIW from the subarctic gyre to Line P
could explain the arrival of Fukushima 137Cs at depths of 100−
200 m at Sta. P26 by 2014 if these spreading rates were slightly
faster than those25,26 cited above.
Subsurface transport of the Fukushima signal has been

extensively documented in the western Pacific. In 2013,
Yoshida et al.28 measured Fukushima 137Cs at 600 m near the
26.5 isopycnal surface on a 30°N longitudinal transect near
180° which they hypothesized may be the result of Fukushima
isotopes being directly discharged into the ocean near the
NPIW formation region and transported to the mid depth
subtropical gyre following NPIW pathways. Fukushima 137Cs
has also been observed8,28,29 in several mode waters including
Central Mode Water (CMW) and Subtropical Mode Water
(STMW) formed in subduction areas north and south,
respectively of the Kuroshio.30 The southernmost (25−30°N)
region of subduction, where STMW forms (σt ≅ 25 kg/m3)
likely entrained only the fallout portion of Fukushima 137Cs,
since the direct release occurred farther north. However,
subduction zones for lighter CMW (LCMW, σt ≅ 26 kg/m3

formed within 30−37.5°N) and denser CMW (DCMW, σt ≅
27 kg/m3 formed within 37.5−45°N) are sufficiently far north
that 137Cs can be entrained into the interior ocean from both
direct releases and atmospheric deposition.8 In fact, a strong
(∼10 Bq/m3), subsurface (50−300 m) Fukushima 137Cs signal
was observed southwest (152°W, 43°N) of Line P during the
2015 CLIVAR-P16N cruise that is predominately carried by
DCMW (A. Macdonald, Pers. comm.) suggesting that tracer
transport associated with DCMW contributes to Fukushima
137Cs inventories below 100 m on Line P.
At smaller, continental shelf scales an additional factor that

influences 137Cs distributions on Line P is upwelling over the
BC continental slope and outer shelf caused by the prevailing,
along shore, southward winds during summer months. This
process is reflected in density sections in Figure 2 by upward

tilting isopycnals adjacent to the shelf break that were observed
on August cruises. Upwelling is accompanied by a weak
seaward flow in the surface Ekman layer and by a strong
surface-intensified southeastward flow associated with the wind-
induced shelf-break current centered near the 200 m depth
contour. Eddies and lateral turbulent mixing associated with
these currents transport fresher, subsurface coastal water over
the shelf which tends to have lower 137Cs concentrations
derived mainly from weapon test fallout and thereby prevents
the surface Fukushima radionuclide plume from reaching
nearshore regions. In addition, the mixing of recently upwelled
waters (having low 137Cs levels from weapon test fallout) with
the offshore plume (higher 137Cs levels from Fukushima),
followed by subduction and subsequent recirculation into the
coastal upwelling can produce subsurface tracer maxima close
to the shelf as observed in 137Cs panels (Figure 2) for August
2014 and 2015. The deeper 137Cs signal below depths of 300 m
in each panel represents a residual weapon test fallout signal
that has accumulated over previous years by ocean interior
transport on isopycnal surfaces.
The eastward advance of the Fukushima 137Cs signal in

surface water along Line P is illustrated in Figure 3 by an

Hovmöller diagram (time versus distance from the coast) for
mean Fukushima 137Cs (Bq/m3) in the upper 150 m. The slope
of a given iso-concentration boundary (white dashed lines)
represents the inverse of the inshore flow velocity of the
Fukushima signal. During 2013−2014, the Fukushima signal
advanced eastward at a speed of 6.6 km/d between stations 26
and 15, based on the 1−3 Bq/m3 iso-concentration curves
(Figure 3). However, further eastward advance from Sta. 15 to
Sta. 4 occurred at a much slower rate of 0.8 km/d (Figure 3).
The principal component of the Fukushima plume arrived at
Line P in 2014−2015 during which the eastward transport rate
of the Fukushima signal on the western end of Line P decreased

Figure 3. Landward transport of the Fukushima tracer signal is
illustrated by a Hovmöller diagram (time versus distance) of mean
Fukushima 137Cs concentrations (Bq/m3) in the upper 150 m along
Line P. The value of the slope of a given iso-concentration boundary
(white dashed lines) gives the reciprocal of the inshore spreading
velocity of the Fukushima signal along Line P.
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slightly, but the same slow flow rate of 0.8 km/d was observed
eastward from Sta. 15.
The Fukushima 137Cs plume took about two years to be

transported 6000 km across the Pacific Ocean in the North
Pacific Current to Sta. 26 at a speed of 7 km/d8 and then
advanced eastward across the Alaska Current from Sta. P26 to
Sta. P15 at 5−7 km/d. However, the continued progression of
the signal eastward from Sta. P15 to the continental shelf
occurred at the sharply reduced rate of 0.8 km/d. There are
several factors contributing to this reduced flow rate in the
onshore transport of the tracer signal. Line P is situated in the
vicinity of the bifurcation of the North Pacific Current, where
the large-scale circulation diverges into the northward flowing
Alaska Current and the southward flowing California Current
(Figure 1). These flows are subject to pronounced variability on
interannual to decadal time scales. Time-averaged streamlines
representing the mean dynamic height field for 2002−2012
calculated from ARGO float data (http://www.meds-sdmm.
dfo-mpo.gc.ca/isdm-gdsi/argo/canadian-products/index-eng.
html) are illustrated in Figure 1 (inset). The mean streamlines
are concentrated on the western end of Line P (seaward of Sta.
P15), which on average intercepts the northward geostrophic
transport of the Alaska Current with flow speeds of 5−10 km/
d. The streamlines diverge markedly on the eastern end of Line
P, which lies generally within the bifurcation zone. The flow in
this region is highly variable, and mean currents are weak and
difficult to define.15 Indeed, this region with strong seasonal
variability constitutes the transition zone between the quasi-
permanent coastal upwelling to the south (California coast)
and the dominant downwelling to the north. The decreasing
137Cs tracer levels in the surface mixed layer eastward along
Line P (Figure 2) therefore represent a transition from higher
levels in the northward flowing core of the Fukushima tracer
plume to lower levels in the weaker, transitional flow field of

the bifurcation zone. This slower eastward flow of the
Fukushima signal onto the shelf is illustrated by the reduced
spreading velocity between Sta. 15 and Sta. 4 inferred from the
137Cs iso-concentration curves in Figure 3.
A second factor in the onshore flow of the Fukushima signal

is related to the large scale atmospheric circulation in 2013−
2015. This factor is addressed in Figure 4, where the left-hand
time series panels show areal time series distributions for total
137Cs (Fukushima plus weapon test fallout 137Cs) in surface
water between 2013 and 2016 for samples collected in the
offshore and coastal monitoring programs (InFORM and
WHOI) noted in the Materials and Methods. The right-hand
panels (Figure 4) show sea surface temperature (SST)
anomalies for the same geographical regions and sampling
time frames.
During the winter of 2013−2014 a large pool of unusually

warm water was observed in the south central Gulf of Alaska.31

Within the upper ∼100 m of the ocean, temperatures were as
much as 2.5 °C (4.0 °F) above average in February 2014
creating a warm, sea surface temperature (SST) anomaly that
became popularly known as the warm “blob”.31 The SST
anomaly had its origins in the preceding winter of 2012−2013,
but its signature became considerably stronger in 2013−2014 as
illustrated by the area of the high sea surface temperature
(SST) anomalies (departures from the 1981−2010 mean)
which in February 2014 intersected the western end of Line P
and extended southward to 35 N° (Figure 4; right-hand
panels). The formation of the SST anomaly was related to an
overlying region of unusually persistent and record-high
atmospheric pressure that for the winter of 2013−2014
hovered over the eastern North Pacific, deflecting the storm
track northward away from the West Coast.32 With the ridge in
place the West Coast’s typical northwest winds which produce
mechanical mixing and upwelling, slackened, thereby allowing

Figure 4. Left two columns: total 137Cs surface water distributions for June 2013 to Feb 2016 show spatial evolution of the Fukushima plume as it
nears the coastline. Right two columns: SST anomaly distributions (http://coastwatch.pfel.noaa.gov/data.html) for same time period outline the
development of the warm “blob” which occupies the same water masses as Fukushima tracer patch.
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the surface layer water to retain large quantities of heat (Figure
4, February and August 2014 SST panels). During the winter of
2014−2015 the high atmospheric pressure system weakened,
and the SST anomaly shifted southward and evolved into a
configuration known as the Arc Pattern.33 The high
atmospheric pressure ridge had completely dissipated by the
winter of 2015−2016 resulting in a return of the normal storm
track and the usual pattern of surface layer mixing giving the
relatively even areal SST distribution evident in the February
2016 panel of Figure 4.
The 137Cs signal became an incidental proxy radiochemical

tracer for the warm SST anomaly or “blob”. The areal
distribution of total 137Cs derived from surface water measure-
ments for August 2014 outlines (Figure 4) the northern
component of a large pool of water labeled by 137Cs levels in
excess of 5 Bq/m3 that is nearly spatially congruent with the
spatial configuration of the SST anomaly. Despite this large
offshore signal, Fukushima 137Cs was not observed in August
2014 in seawater collected at the coastal stations operated by

the InFORM and WHOI monitoring programs. However, as
the ridge of anomalously high atmospheric pressure over the
NE Pacific began to dissipate during the winter of 2014−2015,
partly in response to weak El Niño-like warming along the
equator,33 both warm SST anomaly water and Fukushima 137Cs
sporadically and concurrently reached the Canadian coastline
(February 2015 SST panel, Figure 4) as first observed at
Ucluelet, BC in February, 2015 (https://fukushimainform.ca/
about/informal-e-news-archives/). By August 2015 Fukushima
137Cs had been detected at multiple locations along the
Canadian and U.S. coastlines as the SST anomaly pattern
broadened and shifted southeastward. By February 2016, the
high atmospheric pressure ridge had dissipated and both the
anomalously warm water and the Fukushima 137Cs signal had
spread southward along the U.S. coastline to California (http://
www.ourradioactiveocean.org/).

Comparison of Measured Fukushima 137Cs Distribu-
tions to Model Simulation. Various global ocean circulation
models8,16−18 have been used to simulate the long-term

Figure 5. Left Panel: Measured Line P time series sections for Fukushima 137Cs. Right Panel: Line P 137Cs time series simulations16,17 are generally
consistent with main features of the measured results.
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spreading of the Fukushima signal across the North Pacific
Ocean. The Rossi et al.16,17 model used Lagrangian particles
within the regional eddy-resolving, Ocean General Circulation
Model for the Earth Simulator (OFES) to evaluate multi-
decadal transport of the Fukushima plume along surface and
subsurface pathways. They projected the arrival of the
Fukushima plume at Sta. P26 on Line P to occur in early
2014, in general agreement with the present observations
(Figure 2). In addition, their simulated 137Cs concentrations
after correction17 exhibited a good fit with data measured along
the International Date Line (180°) in 2012.8

The Rossi et al.17 simulations of the Fukushima 137Cs time
series sections on Line P are compared to the experimental
results in Figure 5. The model simulations are in agreement
with experimental observations with two key exceptions. First,
the model predicts that the leading edge of the Fukushima
signal would be initially observed centrally on Line P near Sta.
P16 (Figures 5 and 6). The experimental results (Figures 4−6)

reveal that the eastward spreading signal actually first
encountered Line P at the westernmost station, Sta. P26. The
likely explanation for this data-model inconsistency stems from
the model16,17 assumption that radioactivity releases occurred
solely by direct discharges from the Fukushima plant into the
ocean. This assumption is challenged by measurements of 137Cs
levels >10 Bq/m3 in April−June 2011 at locations between
40°N and 50°N in the North Pacific.24 These observations
were both too distant from Fukushima and made too soon after
the accident to be explained by surface current transport from
Fukushima, thereby indicating the presence of an additional,
more northerly, atmospheric transport pathway for Fukushima
fallout. Furthermore, model simulations34 with input functions
combining direct discharges and atmospheric deposition have
successively reproduced observed Fukushima 134Cs ocean
distributions during 2011−2014. It follows that the initial
rapid advance of a component of the Fukushima signal through
the atmosphere (as illustrated approximately in Figure 1) and
its concurrent deposition in the surface ocean is responsible for
its arrival at Sta. P26 earlier than predicted by the Rossi et
al.16,17 model simulations.
The second model-data discrepancy is associated with model

simulations showing the descent of the Fukushima signal to 300

m by the time it arrives on Line P (Figure 5), in contrast to the
experimental results indicating negligible transport of Fukush-
ima 137Cs had occurred below 250 m by 2016. This
inconsistency derives from model predictions of more rapid
vertical subduction and eastward spreading of Fukushima 137Cs
along the deeper isopycnal surfaces at 300 m (σt ≅ 26.8−26.9
kg/m3) than that actually observed. This result is associated
with the extension of the surface plume, its concentration, and
the duration of its transit through the deep convection zones as
it is directly linked to the model adoption of a source function
neglecting atmospheric discharges. Most of the actual 137Cs
deposition occurred during the first 2 months after the accident
and over a large portion of the Northwestern Pacific (∼30−
45°N, east to 180°) congruent with formation regions for
DCMW and LCMW.35 The Rossi et al. model may have
underestimated the subduction rate of 137Cs into DCMW and
LCMW during the first subduction event (during winter-spring
2011), but then overestimated it in subsequent years (2012−
2015). The positive bias of the model at depths spanning 200−
400 m along line P seems to support the hypothesized
overestimated 137Cs subduction in mode waters when
neglecting atmospheric deposition. However, the capability of
the model to reproduce realistic trajectories and timing of
mode-water flow on deep pathways could also play a key role in
this regional mismatch, especially as ventilation rates of
intermediate and deep waters are known to have substantial
biases in large-scale ocean models.36

Line P time series for mean, surface mixed layer (0−150 m)
Fukushima 137Cs concentrations at Stas. P4, P16, and P26 are
compared with the results of the model simulation16,17 in
Figure 6. As noted above, the model time series for Fukushima
137Cs slightly lags the measured values at the westernmost
location, Sta. P26. Measured values of Fukushima 137Cs at Sta.
P16 during Aug 2015−Feb 2016 are higher than the model
values, but more recent measurements (J. Smith, Pers. comm.)
at Sta. 16 in 2016−2017 support model predictions of a post-
2015 decreasing trend in the Fukushima 137Cs concentration.
The model is in good agreement with the measured Fukushima
137Cs time series at the shelf edge location, Sta. P4 where
confounding factors such as the early atmospheric delivery of
Fukushima 137Cs and enhanced stratification associated with
warm SST anomalies may have had minimal impact. Generally,
the model-data comparison indicates that Line P surface mixed
layer Fukushima 137Cs concentrations were at their maxima in
2015−2016 and are predicted to decline during 2017−2018.
Given that the 137Cs weapon test fallout background

averaged 1.5 Bq/m3 in surface water on Line P, levels of
Fukushima 137Cs of about 7 Bq/m3 measured on Line P in
2016 can be viewed as increasing the weapon test fallout
background by a factor of about 5. Comparison with the history
of atmospheric fallout in surface water37,38 in the North Pacific
(inset, Figure 6) indicates that total 137Cs values (Fukushima
plus weapon test fallout 137Cs) of 8.5 Bq/m3 measured at Sta.
16 have returned 137Cs levels in specific water masses such as
the Alaska Current to those fallout levels that prevailed during
the early 1970s. However, these concentrations of 137Cs in the
Northeast Pacific Ocean are well below Canadian guidelines for
drinking water quality for which the maximum acceptable
concentration (MAC) of 137Cs in drinking water is 10 000 Bq/
m3 and do not represent a radiological threat to human health
or the environment.39

Figure 6. Time series for mean measured Fukushima 137Cs
concentrations in upper 150 m at Stas. P4, P16, and P26 on Line P
are compared to model simulations.16,17 Inset: 137Cs time series for
fallout in N. Pacific37,38 and total 137Cs (fallout plus Fukushima) in
upper 150 m at Sta. 16.
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