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Abstract Advective pathways for Fukushima Daiichi Nuclear Power Plant (FDNPP)‐derived
cesium observed in 2013 at 166°E south of the Kuroshio Extension (KE) at >500 m on the 26.5σθ isopycnal
are investigated. Attention is paid to the KE's role in shaping these pathways. Using a high‐resolution model,
particle trajectories were simulated backward and forward in time on 26.5σθ between the 2013
observations and the 2011 source. A large fraction of backtracked trajectories interacted with the mixed layer
just offshore of the FDNPP. The likeliest pathway reaching the deepest 2013 observed cesium location
runs along the KE out to ~165°E, where it turns sharply southward. Forward trajectory statistics suggest
that for 26.5σθ waters originating north of the KE, this current acted as a permeable barrier west of
155–160°E. The deepest 2011 model mixed layers suggest that FDNPP‐derived radionuclides may have been
present at 30°N in 2013 at greater depths and densities (700 m; 26.8σθ).

Plain Language Summary

After the 2011 earthquake and ensuing tsunami, radioactive
contaminants from Japan's Fukushima Daiichi Nuclear Power Plant entered the ocean just north of the
fast‐ﬂowing Kuroshio Extension Current. Previous research suggests that strong currents like the Kuroshio
and its eastward extension act as barriers, separating the waters to either side. However, the depth to which
the barrier effect extends is debated. The accidental discharge of radioactive contaminants provided an
opportunity to investigate the vertical extent of the barrier effect. Two years after the accidental discharge,
power plant radioactivity was found at depths of half a kilometer on the southern side of the Kuroshio
Extension indicating that it must have crossed the frontal barrier (i.e., the current). But where? Using ocean
current estimates from a numerical model, thousands of possible pathways that the contamination could
have taken were investigated. We found that the radioactive waters probably traveled below the ocean
surface along and to the north of the current and were likely unable to cross for thousands of kilometers
(about one third of the way across the Paciﬁc). This result suggests that even well below the surface, this
current still behaves as a barrier.

1. Introduction
On 11 March 2011 an earthquake and ensuing tsunami hit Japan, which cut power to the Fukushima Daiichi
Nuclear Power Plant (FDNPP), causing contaminants from the power plant to enter the ocean via the atmosphere and through leakage of seawater used to cool the reactors. The maximum atmospheric deposition and
maximum direct oceanic discharge occurred on 15 March 2011 and 6 April 2011, respectively (Buesseler
et al., 2012). Although a tragic event, it has provided an opportunity to improve our understanding of the fate
of western Paciﬁc mode waters. In the late spring of 2013, 134Cs, an ocean tracer unique to the FDNPP event,
and 137Cs elevated over background levels (Buesseler et al., 2017 and references therein) were observed as
deep as 535 m and in waters as dense as 26.5σθ at 30°N, at and to the east of 166°E in the western Paciﬁc
Basin (Yoshida et al., 2015).
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Between the observed location of the FDNPP‐derived cesium (henceforth CsF) and the power plant, the
Kuroshio, the western boundary current that ﬂows along the southern coast of Japan, turns offshore.
Warm waters from the south transported by the Kuroshio meet colder northern origin waters transported
by the Oyashio, as it separates from the coast, and ﬂows eastward as the Kuroshio Extension (KE) separating
the western subarctic gyre from the subtropical gyre (Figure 1). The conﬂuence of these two currents creates
a dynamic mixing zone in the region between the KE and Oyashio fronts—appropriately called the mixed
water region (MWR, Talley et al., 1995). Here, in the late winter and early spring, radiative forcing, evaporation, and wind cause mixed layers to deepen, creating mode waters, thick homogeneous layers up to several
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Figure 1. Schematic of surface currents, gyres, and regions of mode water formation: North Paciﬁc Subtropical Mode
Water (NPSTMW), Light‐Central Mode Water (L‐CMW), and Dense‐Central Mode Water (D‐CMW)/Transition Region
Mode Water (TRMW) in the northwest Paciﬁc. Approximate P02 2013 30°N cruise track (dashed line). Red star
indicates location of the FDNPP. Purple polygon represents the region of maximum atmospheric deposition, and red circle
indicates location of the deepest CsF observation (30°N 166.06°E). FDNPP = Fukushima Daiichi Nuclear Power Plant.

hundred meters deep, which are later capped and subducted into the ocean interior. The KE splits (Kuroshio
Bifurcation Front) where it encounters the Shatsky Rise (Mizuno & White, 1983; Figure 1) with paths
heading both east and northeast. The various frontal zones allow for several different mode water masses
to form (Figure 1). North Paciﬁc Subtropical Mode Water (NPSTMW; 24.5–25.9σθ) forms to the south of
Kuroshio, Light‐Central Mode Water (L‐CMW; 25.5‐26.3σθ) forms between the subtropical and subarctic
fronts, while Dense‐Central Mode Water (D‐CMW; 25.9‐26.9σθ; Bingham & Suga, 2006 and references
therein) and Transition Region Mode Water (TRMW; 26.3–26.6σθ) form to the north of the subarctic front
(Saito et al., 2011). It was into the MWR at the seasonal height of the formation period that FDNPP
contamination entered the ocean.
In 2012, subsurface CsF was observed to the southwest of the KE in NPSTMW and L‐CMW layers (Aoyama
et al., 2016; Kumamoto et al., 2014, 2017). These studies surmised that this signal came from atmospheric
deposition to the south of the KE, which had been subducted during water mass formation and drawn into
the recirculation region. The 2013 30°N zonal transect also measured CsF in these water masses (Yoshida
et al., 2015). A 2014 165°E survey found CsF down to 600 m and concluded that the NPSTMW‐subducted
signal had spread throughout the subtropics to the west of this latitude within 3 years (Kumamoto
et al., 2017).
Between the subtropical and western subarctic gyres, the KE is known to act as a barrier to cross‐
frontal transport, at least in the surface waters (e.g., Buesseler et al., 2011; Rypina et al., 2013;
Rypina, Jayne, et al., 2014). Whether jets act as barriers to cross‐stream mixing at depth has been
questioned for more than 30 years (Bower et al., 1985). Burkholder and Lozier (2011, 2014) and
Garraffo et al. (2014) showed that although jets may act as barriers at the surface, cross‐stream transport is stronger at depth and along isopycnals. However, transport across the KE at depth is not fully
understood and is the subject of ongoing research. The focus of this study is to (1) use particle trajectory simulations to conﬁrm that the deepest subsurface cesium observed south of the KE in 2013
entered the ocean near FDNPP in 2011, (2) investigate possible pathways between the FDNPP and
the location of this deepest cesium, (3) resolve whether this signal could have traveled to the observed
location via along‐isopycnal advection without diapycnal mixing outside of the MWR, and (4) explore
CEDARHOLM ET AL.
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Figure 2. Vertical sections of potential density at 30°N from the surface to 1,000 m with observed Cs overlaid as circles
−3
with size representing magnitude (units Bq m ), isopycnals labeled in bold text, and red asterisk highlights the deepest
134
detectable
Cs. (a) Observed P02 CTD temperature and bottle sample calibrated CTD salinity based densities,
(b) 1/12° global HYCOM 2012 mean densities, and (c) HYCOM densities sampled at the time and location of the P02 casts.
HYCOM = Hybrid Coordinate Ocean Model.

the spread of the radionuclide‐carrying water along the targeted subsurface isopycnal (26.5 σθ) and the
role of KE as a transport barrier.

2. Data
Daily temperature, salinity, and velocity ﬁelds from the date of the maximum atmospheric deposition to the
date of the deepest 2013 cesium observation covering the region 135 to 185°E, 20 to 50°N were extracted from
global data‐assimilating Hybrid Coordinate Ocean Model (HYCOM) GLBa0.08 expt_90.0v output (available
at https://www.hycom.org/; Bleck, 2002; Halliwell, 1998). HYCOM has 1/12° horizontal resolution and 33
vertical layers. Further references describing HYCOM are available at the aforementioned link, for example,
Cummings and Smedstad (2013). Potential densities were calculated from model temperature and salinity
ﬁelds using the International Equation of State of Seawater, 1980 formulation (Millero & Poisson, 1981).
In April and May of 2013, a Climate and Ocean: Variability, Predictability and Change (CLIVAR) cruise
(P02) transecting the Paciﬁc at 30°N (Figure 1), south of the KE and the MWR, measured 134Cs cesium in
water samples. Detectable values were found in many of the collected samples (Figure 2a); the deepest, at
the 26.5σθ isopycnal, is the focus of this research.
For model output validation, conductivity, temperature, depth (CTD) data from CLIVAR P10 and P02, in
situ Argo proﬁles (http://www.argodatamgt.org; Argo, 2000), and the ISAS‐15 0.5° gridded Argo‐data‐alone
product (https://www.seanoe.org, Gaillard et al., 2016; Kolodziejczyk et al., 2017) were used to examine the
depth and shape of the density ﬁeld. Northwest Paciﬁc delayed‐time allsat Archiving, Validation and
Interpretation of Satellite Oceanographic data (AVISO) satellite based 0.25° gridded estimates of surface
velocity (http://marine.copernicus.eu) was obtained for the 2011–2013 period. Although considered, the
CEDARHOLM ET AL.
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Gray and Riser (2014) gridded 1° Argo‐based velocity ﬁelds were not used as they are not presently available
for the period of interest.

3. Materials and Methods
3.1. HYCOM Validation
At present, a high‐resolution data‐assimilating numerical model of the ocean state, such as HYCOM, is arguably the best estimate of subsurface velocity ﬁelds on basin scales. However, before proceeding with the particle tracking simulation using HYCOM velocities, we ﬁrst assessed the numerical model's ability to
realistically represent observations in the region of interest. Comparing potential densities derived from
the 30°N zonal line (Figure 2a) and 145°E meridional line (Figure S1a in the supporting information) suggests good correspondence in terms of the depth and slope of the subsurface isopycnals to both a HYCOM
annual mean (Figures 2b and S1b) and to synoptic sections derived from HYCOM sampled at the time
and location of the observations (Figures 2c and S1c). The HYCOM annual mean surface waters are lighter
than the observations as the latter represent colder late winter and early spring conditions. Along the zonal
line at 145°E, the synoptic sampling (Figure 2c) ﬁnds a relatively broad meridional gradient in the frontal
region, but this feature is likely localized in time as in the annual mean the modeled gradient is more similar
to the observed. In the west, in the recirculation region where NPSTMW is formed (Figure 1), the synoptic
model section (Figure 2c) suggests stronger local vertical isopycnal displacements than the observations, perhaps due to a mismatch in the timing of local water mass formation events in the model and observations.
However, even at fairly small scales, the patterns in the density ﬁeld suggested by the synoptic section match
those observed. To examine the full region of interest, we compared the depth of the 26.5σθ isopycnal in
HYCOM to that observed by proﬁling ﬂoats and compared the HYCOM surface velocity ﬁeld to satellite altimetry (Text S1 and Figure S2). We concluded from these comparisons that although some seasonality in differences exists, HYCOM reproduces the available observed potential density and velocity ﬁelds
reasonably well.
3.2. Trajectory Calculations
Assuming no diapycnal mixing, that is, that water parcels move along isopycnal surfaces, it is possible to
track their paths in two dimensions using horizontal velocities along a targeted isopycnal. Here, these
along‐isopycnal velocities were interpolated from HYCOM's discrete depth output (Text S2). Simulated
backward particle trajectories were calculated from the day and location of deepest cesium observation
(22 April 2013) to the day of the maximum FDNPP atmospheric deposition (15 March 2011). Although high
resolution and data assimilating, HYCOM cannot be expected to reproduce the exact ocean state at any given
time and location. To account for this inaccuracy, backward trajectories were released within a 1° × 1°
region centered at the location of the deepest observed P02 2013 CsF (29.5 to 30.5°N and 165.56 to
166.56°E, henceforth referred to as the release box) and over the course of 2 weeks, that is, 7 days before
and after the date of observation (15 April 2013 to 29 April 2013). Particles were released daily on a regular
150 × 150 grid inside the release box for a total of 315,000 trajectories over 14 days. A number of simulations
with fewer trajectories were also run to determine that the number of particles used here was adequate (i.e.,
produced results statistically similar to runs with fewer trajectories). A forward trajectory simulation run
from the region of maximum atmospheric deposition in 2011 out to 2013 was also conducted. See Text S3
for simulation setup details.

4. Results
4.1. Simulated Trajectories and Mixed Layer Depth
The backward trajectory paths were spread across a broad swath of the northwestern Paciﬁc (Figure 3, light
gray), suggesting a large range of possible pathways that could bring water parcels to the observed location
via modeled oceanic currents on the 26.5σθ isopycnal. FDNPP radionuclides were introduced at the surface
in 2011; therefore, we focus on when and where the 26.5σθ isopycnal interacted with (i.e., lay within) the
mixed layer during that year, assuming that this is how CsF was introduced to this isopycnal. The mixed
layer was estimated using the 0.03 kg m−3 difference criterion (de Boyer Montégut et al., 2004; Dong
et al., 2008; Holte et al., 2017). All trajectories passing within ±3 days and ± 0.25° latitude and longitude
of each interaction time/location were considered to have interacted with the mixed layer.
CEDARHOLM ET AL.
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Figure 3. All particle backward trajectories (light gray) overlaid with random selection of trajectories (dark gray) as examples of trajectory behavior. Colored contours indicate the probability of a trajectory interacting with the mixed layer
between 15 March 2011 and 31 December 2011. Highest probability is 4.5%, and color bar is saturated at 2.5%. The release
box is outlined in pink. Red star indicates FDNPP location. Upper‐right subplot is a model estimate of atmospheric
deposition coverage and concentration adapted from Stohl et al. (2012); color scale blue (>0) to yellow (0.025 PBq). Purple
polygon roughly outlines Stohl et al.'s estimate of concentration greater than 0.02 PBq (dark orange to yellow). FDNPP =
Fukushima Daiichi Nuclear Power Plant.

Of the 24,954 trajectories that interacted with the mixed layer in 2011, the percentage of interactions in each
0.25° grid cell is shown in Figure 3 (color contours). The highest probabilities (≥2.5%) for mixed layer interaction can be seen in the immediate vicinity of the Japan coast, to the east of the FDNPP (yellow contours).
These regions of mixed layer interaction overlap the Stohl et al. (2012) model‐based estimate of the location
of maximum atmospheric deposition (Figure 3 purple polygon and subpanel). This reassuring result conﬁrms that the observed CsF likely originated from the vicinity of FDNPP in 2011. The model also suggests
that the timing of the Fukushima accident (when mixed layers were deep and mode waters were being
formed) was crucial to the 26.5σθ isopycnal's exposure to radionuclides (Movie S1and Figure S3). During
2011, this exposure occurred within the purple polygon region most often between 19 and 26 March 2011
(Figure S4). Note that the purple polygon and the areas with the highest probability of mixed layer interaction overlap with the L‐CMW, D‐CMW, and TRMW formation regions (Figure 1), and the 26.5σθ isopycnal
lies within the density range of both the denser water masses, D‐CMW and TRMW. Furthermore, the presence of high‐interaction areas (Figure 3, yellow contours) within the polygon suggests that these denser
water masses may have been forming as far south as ~36°N during the spring of 2011 (Figure S3, orange
crosses). According to HYCOM, in the days following the March accident in 2011, the densest value attained
by the mixed layer within the polygon ranged between 23.3 and 26.8σθ but it was the denser waters in the
range of 26.2–26.6σθ that were amongst the most common (Figure S5).

4.2. Probability and Arrival Date Maps
Of the 300,000+ particles released from the pink box (Figure 3), 6,772 (or 2.2%) trajectories interacted with
the mixed layer inside the region of maximum atmospheric deposition (purple polygon in Figure 3) in 2011.
Henceforth, these trajectories are referred to as successful. The statistical techniques of probability and arrival date mapping (Rypina, Jayne, et al., 2014; Rypina, Llopiz, et al., 2014; Rypina et al., 2016, 2019) were
applied to the successful trajectories, to better understand the timing and pathways of the particles most
likely to transport the CsF signal. Note, however, that even though trajectories were simulated backward
CEDARHOLM ET AL.
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Figure 4. Maps representing the average arrival date at each 0.25° grid cell (a, c, e) and the percentage probability for trajectories to pass through each grid cell
(b, d, f) for the different simulations: (a, b) successful backward trajectories, (c, d) forward trajectories, and (e, f) forward trajectories released north of 39°N.
Green curves represent by way of example a single instance of the north wall of the KE (solid) based on a snapshot of sea surface height and temperature and an
estimate of the climatological core of the current (dashed) based on hydrography (Isoguchi et al., 2006, interpretation of their Figures 3 and 2a, respectively).
Symbols are the same as in Figure 3.

in time from the pink release box, we now discuss the movement of these ﬂuid parcels forward in time from
when they exited the purple polygon in 2011 to when they arrived in the release box.

CEDARHOLM ET AL.
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The probability map (Figure 4b) represents the percentage of successful trajectories that visit different geographical locations throughout the study region. Probabilities were computed by gridding the domain into
0.25° × 0.25° bins, summing the number of successful trajectories that passed through each bin and dividing
by the total number of successful trajectories. The 2‐year timescale for the trip is illustrated in the arrival date
map (Figure 4a), which shows the average ﬁrst arrival of all successful trajectories to each bin.
The red colors in the probability map (Figure 4b) indicate the highest probability (~10% or more) and outline
the most likely route for the water parcels associated with successful trajectories to travel from the purple
polygon in 2011 to the observed location in 2013. This route runs eastward from Japan and extends along
the path of the KE out into the western Paciﬁc. The abrupt transition from red to yellow/green south of
the KE between the coast and ~145°E indicates that on 26.5σθ only a few successful trajectories crossed
the KE within this longitudinal band to enter the recirculation region to the south, where NPSTMW is
formed and where the subsurface CsF was found in 2012 in lighter waters (Aoyama et al., 2016;
Kumamoto et al., 2014). Trajectories entering the recirculation region most likely crossed the KE to the east
of 145°E and before recirculating anticyclonically. The arrival date map (Figure 4a) shows an associated
abrupt transition from early arrival dates (dark blue) inside this fast‐ﬂowing segment of the KE as it ﬁrst
moves offshore to signiﬁcantly later arrival dates (cyan/blue) just to the south. Both maps suggest limited
entry to the recirculation region west of 145°E. Further east, the red/orange high‐probability path widens
and diffuses as the KE becomes less coherent. However, the highest probability path (brightest red) still lies
along the track and to the north of the KE out to ~165–167°E, where the high‐probability path turns sharply
south, crossing the KE to arrive in the pink box. The probability that trajectories will cross the KE and head
south toward the location of the 2013 observations is nearly 25% at 165°E, whereas near the recirculation, the
probability is 1% or less (yellow/green colors). This result suggests that where the current is strongest, the KE
is acting as a barrier to southward particle transport at the depth of the 26.5σθ surface, at least for those trajectories that eventually arrive at the 30°N, 166°E observation location in 2013.
The forward trajectory simulation was used to investigate the fate of all water parcels on the 26.5σθ surface
(i.e., not just those that arrived in the pink box) that interacted with the mixed layer in the spring of 2011
inside the region of maximum atmospheric deposition (purple polygon) but did not necessarily end up at
the observed pink box location. Separate maps were created for all forward trajectories (Figures 4c and
4d), and for forward trajectories beginning to the north (Figures 4e and 4f) and south (not shown) of
39°N. Results suggest that on 26.5σθ there are two most probable pathways (reddest streaks, Figure 4c).
One path heads to the northeast at 40°N as suggested by, for example, Rossi et al. (2013) and Aoyama
et al. (2016). The second lies along the track of the KE. The barrier effect of the KE is less pronounced in
the forward run, most likely because some particles released within the area of maximum atmospheric
deposition appear to have been released on the other side of the KE, that is, east of Kuroshio from the southernmost portion of the purple polygon and south of KE from the small purple triangle (Figures 4f). These
waters are free to spread southward without being bounded by the KE barrier. Supporting this hypothesis,
when trajectories were initialized in the purple polygon to the north of the north wall of the Kuroshio
(39°N in the spring of 2011), they largely remained to the north of the KE barrier out to 155–160°E
(Figure 4f, KE highlighted by green curves based on Isoguchi et al., 2006), whereas trajectories that began
to the south of this latitude were much more likely to be drawn into the recirculation near 145°E or to spread
southward west of 160°E.

5. Conclusions
Output from a high‐resolution numerical model is used to investigate possible pathways for 26.5σθ waters
(the densest 2013, 30°N waters with detectable CsF) from their formation regions in the MWR to where they
were measured at depth south of the KE at 166°E. The 2011 FDNPP accidental discharge and the 2013 30°N
observations set the timescale of the study. The subsurface distribution of CsF observed south of the KE has
previously been explained in terms of subduction of mode water after formation, followed by mixing and
advection (e.g., Aoyama et al., 2016; Kumamoto et al., 2014, 2017). We show that for 26.5σθ waters, the denser variety of CMW, which have interacted with the mixed layer in the formation region, along‐isopycnal
advection is sufﬁcient to explain the presence of CSF at depths greater than 500 m south of the KE jet not only
at 30°N, 166°E but also as far east as 179°E (Figures 2 and 4d). The most probable pathway for the deepest
CEDARHOLM ET AL.
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observed 30°N CsF signal is along and to the north of the KE, with a southeastward turn just beyond 165°E.
These waters, which begin their journey within the mixed layer (200–300 m), dive as they cross the front to
where they were found at >500 m. Note that the observed cesium (Figure 2) does not represent the deepest
signal but rather the depth of the deepest sampling location. Examination of the water densities reached by
the deepest HYCOM model mixed layers in 2011 (Figure S5) suggests that had deeper samples been taken;
this unique tracer might have been found in water as dense as 26.8σθ at a depth of ~700 m.
While it has been shown that strong oceanic jets such as the Gulf Stream and the Kuroshio often act as
(permeable) barriers to particle transport in surface waters (e.g., Rypina et al., 2011, 2013, 2018), the trajectory statistics calculated here suggest the same is true even at the depth of the 26.5σθ density surface.
The backward trajectory results indicate a well‐deﬁned major pathway following the northern edge of the
KE from Japan to ~165°E (although this barrier is not absolute and some cross‐frontal transport occurs
west of 165°E), turning sharply south at this longitude. The forward trajectory run also suggests that
26.5σθ waters that interacted with the mixed layer to the north of the north wall of the KE (39°N in
2011 HYCOM) are unlikely to cross the KE until they reach 155–160°E. It is only here that many of these
trajectories cross and remain to the south of the front. However, because part of the atmospheric deposition (the southeastern part of our purple polygon and the small triangle) lies on the southern side of the
KE, this signal is free to spread southward without being constrained by the KE barrier. The transport
barrier near the KE core agrees with the strong Kolmogorov‐Arnold‐Moser stability arguments of
Rypina et al. (2007, although these are not rigorously applicable to nonperiodic ﬂows) and with more
recent results by Farazmand et al. (2014) and Haller (2016) on parabolic transport barriers associated with
shearless jet cores. It is also in line with the critical layer theory results of Ferrari and Nikurashin (2010)
and Chen et al. (2014), who found limited subsurface cross‐KE transport west of ~155°E, with enhanced
meridional transport at this longitude.
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